
Lecture Notes in Civil Engineering

Christiane Raab   Editor

Proceedings of the 
9th International 
Conference on Maintenance 
and Rehabilitation 
of Pavements—Mairepav9



Lecture Notes in Civil Engineering

Volume 76

Series Editors

Marco di Prisco, Politecnico di Milano, Milano, Italy

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering,
Wuhan University, Wuhan, China

Ioannis Vayas, Institute of Steel Structures, National Technical University of
Athens, Athens, Greece

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup,
WA, Australia

Anuj Sharma, Iowa State University, Ames, IA, USA

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science
Bangalore, Bengaluru, Karnataka, India

Chien Ming Wang, School of Civil Engineering, The University of Queensland,
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in
Civil Engineering - quickly, informally and in top quality. Though original research
reported in proceedings and post-proceedings represents the core of LNCE, edited
volumes of exceptionally high quality and interest may also be considered for
publication. Volumes published in LNCE embrace all aspects and subfields of, as
well as new challenges in, Civil Engineering. Topics in the series include:

• Construction and Structural Mechanics
• Building Materials
• Concrete, Steel and Timber Structures
• Geotechnical Engineering
• Earthquake Engineering
• Coastal Engineering
• Ocean and Offshore Engineering; Ships and Floating Structures
• Hydraulics, Hydrology and Water Resources Engineering
• Environmental Engineering and Sustainability
• Structural Health and Monitoring
• Surveying and Geographical Information Systems
• Indoor Environments
• Transportation and Traffic
• Risk Analysis
• Safety and Security

To submit a proposal or request further information, please contact the appropriate
Springer Editor:

– Mr. Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas);
– Ms. Swati Meherishi at swati.meherishi@springer.com (Asia - except China,

and Australia, New Zealand);
– Dr. Mengchu Huang at mengchu.huang@springer.com (China).

All books in the series now indexed by Scopus and EI Compendex database!

More information about this series at http://www.springer.com/series/15087

mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:mengchu.huang@springer.com
http://www.springer.com/series/15087


Christiane Raab
Editor

Proceedings of the 9th
International Conference
on Maintenance
and Rehabilitation
of Pavements—Mairepav9

123



Editor
Christiane Raab
Swiss Federal Laboratories for Materials
Science and Technology
EMPA
Dübendorf, Switzerland

ISSN 2366-2557 ISSN 2366-2565 (electronic)
Lecture Notes in Civil Engineering
ISBN 978-3-030-48678-5 ISBN 978-3-030-48679-2 (eBook)
https://doi.org/10.1007/978-3-030-48679-2

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-48679-2


Preface

The Mairepav Conference series is the famous long-time flagship conference of the
International Society of Maintenance and Rehabilitation of Transport Infrastructure
(iSMARTi). The inaugural conference was held at Mackenzie Presbyterian
University in Sao Paulo, Brazil, in 2000, and the series has steadily grown in
number of participants and international visibility over the past 20 years, with
installments hosted in various countries all over the world. The Mairepav
Conference series is dedicated to the theme of maintenance and rehabilitation of
infrastructure of the public and private transport, especially for roads and
pavements.

This book gathers the proceedings of the Mairepav 9 Conference held at Empa
(Swiss Federal Laboratories for Materials Science and Technology) in Dübendorf,
Switzerland, in July 2020.

The contributions share the latest insights from research and practice in the
maintenance and rehabilitation of pavements and discuss advanced materials,
technologies and solutions for achieving an even more sustainable and environ-
mentally friendly infrastructure. In this sense, it provides a state-of-the-art com-
pendium and valuable source of knowledge for scientists, practitioners and
students. The main topics are:

– Advanced Trends in Design, Rehabilitation and Preservation
– Management Systems and Life Cycle Analysis
– Sustainable Pavement Systems
– Recycling and By-products
– Advanced Pavement Materials and Technologies
– Evaluation of Pavement Performance
– Full Scale Studies Accelerated Pavement Testing
– Surface Characteristics and Road Safety

Infrastructure in general and pavements in particular provide a significant value
worldwide. Since, the focus in most countries is not on construction of new
infrastructure, maintenance and rehabilitation are receiving more and more
importance and attention. Moreover, the development in maintenance and

v



rehabilitation is driven by decreasing public budgets on the one hand and increasing
traffic and user demand on the other hand. In addition, demands and requirements
regarding digitalization, environmental issues and sustainable development have to
be taken into consideration and have led to calls for new solutions. These solutions
cover the whole range of sustainable materials, digital and big data technologies as
well as life cycle considerations under an economic and environmental point of
view. Therefore, it is high time that a new conference is held providing a platform
for innovative developments and latest technologies for current and future appli-
cations for infrastructure and pavements.

In this sense, the 9th MAIREPAV Conference, July 1–3, 2020, in Switzerland,
hosted for the first time by Empa Swiss Federal Laboratories for Materials Science
and Technology, is of particular importance. All carefully peer-reviewed contri-
butions present and discuss current knowledge and pioneering developments,
clearly demonstrating that research and development in maintenance and rehabili-
tation of pavements is indispensable for providing durable and environmentally
sustainable roads all over the world.

I would like to thank all the authors, peer reviewers, leading iSMARTi and
scientific committee members as well as the Springer team who made this book
possible and with this showed enormous effort and commitment in favor of the
MAIREPAV9 Conference. This is particularly true in view of the extremely dif-
ficult situation caused by the COVID-19 pandemic. A situation, which clearly
emphasizes that we are living in a global village, depending on each other in order
to find effective problem solutions. I am particularly grateful to Manfred N. Partl,
the former head of the Laboratory for Road Engineering/Sealing Components at
Empa for his constant support. Moreover, I would like to acknowledge my assistant
Michèle Köhli for her commitment in all MAIREPAV-related issues.

Dübendorf, Switzerland Christiane Raab
Chair MAIREPAV9
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Influence of the Aggregate Gradation
on the Rutting Resistance of Bituminous
Mixtures

B. S. Abhijith and J. Murali Krishnan

Abstract Rutting in bituminous pavements predominantly depends on the aggregate
gradation. In particular, for fine graded mixtures, the aggregate gradation below
2.36 mm play a critical role since more than 60% of aggregates will pass through this
sieve. The present work is focused on quantifying the rut resistance of three different
fine aggregate gradations. The control gradation is the well-graded gradation used
in India, and the other two gradations were obtained following Bailey method. The
Bailey gradations were designed in such a way that the gradation below 2.36 mm
sieve size was varied while the gradation above this sieve size was kept the same
as that of the control gradation. The mixtures were fabricated using an unmodified
binder (binder content kept constant at 5.4%) at 6% air voids using a shear box
compactor. The influence of aggregate gradation on the creep and recovery response
of bituminous mixtures was investigated at two temperatures by applying 10,000
repetitions of a repeated trapezoidal loading and recovery cycles. From the resulting
residual strain curve, the Bailey mixture designed towards the coarser side below
2.36 mm sieve was found to have a higher resistance to rutting when compared to
the conventional bituminous concrete-middle gradation.

Keywords Aggregate gradation · Rutting · Bailey method · Creep and recovery
test

1 Introduction

Premature failure by rutting is one of the primary distress observed in bituminous
pavements in India. The major factors contributing to rutting is slow-moving traffic
with overloaded axles, high pavement temperature, in addition to the bituminous
mixture characteristics. Among the various components of bituminous mixtures, the
rut resistance is found to depend on the aggregate gradation (Button et al. 1990).
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In particular, much attention has been given for the aggregate gradation passing
4.75 or 2.36 mm sieve size (Kandhal and Cooley 2001). A set of control points
were defined for aggregate gradations to be used in Superpave mixture design. The
principle criterion introduced was the inclusion of a restricted zone in the aggregate
gradation. This zone lies between the 4.75/2.36 and 0.3 mm sieve size. The allowable
ratio between the percentage of the aggregate passing different sieve sizes within this
zone was recommended to reduce the incidence of rut-prone mixtures.

In India, the wearing course has a nominal maximum aggregate size of 13.2 mm.
A well-graded aggregate gradation from 13.2 to 0.075 mm is stipulated with a mini-
mum binder content of 5.4% by weight of the mixture. In this mixture, the maximum
percent passing 2.36 mm sieve size can be about 60% by weight of total aggregates,
and possibly be the main reason for such premature rutting failure. Therefore, it is
crucial to evaluate the influence of fine aggregate gradation on the rutting of bitumi-
nous mixtures. One way to achieve this objective is to design an optimal aggregate
gradation for the finer portion of the blend using a rational approach towards blend-
ing aggregates of different sizes. The parameters associated with such approaches
can then be used to relate to rutting in the bituminous mixture.

Among several approaches, Bailey method for aggregate gradation selection is
a practical approach that has been successfully used for developing and analyzing
bituminous mixtures (Daniel and Rivera 2009; Mohammad and Al-Shamsi 2007).
The rutting resistance of the New Hampshire bituminous mixtures developed using
the Bailey method was studied by Daniel and Rivera (2009). The original bituminous
mixtures used in the field were re-designed using the principles of the Bailey method
in the laboratory. Among themixtures with same nominal maximum particle size, the
Bailey mixtures were found to give the better rut resistant mixture. Mohammad and
Al-Shamsi (2007) evaluated the rutting performance of three different bituminous
mixtures designed using the Bailey method. Three mixtures had three different types
of aggregates—limestone, sandstone, and granite. The rut depth of the bituminous
mixtures was captured using a wheel tracking device, and it was found that all the
mixtures had a higher rut-resistance.

In the current study, the Bailey method is used to design the finer portion of the
aggregate gradation used for thewearing course in India.Adetailed explanation of the
Baileymethod for gradation selection is given inVavrik (2000). Bailey recommended
ranges of aggregate ratios for fine gradedmixtureswere used to design the gradations.
Three different bituminousmixtureswere used to study the influence of fine aggregate
gradation on rutting. Flow number test is used to evaluate the rut resistance of the
bituminous mixtures. This test is recommended as a potential test to understand the
rutting characteristics of the bituminous mixtures (Witczak et al. 2002).

2 Materials and Sample Preparation

The aggregates usedwere the crushedgranite aggregates fromMadurantakam located
in Kanchipuram, India. The filler used was stone dust obtained from the same quarry.



Influence of the Aggregate Gradation on the Rutting Resistance … 5

Table 1 Properties of VG-30 binder as per IS:73 (2013)

Specification Results Limits

Penetration at 25 °C, 100 g, 5 s, 0.1 mm 47 45 min

Softening point (R & B), °C 50 47 min

Absolute viscosity at 60 °C, (Poise) 2735 2400–3600

Kinematic viscosity at 135 °C, (cSt) 553 350 min

The temperature at which |G*|/sin δ is min. 1 kPa (unaged) 64.9 °C

The temperature at which |G*|/sin δ is min. 2.2 kPa (RTFO aged) 63.9 °C

The temperature at which |G*|sin δ is max. 5000 kPa (PAV aged) 22 °C

Jnr at 3.2 kPa (58 °C) 1.4249 1/kPa

The specific gravity of the individual fractions was determined by ASTM C127,
C128, and C188. The specific gravity for coarse aggregate, fine aggregates, and filler
was found to be 2.717, 2.774, and 2.648, respectively. Viscosity gradedVG-30 binder
was used (see Table 1) for the fabrication of bituminous mixtures. A 5.4% binder
content was used for the fabrication of all the bituminousmixtures followingMoRTH
(2013) guidelines.

The bituminous mixtures were compacted using a shear box compactor (ASTM
D7981 2015). The mixtures were short term aged at a temperature of 135 °C for 4 h
± 5 min and 155 °C for 30 min before subjecting it to compaction (AASHTO R30
2015). All the mixtures were compacted to achieve a target air void of 6 ± 0.5%.
The compacted beam specimen (450 × 150 × 170 mm) was then cored to get three
cylindrical samples of 100 mm diameter and 150 mm height. The samples that met
the air void criterion was used for further testing.

2.1 Aggregate Gradation

Three different aggregate gradations were used in the current study. All three gra-
dations were selected in such a way that it meets the MoRTH (2013) requirements
for bituminous concrete mixtures grade II. The control gradation, hereafter, referred
to as BC-middle, is the mid-gradation used in India. The other two gradations were
obtained using the principles of the Bailey method. The Bailey gradations were
designed in such a way that the gradation below 2.36 mm sieve size was varied while
the gradation above this sieve size was kept the same as that of the control gradation.
The gradations Bailey-1 and Bailey-2 were designed using the values corresponding
to the lower and upper side of the Bailey recommended range of aggregate ratio for
fine graded mixtures. The recommended ranges for coarse aggregate ratio (CA) is
0.6 to 1.0, the fine aggregate coarser (FAc) ratio and the fine aggregate finer (FAf)
ratio is 0.35 to 0.50.
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3 Design of Bailey Gradation

According to the Bailey method, the type of mixtures is defined based on the unit
weights of each individual stockpiles. For each stockpile, a loose unit weight (LUW)
and rodded unit weight (RUW) is calculated (AASHTO T19 2004). The LUW is
defined as the minimum density required for particle-to-particle contact and is con-
sidered as the dividing line between fine graded and coarse graded mixtures. The
RUW is used to represent the amount of excess coarse aggregates in a unit volume
after compaction.

Further, the LUW and RUW are used as a reference to select a chosen unit weight
(CUW). The CUW is then used as a basis to select the desired type of mixtures. For
a fine graded mixture, it is recommended to select a CUW as less than 90% of the
LUW. In this study, as a first step, the BC-middle gradation was used as a reference
to determine whether it is a fine graded or coarse graded mixture according to the
Bailey method. The individual stockpiles were created in such a way that the targeted
BC-middle gradation can be obtained. The specific gravities and unit weights of each
stockpile were determined. By giving these as input to the Bailey method, the CUW
was varied in such a way that the desired BC-middle gradation is obtained. The
back-calculated CUW for BC-middle gradation was found to be 74.8% indicating
that the gradation is fine graded.

After establishing that the BC-middle gradation is a fine gradation, the gradation
for Bailey-1, and Bailey-2 were obtained by varying the percentage passing 2.36 mm
in such a way that the lower limit and the upper limit of Bailey recommended aggre-
gate ratios for fine graded mixes are met. A new sieve, 0.032 mm, was introduced in
addition to the sieves recommended in MoRTH (2013) in order to control the Bailey
aggregate ratios. It was also ensured that the gradations Bailey-1 and Bailey-2 fall
within limits specified for bituminous mixtures grade II. The back-calculated chosen
unit weight and the aggregate ratios are reported along with the individual stock-
pile details in Table 2. The aggregate gradation used along with the MoRTH (2013)
gradation limits for bituminous mixtures is illustrated in Fig. 1.

4 Results and Discussion

4.1 Compaction Curve—Shear Compactor

4.1.1 Test Methodology

In the shear box compactor (ASTM D7981 2015), a constant compressive force and
a cyclic shear force with a constant shear angle will be applied to the bituminous
mixtures. Qiu et al. (2012) reported the compaction results obtained from the shear
box compactor for bituminous mixtures with different gradations and binder types.
The aggregate gradation was found to be more sensitive to the reduction in air voids
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Fig. 1 Aggregate gradation

during compaction than the binder type. In this study, the influence of aggregate
gradation on the compaction characteristics of bituminous mixtures was studied by
applying vertical stress of 650 kPa and a shear angle of 4°.

4.1.2 Compactive Effort

The evolution of the height of the asphaltmixtures during compaction and the number
of cycles of compaction the shear compactor takes to reach the required air voids for
each type of gradation was studied. Figure 2 shows the evolution of height during
compaction. The height is normalized with respect to the height corresponding to the
first cycle. It can be observed from the figure that all the bituminous mixtures follow
the same trend, and the aggregate gradations (BC-middle, Bailey-1, and Bailey-2)
have negligible influence. Also, it was found that the number of cycles taken by all
the mixtures to reach target air voids is in the range of 8–10, indicating that all the
mixtures require nearly the same compaction effort.

Fig. 2 Compaction curve



Influence of the Aggregate Gradation on the Rutting Resistance … 9

4.2 Flow Number Test

4.2.1 Test Methodology

Flow number test is a repeated creep and recovery test with a fixed rest period. In this
study, the flow number test was used to characterize the influence of three different
gradations on the rutting resistance of unmodified bituminous mixtures. The test was
conducted using the asphalt mixture performance tester (AMPT). The test protocol
consists of applying a repeated trapezoidal loading for 1 s, which is followed by 2 s
rest period (Gayathri et al. 2016). In the trapezoidal loading, the deviatoric stress is
linearly ramped in such a way that the desired stress is achieved in 0.1 s, and stress
is held constant for 0.8 s followed by a ramp down in 0.1 s. The deviatoric stress
(600 kPa) and confinement pressure (75 kPa) for the current investigation was chosen
based on an earlier study by Gayathri et al. (2016) in which a three-stage creep curve
was obtained. The test was run for 10,000 cycles or till actuator limit is reached. The
applied load, confining pressure, temperature, and resulting axial deformation was
recorded every 1/1000th s. The test was carried out at two different temperatures—45
and 55 °C.

4.2.2 Creep and Recovery Response

Figure 3 show the applied load and the resulting actuator deformation for one cycle.
The response includes the residual deformation at the end of each cycle and total
accumulated deformation at the end of the trapezoidal load. The evolution of total
accumulated deformation with the number of cycles for three different bituminous
mixtures at two different temperatures can be seen in Fig. 4. The repeatability of
the test results was randomly checked by conducting experiments twice on BC-
middle mixtures at 55 °C. The precision limits provided for the unconfined flow
number test in AASHTO TP-79 (2011) was considered for checking repeatability.
The deviation from the mean was found to be 4.35%, which is well within the

Fig. 3 Applied load and the
resultant deformation for one
cycle at 45 °C for Bailey-2
mixture (600 kPa deviatoric
stress and 75 kPa
confinement pressure)
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(a) Test temperature - 45˚C (b) Test temperature - 55˚C

Fig. 4 Comparison of total accumulated deformation between different bituminous mixtures

acceptable range. The deformation curves at both 45 and 55 °C were found to have
only primary stage until the end of the experiment. This behavior is one among four
different types of deformation patterns observed for bituminous mixtures by Roy
et al. (2016). Further, the influence of temperature on rutting characteristics was
as expected. The bituminous mixtures tested at 55 °C were observed to reach the
maximum deformation limit of the AMPT before 10,000 cycles without showing the
tertiary stage.

Further, the influence of aggregate gradation on the deformation characteristics
of bituminous mixtures were studied. At a test temperature of 45 °C, it was observed
from the flow number test that the total accumulated deformation at the end of 10,000
cycles was more for Bailey-2 mixtures when compared to the other two mixtures. In
comparison with BC-middle, the Bailey-2mixtures exhibited nearly 1.5 times higher
deformation. The ranking of bituminous mixtures at 45 °C is BC-middle > Bailey-1
> Bailey-2. It is worth noting here that the Bailey CA ratio and FAc ratio between
the BC-middle and Bailey-2 mixtures are the same, whereas the FAf ratio is different
(0.22 for BC-middle and 0.50 for Bailey-2 mixtures). The bituminous mixture with
lower FAf ratio had a higher resistance to rutting.

Further, at a test temperature of 55 °C, all the mixtures reached the actuator
deformation limit within 10,000 cycles of loading. Among these mixtures, Bailey-1
mixture was found to outperform when compared to the other two mixtures. The
Bailey-1 mixture took nearly twice the number of cycles when compared to the other
mixtures to reach the same total deformation. An interesting observation is that the
Bailey-1 gradation falls below the BC-middle gradation towards the coarser side (see
Fig. 1). This could possibly be the reason for higher resistance to rutting than the
other two mixtures. The Bailey-1 gradation was designed by considering the lower
side of the Bailey aggregate ratios for fine graded mixtures.

The influence of finer particles, particularly in the presence of confinement pres-
sure, is found to play a critical role at 55 °C. For instance, the percentage passing
0.032 mm sieve size is not controlled in the BC-middle gradation and is performing
better in terms of rutting when compared to the other mixtures at 45 °C. However, the
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same BC-middle mixture is found to have a low resistance to rutting among all the
mixtures at 55 °C. Bailey-1 mixtures performed better than the other two mixtures in
the presence of confinement pressure at 55 °C. The finer portion of the Bailey mix-
tures was effectively controlled by introducing a new sieve, 0.032 mm, in addition
to the sieve sets recommended in the existing MoRTH (2013) specifications. In the
case of Bailey-1 mixture, the percentage passing 0.032 mm sieve size was controlled
in such a way that it gives an FAf ratio of 0.35. Thus, from the current investigation,
it can be concluded that the combination of percentage aggregate particles passing
0.032 mm sieve and the confinement pressure has minimal effect at 45 °C while the
effect is significant at 55 °C

5 Conclusion

This study aimed to investigate the influence of fine aggregate gradation on the rutting
potential of bituminousmixtures. Three different aggregate gradationswere selected.
The control gradation, BC-middle, is the mid-gradation (BC-grade II) used in India.
The other two gradations, Bailey-1 and Bailey-2, were obtained using the principles
of the Bailey method. The rutting performance at two different temperatures, 45 and
55 °C, was captured in terms of total accumulated deformation from the repeated
trapezoidal creep and recovery test. The Bailey-1 mixtures performed satisfactorily
than the other two gradations at both the temperatures.

The sensitivity of the amount and aggregates passing 0.032 mm sieve size on
deformation characteristics was found to be significant at 55 °C, particularly in the
presence of confinement pressure, as was seen for the Bailey-1 mixture. In most
of the existing specifications for dense graded bituminous mixtures, the aggregate
gradation is only specified till 0.075 mm. It is recommended to introduce 0.032 mm
sieve since it helps in controlling the FAf ratio for the fine gradedmixtures effectively.

The bituminous mixtures in the current study were designed using the framework
provided inMoRTH (2013) specifications for the dense graded bituminous mixtures.
The binder content for all the mixtures was kept constant. In order to effectively
quantify the effect of finer portion of the aggregate gradation on the deformation
characteristics of the bituminousmixtures, an optimal binder content for eachmixture
has to be determined. The compactibility of such mixtures have to be studied before
arriving at an optimal aggregate gradation. Further, this study was limited to one
set of loading condition with the use of an unmodified binder. Currently, tests are
being carried out at different levels of confinement pressure and deviatoric stress
with different types of binders.
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Experimental Investigation of Pothole
Repair Materials

Debaroti Ghosh, Mugur Turos, and Mihai Marasteanu

Abstract Pothole repairs represent a major maintenance item in the budget of many
highway agencies. Currently, there are no required specifications for patching mate-
rials. Although the appearance of potholes every spring is a major public relations
concern, limited experimental work has been performed on pothole repair materi-
als to evaluate their mechanical properties. The focus of this study is to investigate
relevant mechanical properties of current pothole materials. A total of six materi-
als consisting of both summer and winter mixtures were used in this study. Several
issues were encountered during the sample preparation of cold mixtures, such as the
need of significant curing to gain strength and stiffness at low temperatures. For the
coldmixtures, only Indirect Tensile creep and strength testing were performed, while
for the other mixtures fracture energy and toughness were also determined. Exper-
iments were also performed to evaluate if the addition of graphene nano-platelets
(GNP) to patching materials improve their properties. Based on the results, several
recommendations were made to improve the durability of pothole repair materials.

Keywords Pothole repair · Experimental testing · Cold mixtures · Curing ·
Indirect tensile strength

1 Introduction

Pothole formation is mainly caused by the delayed response to fixing common pave-
ment distresses in the initial phase of their development. The most common distress
responsible for pothole formation is cracking that can be the result of different failure
mechanisms. Despite considerable progress in the design and selection of pavement
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materials, pothole repair materials remain an area in which little progress was made.
Most of the research reports published focus on the technological aspects of pothole
repairs and less on mechanical properties (Biswas et al. 2016; Chatterjee et al. 2006;
Chen et al. 2015; Dong et al. 2014; Evans et al. 1993; Maher et al. 2001; Liao et al.
2016; Rosales et al. 2007; Wilson and Romnie 1994).

A very comprehensive research effort on potholes was recently completed as
part of a two-year European study called POTHOLE that involved seven countries
(Nicholls et al. 2014). The main objective of the project was to address “the road
agencies’ need for durable construction and maintenance methods for the repair of
damage occurring after hard winters due to repeated frost-thaw cycles.” Currently,
there are no required specifications for pothole repair materials in the US and Europe,
making it very difficult for stakeholders to choose between the materials available on
the market. In this investigation, experimental work is performed on several readily
available materials to address this issue and a number of recommendations are made.

2 Experimental Investigation

The experimental investigation was conducted in two phases. In the 1st phase, cold
mixtures used for pothole repairs were investigated, and several sample preparation
methods were attempted to prepare testing specimens. The interface between the
existing paving material and the pothole repair material was also investigated by
preparing specimens with both hot-mix asphalt (representing existing pavement)
and a winter mix (representing a pothole repair material). In the 2nd phase, a hot
mix asphalt material used for summer repairs was tested, for comparison purposes.
A new additive consisting of graphite nano-platelets (GNP) was added to the hot mix
asphalt to determine if it improves mechanical properties.

2.1 Materials

A total of six pothole patchingmaterials were tested in this investigation. A summary
of the materials is presented in Table 1.

Figure 1 shows a few representative photos of thematerials as well as of aggregate
residue at the end of the ignition oven test.

Perma-Patch is a repair material with a proprietary formula composed of asphalt,
a special aggregate, and pressure-sensitive plastics. This is the most common and
frequently used pothole patching materials on the market.

UPM is a cold-mix repair material for asphalt and concrete pavements manu-
factured by Unique Paving Materials Corporation. Two types of UPM mixes were
used in the experimental investigation: Winter Mix UPM, which is a winter grade
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Table 1 List of materials
tested

Patching materials Acronym

DOT approved Perma-Patch from MnDOT PP

Winter Mix from St. Paul Asphalt Plant WM_SP

Winter Mix from Unique Paving Materials
(UPM)

WM_UPM

Summer Mix from Unique Paving Materials
(UPM)

SM_UPM

GAP Patching Mix GAP

Summer Mix from St. Paul Asphalt Plant SM_SP

Typical Pothole Patching Mix GAP Patching Mix

Aggregate Residue from Typical Patching Materials

Fig. 1 Pothole repair materials and aggregate residues

2 material specifically formulated to be used at temperatures below 40 °F; Summer
Mix UPM, a summer grade 4 material, specifically formulated to be used between
60–80 °F.

The winter mix from St. Paul Asphalt Plant is designated as 6C and uses 12.7 mm
minus aggregates. The oil content is 5.5% of SC-800 (slow cure). The asphalt binder
is a PG 64-22.
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GAP Mastic is a hot-applied, polymer modified asphalt mixed with engineered
aggregates and modifiers designed to fill wide cracks and defects, to prevent water
infiltration, and restore ride quality, according to the manufacturer. Unlike the other
patching materials, GAP is a more expensive product that has specific preparation
requirements.

The summer mix from St. Paul Asphalt Plant is a regular hot mix asphalt.

2.2 Phase 1 Experimental Work

Oneof the biggest challenges of testing thefirst fivepatchingmaterialswas the sample
preparation. Different compaction techniques and conditioning methods were used
to accomplish this goal. First, a gyratory compactor was used to prepare specimens
for Indirect Tensile Strength (IDT) testing. However, the compaction of the repair
materials at room temperature was not successful. Next, manual compaction was
attempted by pouring a fixed amount of material into a mold and using a solid steel
cylinder to compact thematerial at room temperature. Since this procedure is difficult
and not repeatable, anMTS testing framewas used to simulateMarshall Compaction
for repeatability. Several 100 compression cycles of a square wave between 0 and 20
kN at a frequency of 1 Hz were performed on each side of the mold. This compaction
method was further used to obtain specimens for IDT testing.

2.2.1 IDT Testing

IDT testing was performed according to AASHTO T322-07. Unlike the preliminary
attempts, in which the material was compacted at room temperature, cold condition-
ing of the materials was used before compaction to better simulate winter patching at
low temperature. Test specimens were prepared as follows. First, a fixed amount of
material was poured into steel molds. Molds were kept at 4 °C for 18 h in a refrigera-
tor. After 18 h, molds were taken out of the refrigerator and compacted immediately.
Specimens were extracted right away after compaction and conditioned for one hour
at the test temperature (0 °C and −24 °C, respectively) in the MTS environmental
chamber. Compaction was not performed on GAP samples, since the compaction
of this material is not required in the field. Also, GAP needed some special sam-
ple preparation beforehand, since the binder and aggregate came separately for the
materials. For GAP, the aggregates and the binder were kept in the bowl in the oven
at 170 °C for 6 h and the heated aggregate and binder were mixed with the mixer for
five minutes. The mixture was poured into the mold right away. Initially, the mixture
was poured in hot molds and molds at room-temperature. With the hot molds it was
observed that, due to a large amount of binder and lower aggregate cooling rate, the
binder started to accumulate at the bottom of the specimen, which made extracting
the specimens difficult. Consequently, cold or room-temperature molds were used.
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Fig. 2 IDT strength test for cold conditioning of patching materials compacted in steel molds at 0
and −24 °C

The strength results obtained following the procedure described above are shown in
Fig. 2.

The GAP was found to have the highest strength followed by the winter mix from
St Paul asphalt plant (WM_SP). As expected, the test temperature had a significant
effect on the strength value. All patching materials had very low strength values at
0 °C. By comparison, a typical asphalt mixture has values in MPa rather than kPa.
It was observed that for GAP, using a hot mold reduced the tensile strength at both
testing temperatures. A much slower cooling rate of the material is the reason which
allowed the binder to flow to the bottomof the testing specimen andmaking it weaker.

2.2.2 Bonding Experiment

Experiments were also performed to determine if qualitative information can be
obtained regarding the bonding strength between the patching material and the exist-
ing asphalt mixture in the pavement. In this part, only two patching materials were
used; Perma-Patch (PP) and Winter Mix_UPM (WM_UPM). Samples were pre-
pared using half HMA and half patching material (PP and WM_UPM) to simulate
the actual field condition and check the bonding at the interface of existing pave-
ment and patching materials (Fig. 3). The diametric load was applied along the joint
between the patching material and HMA and the crack propagation through the joint
was observed. Patching materials were also tested individually to compare the test
results with samples of half HMA and half patching materials. Specimen preparation
and scheme photos of specimen preparation are shown in Fig. 3.

Since bonding between the cold patching mix and asphalt mix would not become
effective until significant curing occurs, two acceleratedmethods of curingwere used:
in the first one the specimen was conditioned in the oven before compaction, and in
the second method, the specimen was conditioned in the oven after compaction.
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Fig. 3 Preparation of specimens with half HMA and half patching material bonding test

For conditioning specimens before compaction, materials were kept in the mold
that was placed in an oven at 135 °C for 20 h, followed by compaction at room
temperature. The compacted specimen was kept at room temperature for 5 days.
After 5 days, the specimen was extracted and kept at test temperature (−24 °C) for
1 h before testing.

For conditioning specimens after compaction, the material was first compacted at
room temperature and the compacted specimen was kept in the mold in an oven at
40 °C for 5 days.After 5 days, the specimenwas extracted and kept at test temperature
(−24 °C) for 1 h before testing.

Figure 4 shows the bond strength results. As expected, the HMA specimen used
in the bonding experiments has the highest IDT strength. Conditioning samples in
the oven before or after compaction did not make a significant difference in strength
results.However, bonded samples consistingof half patchingmaterials andhalfHMA
were observed to have higher strength than the samples of the patching materials
itself. Winter Mix from UPM was observed to have a strong interface bond with
HMA (Fig. 4).

2.3 Phase 2 Experimental Work

In this phase of testing, graphite nano-platelets (GNP) were added to the Summer
Mix from St. Paul. Both control mix (without GNP) and mix treated with GNP were
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Fig. 4 IDT strength results for bonding specimens at −24 °C

tested using several testing methods. Three mixtures were created using the St Paul
Summer Mix: a mixture containing 6% Micro 850 GNP, a mixture containing 6%
4827 GNP and a control mix, which contained no GNP additive.

The material was first heated in oven at 135 °C for 6 h. The mixer was then used
for 1 min to mix the additive and heated asphalt material. The treated material was
placed back into oven to keep warm until compaction. The material was compacted
at 100 gyrations in Superpave gyratory compactor. The compacted mixture was then
cured at room temperature for two days. Each cylinder was cut into two 38 mm
thick samples for IDT testing and one 32 mm thick sample for SCB testing, that was
further divided into two halves. Three tests were performed on the St Paul Summer
Mix: IDT Creep Stiffness and IDT Strength according to AASHTO T322-07, and
SCB fracture and toughness according to TP 105-13. The air void content was also
investigated to check the compaction level.

Figure 5 shows air void content of the mixtures during compaction. The mixtures
with GNP compact more quickly (with fewer gyrations), and the samples with 4827
GNP additive compact 1% more than the control mixture.

In the creep test, specimens were loaded diametrically using a vertical constant
load of 0.8 kN/s. Horizontal and vertical deformation were measured using exten-
someters fixed near the center of the sample. Deformation measurements were then
used to calculate creep stiffness. Three replicates were tested for each material at
three temperatures, −24, −12, and 0 °C, for a total of 9 tests. Creep tests were
followed by strength tests.

Creep stiffness curves were constructed for all three materials at all three test-
ing temperatures. Average values from three replicates per material were used to
construct curves . Figure 6 contains curves at −24, −12, and 0 °C.
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Fig. 5 Air void content of
samples during compaction
of Summer Mix
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Experimental Investigation of Pothole Repair Materials 21

Table 2 Tensile strength, SCB fracture energy and fracture toughness of St. Paul Summer Mix

Patching material Tensile
strength, kPa

Fracture energy,
kJ/m2

Fracture
toughness,
MPa * m0.5

0 °C −12 °C −12 °C −24 °C −12 °C −24 °C

Summer Mix without GNP 2601 2688 0.362 0.269 0.524 0.659

Summer Mix with 6% 850 GNP 2793 3263 0.377 0.270 0.572 0.673

Summer Mix with 6% 4827 GNP 2915 3418 0.371 0.341 0.633 0.716

Values for tensile strength are presented in Table 2. Each value is an average taken
from three replicates. As shown, tensile strength increases in the samples containing
GNP additive, and the 4827 GNP additive has a slightly higher increase in tensile
strength than samples containing Micro 850 GNP additive.

SCBfracture testingwasperformedaccording toAASHTOTP105-13.The results
for fracture energy and fracture toughness are presented in Table 2. It can be observed
that the fracture energy and fracture toughness increase in mixtures containing GNP
additive, and the mixture containing the 4827 GNP additive has the highest increase
in fracture toughness.

3 Conclusions and Recommendations

At the end of this study, several conclusions and recommendations were made. It
was very difficult to prepare testing specimens since the patching materials are cold
mixtures that do not gain strength and stiffness unless significant curing occurs.While
cold mixtures can be poured and placed at typical winter temperatures, only minimal
curing occurs at these temperatures, which makes these materials very weak, with
characteristics more like a filling material.

GAP was the strongest materials tested in Phase 1 at both 0 and −24 °C. At −
24 °C, GAP had strength values similar to regular hot mix asphalt.

The St Paul Summer Mix had properties similar to regular hot mix asphalt and
addition of GNP was possible to this mix only. It was found that the addition of GNP
increases compaction level. Tensile strength, fracture energy and fracture tough-
ness all increased for the mixtures prepared with GNP additive. These preliminary
results indicate that the addition of GNP can positively influence the performance
and durability of summer patching materials.

The results obtained in this investigation confirm that, in general, cold mixtures
used for winter patching have poor mechanical properties and are expected to require
frequent re-repairs, especially inwinterswithmany freeze-thawcycles.Winter patch-
ing materials, such as GAP, that require an external source of heat have significantly
better mechanical properties and are expected to last longer. However, they are more
expensive and require specialized equipment and training.
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A number of new materials and innovative technologies are available to pro-
vide more durable solutions for winter pothole repairs, which represent the most
challenging situation: the repair materials need to be placed at cold and very cold
temperatures at which curing and compaction is not possible unless additional heat-
ing is provided. Examples are the use of GAP, infrared heating, and use of taconite
mixtures and microwave heating (Nazzal et al. 2014; Zanko 2015). The use of GNP
additives shows promising benefits for summer patching since they increase the com-
paction level. The addition of GNP may provide benefits for winter pothole repair
since they can be heated significantly by application of microwave energy, similar
to the effect observed in taconite aggregates.
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A Durable Potholes Repair Method
Using Polymer Modified Patching
Material in Cold-Wet Weather

Sen Han, Jinping Xia, Hui Xu, and Hongwei Zhang

Abstract There are two common deficiencies of the existing cold asphalt mixtures,
one is the contradiction between workability or storage and strength, and the other
is the problem of low initial strength after paving. In order to solve the problems,
new polymermodified patchingmaterials with dense gradation (PADGmixtures) are
recommended for durable pothole repair in cold-wet weather, based onmicrocapsule
technology and reinforcement action. In this paper, laboratory test and field inves-
tigation were performed to assess the performance of PADG mixtures, compared
with dense graded cold mixtures (DG mixtures) and open graded cold mixtures (OG
mixtures). It showed that the PADGmixtures solved the contradiction betweenwork-
ability, storability and strength of cold mixtures, and had better cohesion, stability,
freeze-thaw resistance and durability in low temperature andwet conditions. Besides,
the field survey over 13 months indicated that the pothole patches using PADG mix-
tures met the requirements of traffic safety and ride-ability. Therefore, combined
with laboratory and field text results, it can be concluded that PADG mixtures are
applicable to durable maintenance in adverse conditions of cold-wet weather.
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1 Introduction

Usually, the bowl-shaped holes on the surface of asphalt pavement called pothole
problems, which adversely affect traffic safety and ride-ability (Dong et al. 2014;
Liu et al. 2019a, b). Adverse weather and vehicular loads over asphalt pavements
lead to the formation of bowl-shaped potholes, especially in winter or rainy seasons
(Chatterjee et al. 2006; García 2017; Han et al. 2019). Water is the main factor
for the formation of potholes, which penetrates into the internal pavement through
cracking due to low-temperature deformation or fatigue (Wilson and Romine 1993).
In the end, it would accelerate the failure of the pavement structure. Moreover, the
construction and durability of pothole repairs are affected by low temperature and
water (Prowell and Franklin 1996). In order to prevent further damage, we should
take durable measures in time.

According to the construction technology, patching materials can be divided into
three types: hot-mixed and hot-placed patching mixtures, hot-mixed and cold-placed
patching mixtures, cold-mixed and cold-placed mixtures (Maher et al. 2001; María
and Pimentel 2007). The cold-placed mixtures are more suitable in winter for the use
of cutback asphalt and emulsified asphalt.However, construction temperature of these
patching mixtures should be controlled rigidly (Maher et al. 2001). Generally, cold
mixtures use continuous gradation and gap-graded gradation. The continuous grada-
tion is good for pavement performance but has poor workability. The performance
of gap-graded gradation mixtures is reversed (Chatterjee et al. 2006). Therefore, it is
of vital importance to select the binder and gradation when designing the patching
materials.

2 Objective and Scope of Study

The main objective of this paper is to propose a new polymer modified dense graded
patching mixtures (PADGmixtures), and verify the practicability of PADGmixtures
for timely and durable pothole repair in winter-rainy conditions. Past studies have
summarized the main properties of cold mixtures, such as workability, storability,
stability, anti-stripping, freeze-thaw resistance, durability, bonding performance and
skid resistance (Dong et al. 2014; Prowell and Franklin 1996). The scope of this
study consists of two parts, aiming to assess applicability of modified cold mixtures
under adverse weather and heavy traffic load by laboratory tests and field surveys.
The specifics of study scope are presented as follows:

Part A: Laboratory tests were conducted to evaluate the pavement performance of
PADG mixtures, compared with the two typical patching materials of dense graded
cold mixtures (DG mixtures) and open graded cold mixtures (OG mixtures), includ-
ing workability, cohesion, storability, bonding performance in low temperature and
wet conditions, and durability.
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Part B: PADG mixtures were installed in the northeastern and southeastern part
of China with complex weather. The field survey involved apparent damage, texture,
skid resistance, seepage resistance and dishing depth.

3 Action Mechanism of PADGMixtures

3.1 Film-Forming Capsule Mechanism

The capsule technology is realized by the film-forming component in additive of
binder, in order to improve the workability and storability of PADG mixtures. Film-
forming agent is a class of substances that contain conjugated olefinic bonds in
the molecular structure. After exposure to air in a while, these substances undergo
a series of oxidative cross-linking polymerization reactions due to the function of
oxygen (Allen et al. 1991). Flexible solid film with spatial network structure was
formed eventually, which has a certain compressibility and high density (Alanalp
and Durmus 2018; Lv et al. 2016). If constant and sufficient pressure is loaded on
the capsules, that would cause the film break down and the modifier and tackifier
flow out of the capsules. As shown in Table 1, the microcapsules forming process is
mainly described in the following four stages:

I. Introduction stage: An olefinic bond in the film-forming agentmolecules breaks,
resulting in a relatively stable new olefinic bonds and two free radicals. The free
radicalswould take away one electron fromother substances tomake themselves
stable, since the electrons in the chemical bonds should appear in pairs.

Table 1 Principle of microcapsules forming procedure

Conjugated olefins:

Introduction stage: 

Oxidation stage: 

Film-forming stage

Microcapsules stage

Note: R1, R2, R3, R4, R5 and R6 are functional groups in the film-forming agent molecules. 
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Ii. Oxidation stage: Reactivity of film-forming agent’s molecular is enhanced with
the increase of free radicals and the entire system is extremely unstable. Two
major reactions occur and complete until the depletion of free radicals and the
formation of a stable system. Namely, one is the combination of free radicals
with oxygen, and the other is the inter-polymerization of free radicals.

Iii. Film-forming stage:Macromolecules from inter-polymerization of free radicals
are further crosslinked into a spatial network structure to form film.

Iv. Microcapsules stage: the closed films are seen as microcapsules which can store
modifier and tackifier, and spread in the additive evenly.

3.2 Reinforcement Mechanism

According to Mohr-Coulomb theory, the strength composition of cold mixtures is
essentially identical to that of hot asphalt mixtures, which mainly depends on the
cohesion from binder and the internal friction from the gradation and angularity of
aggregates (Yu et al. 2004). However, the strength formation of the cold mixtures
has delay and hysteresis characterises, compared with the traditional hot asphalt
mixtures (Chatterjee et al. 2006; Estakhri et al. 1999). The strength formation of the
cold mixtures can be divided into three stages:

i. Storage stage: Both of cohesion and internal friction of patching mixtures are
smaller in this stage. Because some additive is isolated from air and asphalt by
microcapsules, resulting in inhibition of binder curing. As for aggregates, the
mixtures keep loose state without compaction.

ii. Construction stage: Cohesion and internal friction are enhanced significantly in
this stage. PADG mixtures are compacted to form a denser structure compared
with OGmixtures due to continuous gradation of aggregates, which benefits the
increases of internal friction. At the same time, the microcapsules break and the
binder begins to solidify due to sufficient external force, which can improve the
cohesion of mixtures. PADG mixtures solve the disadvantages of DG mixtures
based on microcapsule technology, i.e. poor workability and storability. It is
conducive to initial internal friction and cohesion of patching materials.

iii. Road service stage: The strength continues to grow for denser structure and
further curing under traffic loads in this stage. Both soft and hard segments
from modifier are introduced into additive of PADG mixtures’ binder, which
is good for the cohesion of asphalt. And low-temperature deformation resis-
tance and high temperature strength of mixtures can be effectively improved by
controlling the ratio of two segments. In addition, the functional groups with
low surface energy in tackifier can participate in the formation of the adhesive
layer and reduce the surface energy, which improve the infiltration ability of
binder. Thereby, the stripping resistance of binder from aggregate and adhesion
between mixtures and pothole wall can be enhanced.
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4 Test Program

4.1 Materials

As shown in the Fig. 1, PADG mixtures consist of 90# matrix asphalt, additive and
aggregates and mineral fines. Among these, the functional components of additive
involve modifier, tackifier, and film-forming agent, and solvent 1, solvent 2 and
plasticizer are used as corresponding dissolvent.

Both aggregates and fines are limestone. OG mixtures and DG mixtures are pro-
duced in Canada and China, respectively, and are mature in engineering applications.
The gradation of mixtures are plotted in Fig. 2.

4.2 Methodology

The test consists of two parts aiming to assess applicability of modified coldmixtures
under adverse weather and heavy traffic load in the laboratory and field. The test
process in laboratory and field were described in Table 2 and Table 3 respectively.

Fig. 1 Compositions of PADG mixtures
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Fig. 2 Gradations of DG
mixtures, OG mixtures and
PADG mixtures
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Table 2 Laboratory tests

Tests types Properties Testing process

Workability tests Workability 3000 g of three cold mixtures
were stored for 48 h under
100 kg loads at 5 and 20 °C.
Torque when potholes were
patched, were measured by
the working stirring testers

Storability tests Storability 3000 g of three cold mixtures
were packed in sealed bags
under 50 kg load at 5 °C for 3,
7, 30, 60, 120 and 240 days.
Torque when potholes were
patched, were measured by
the working stirring testers

Cohesion tests Cohesion Following the testing
procedure of the report of
FHWA-RD-99-168(1)

Marshall tests Initial stability Following the testing
procedure of ASTM D 1559
(9). Samples were placed in
the air bath for 2 h at 25 °C

Moulded stability Following the testing
procedure of ASTM D 1559
(9). Samples were placed in
an oven at 100 °C for 48 h,
then placed at 25 °C for 48 h,
next removed to ventilated
room for 2 h

Stability forming speed Following the testing
procedure of ASTM D 1559
(9). Samples were placed in a
ventilated room at 5 °C for 3,
7, 15, 30, 45 and 90 days

(continued)
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Table 2 (continued)

Tests types Properties Testing process

Low temperature stability Following the testing
procedure of ASTM D 1559
(9). Samples were placed in a
refrigerator at −10 °C for
72 h

Immersed stability Following the testing
procedure of ASTM D 1559
(9). One set of samples were
immersed in a 10 °C water
bath for 30 min and then
placed in 25 °C ventilated
room for 72 h. Another set of
samples were laid in 25 °C
ventilated room for 24 h after
being soaked for 48 h

Freeze-thaw tensile strength
tests

Durability (low temperature
and wet conditions)

Following the testing
procedure of Modified
Lottman test AASHTO T-283
(10). One set of samples were
stored at room temperature
for 40 h. Another set of
samples were placed in a
refrigerator at a temperature
of −18 °C for 16 h after
saturation. Then samples
were removed to a water bath
at 10 °C for 24 h

Accelerated loaded tests Durability (wet and
accelerated loaded
conditions)

To begin with, two 30× 30×
5 cm AC-13 slab specimens
were stuck together and the
middle section of the upper
specimens was excised with
the size of 30 × 13 × 5 cm.
This simulated potholes were
repaired using three patching
materials and compacted 24
times with 9 kN. Finally, the
composite plates were placed
at 80 °C for 96 h and then
stored at ambient temperature
for 48 h. the wheel pressure
of 0.7 MPa was loaded on the
composite plates at 30 °C
under immersed or dry
conditions. The dishing depth
of potholes patching in
middle of composite plates
was measured after 2400
times wheel loads
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Table 3 Potholes patching field survey

Section Weathera Timeb (months) Trafficc Test progress

BQd 1 4 °C, cloudy 3 25600 Distress of pothole repair was
investigated and field tests were also
conducted as follows. DDf was
obtained by measuring the maximum
vertical gap between the surface of
potholes patch and the bottom of 3 m
straightedge. Besides, MTDg, BPNh

and SCi were conducted according to
the standard sand patch method of
ASTM E965-15 (11), British
pendulum test procedure of ASTM
E303-93(2013) (12) and standard
water seepage testing method in China
codes of JTG E20-2011 (13)
respectively

BQd 2 36 °C, sunny 5

BQd 3 28 °C, rainy 13

HQe 1 18 °C, rainy 3 22200

HQe 2 25 °C, rainy 5

HQe 3 23 °C, rainy 13

Note aInstallation weather; bSurveying Time after installation; cThe Annual average daily traffic
values; dBaQiao district ring expressway of Xi’an in China; eHangQian expressway of Hangzhou
in China; fDishing depth; gMean texture depth; hBritish pendulum number; iSeepage coefficient

5 Test Results and Analysis

5.1 Laboratory Test Results Analysis

The following conclusions can be drawn from the laboratory test results:

(i) Workability: PADGmixtures and OGmixtures had better workability than DG
mixtures. That’s because the use of microcapsule technique in PADG mix-
tures and gap-grading in OG mixtures. In addition, the workability of patching
materials deteriorated as the temperature decreases.

(ii) Storability: the workability of PADGmixtures and OGmixtures was good and
kept relatively stable state. While the workability of DG mixtures varied over
storage time.

(iii) Cohesion: retained percentage of all three cold mixtures is higher than 95%,
which demonstrated that patching material could alleviate ravelling and strip-
ping for enough cohesion. PADGmixtures with minimal mass loss had the best
cohesion.

(iv) Stability: (a) The initial stability of PADG mixtures was better than that of the
DG mixtures and OG mixtures because of dense gradation and additive. (b)
PADG mixtures had the highest moulded stability among the three mixtures,
followed by DG mixtures and OG mixtures. (c) The stability of PADG mix-
tures was always higher than DG mixtures and OG mixtures during the curing
time of 90 days and reached a steady state earlier. (d) Even in low temperature
environment, PADG mixtures had strong stability, indicating that it had suffi-
cient strength to resist damage or deformation in winter. (e) The decrease of
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the stability of PADG mixtures was smaller than the other two mixtures after
immersion in water. That’s because water had negative effects on the bonding
properties of binder in DG mixtures and OG mixtures.

(v) Durability: (a) The results of freeze-thaw tensile strength tests demonstrated
that the patching materials were insensitive to water and low temperature.
PADGmixtures had the highest indirect tensile strength, followed by DGmix-
tures and OGmixtures. (b) The rankings of dishing depth of patching materials
was PADGmixtures < OGmixtures < DGmixtures in dry condition and PADG
mixtures < DG mixtures < OG mixtures in immersion separately. It can illus-
trate that PADG mixtures can bear traffic loads even in humid environment.
Meanwhile, it also can find that the dishing depth of OG mixtures is larger
than that of DG mixtures after immersion. That’s because massive pores in
OG mixtures accelerated the seepage damage, which make the strength of OG
mixture decline sharply.

5.2 Field Test Results Analysis

According to the field observation, patches retained satisfactory pavement perfor-
mancewithout visible distress of bleeding, dishing, debonding, ravelling and pushing
after 13 months, excluding HQ 3. As can be seen from Table 4, DD of HQ 3 was
slightly larger than the smoothness requirement of 5 mm from FHWA, but pavement

Table 4 Test results in field

Section Installation
weather

L × W
× D
(cm ×
cm ×
cm)

Time after
installation

DDa

(mm)
SCa

(ml/min)
MTDa

(mm)
BPNa

BQ 1 4 °C,
cloudy

47 × 73
× 7

3 months 2.23 141 0.65 66.0

BQ 2 36 °C,
sunny

150 ×
168 × 7

5 months 4.45 94 0.62 60.2

BQ 3 28 °C,
rainy

102 ×
130 × 7

13 months 4.91 68 0.54 53.1

HQ 1 18 °C,
rainy

310 ×
140 × 7

3 months 3.10 258 0.75 59.4

HQ 2 25 °C,
rainy

50 ×
210 × 7

5 months 4.51 137 0.68 61.0

HQ 3 23 °C,
rainy

267 ×
135 × 7

13 months 5.63 166 0.64 55.8

Note aL = Longitudinal length; W = Transverse width; D = Depth; DD = Dishing depth; SC =
Seepage coefficient; MTD =Mean texture depth; BPN = British pendulum number
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evenness of the rest 5 installations was still appropriate for good ridestability. SC
of all patches were smaller than the maximum requirement from China standard of
300 ml/min from JTG F40-2004 for dense internal structures. Potholes repair using
new cold mixtures also can ensure traffic safety with adequate MTD and BPN. HQ 3
was installed near bridge expansion joint, where potholes patching withstood impact
load and water easily seeped into the potholes through the interlayer between joint
and pothole. Thus there were lightly ravelling and dishing in HQ3 section.

6 Conclusion

Laboratory tests and field surveys were performed to evaluate the performance of
cold mixtures installed in low temperature and wet conditions. The main conclusion
can be drawn as follows:

The workability, storability, cohesion, stability and durability of PADG mixtures
were compared with commonly used DG mixtures and OG mixtures in the lab.
As the microcapsules slowing down the cured reaction, the PADG mixtures had
satisfactory workability and storability as the OG mixtures. All three mixtures had
sufficient cohesion to resist raveling. PADG mixtures had strong stability in low
temperature and immersion, which is of great significance for patches to resist the
load in adverse weather. The test results of accelerated loaded tests demonstrated
that PADG mixtures had good durability and was insusceptible to water.

Pothole repairs using PADG mixtures were patched in different climatic regions
and surveyedover 13months. Pothole patches hadquality service capabilitieswithout
distress, except HQ 3 for the impact load and seepage near bridge expansion joint.
The dishing depth, texture and skid resistance met the requirement for traffic safety
and rideability. Besides, pothole patches can resist water damage effectively with low
seepage coefficients. Based on the above conclusions, it is believed that PADG is
practicable to apply for timely and durable potholes repair in winter-wet conditions.

Unfortunately, this paper only concentrated on the performance of cold mixtures
in cold and wet conditions. Further studies involving properties of microcapsules in
binder of PADG mixtures are expected to be conducted.
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Maximising Stabilisation and Recycling
Benefits for Sustainable Pavement
Performance in New Zealand
and Australia

Allen Browne

Abstract The stabilisation of granular pavement materials and/or underlying soils
is accepted practice in Australasia (i.e. Australia and New Zealand). Stabilisation
in this context involves the mechanical introduction of reactive agents, typically
lime, cement and foamed bitumen. The reuse/recycling of aged existing pavement
materials is imperative for sustainable management of finite resources. Reduction in
aggregate availability has hastened the need for development of insitu stabilisation
to rehabilitate the pavement alongside other performance gains. Hiway Group have
commissioned laboratory research and undertaken extensive field trials in partner-
ship with industry and academic partners to lead industry adoption and confidence
in sustainable recycling. This paper will outline a variety of proven approaches rang-
ing from hot in-place asphalt recycling through aggregate stabilisation treatments
employing waste materials such as ground steel slag to innovative processes to mit-
igate and control deleterious subgrade soils and low ground pressure fill drying
methodologies. Case studies such as exhuming 30+ year-old pavements to evalu-
ate durability of lime stabilised layers will be outlined through to recent research
and field trials that successfully incorporate substantial proportions of waste plastic,
glass, steel slag and concrete blended recycled aggregates. Examples of structural
benefits will be detailed that have been monitored to substantiate performance and
calibrate design parameters.

Keyword Sustainable pavement recycling stabilisation

1 Introduction

Hiway Stabilizers NZ (now Hiway Group) commenced in 1986 with a mission state-
ment to integrate insitu stabilisation and recycling to civil works (especially roading)
and since then has worked throughout the Pacific, established a strong presence in
Australia and grown to be Australasia’s largest stabilisation/insitu recycling con-
tractor. Hiways’ have maintained a close relationship with research and academic
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entities through this time to provide robust and independent support for a myriad of
innovative recycling initiatives over the last three decades.

Extraction of roading aggregate can only occur where the resource can be eco-
nomically processed and transported to local markets. An additional 30 km travel
distance typically doubles the cost of aggregate. Reprocessing recycledmaterials can
consume substantially fewer resources than extracting and processing raw materials.
The purpose of this paper is to outline commonly accepted best practice utilizing
stabilisation in New Zealand/Australia, discuss some options to increase recycling
and outline innovations that have been accepted and implemented by wider industry.

2 Industry Groups as a Conduit to Encourage Recycling

The NZ National Pavements Technical Group contains 14 pavement/materials spe-
cialists representing contracting, consulting, local authority, and national highway
roading authorities. This group provides a formal value gateway role for the NZ
Transport Agency by providing industry feedback on best practice, specification ini-
tiatives, innovation and research prioritization. Significant industry accomplishments
include the development of stabilisation specifications, industry best practice notes,
and most importantly a trusted platform for roading authorities to obtain industry
feedback prior to a more general release.

Australia does not have a similar cross-industry focus group, and this is perhaps
understandable with six states each having its own state road authority and different
regional materials, design and construction protocols. An industry group AustStab
(established in 1995), strive to raise the awareness of stabilisation in the industry,
particularly recycling of pavements, formulation of specifications, technical notes
and training courses covering all elements of stabilisation best practice.

3 Practices and Experience

3.1 Historic Subgrade Lime Stabilisation in New Zealand

Lime stabilisation was used sparingly in NZ before 1978, at which point a trial
project was tendered for subgrade stabilisation on an Auckland Road upgrade. This
project had the benefit of intensive post construction evaluation through 1979 to the
late 1990’s. The same section of road was re-tested in 2009 and a sequence of insitu
and laboratory testing was undertaken to provide ongoing ‘in-service’ stabilised
subgrade parameters. The original design life was 15-years, but 40 years later the
stabilised subgrade is still performing exceptionally. The natural subgrade strength
was soaked and remoulded subgrade CBR = 4, while the design strength of the
subgrade stabilised with 4% lime (Calcium Hydroxide) was CBR = 25.
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Annual performance evaluation through 1979 to 1983 revealed insitu CBR
strength of CBR 100+. Further research testing (Transfund Research Report No.
127) in 1998 reported that “the strength and modulus properties of the stabilised
subgrade are significantly superior to those of the original subgrade and this bene-
fit has persisted for more than 20 years”. Subsequent investigation in 2009 showed
insitu CBR of 90+.

This 2009 research showed that despite the recognised process control limitations
and stabilisation methodology of 1978 (i.e. variable layer thickness and intra-layer
laminations), the layer properties and durability are excellent. The quality of spread-
ing, stabilising and compaction plant has advanced tremendously over recent years
and the level of assurance in obtaining dependable design parameters is very high
relative to what was possible in the 1970’s and 1980’s.

A requirement raised by industry around soils stabilisation is expectation of per-
manence.Most importantly these improvedmaterial properties have beenmaintained
for a sustained period of years with no relaxation thus confirming the durability of
lime stabilised soils permanence of the pozzolanic reaction once lime demand and
good mixing is ensured. One of the most significant opportunities for aggregate sav-
ings in pavements is the incorporation of a stabilised subgrade. NZ andAustralia have
seen industry advances such as a new Lime (hydrated or quicklime) subgrade stabil-
isation mix design and structural design specifications with significant improvement
in construction protocols and quality assurance.

3.2 Subgrade Lime Stabilisation in Australia

Australian subgrade stabilisation employs several different design philosophies. The
consistent initial methodology is to test for the lime ‘demand’ (i.e. quantity of lime
required to attain the pH of 12.4) for ensuring a full and permanent pozzolanic reac-
tion. This has led to a high level of success of the insitu lime stabilisation process but
can require relatively large application rates. Some soils such as the highly expansive
black cotton soils can require more than 6% application rate for lime demand.

In recent years two design protocols have been formalized in Austroads Part 4D
(V2.1April 2019).MethodA requires lime application to achieve a laboratory 28-day
Unconfined Compressive Strength of 1.0 to 2.0 MPa, while Method B requires the
7-day soaked CBR of the material to be tested and a design CBR derived of no more
than half the laboratory mix design value. Both methods constrain the subgrade to a
maximum strength of CBR = 15/Resilient Modulus = 150 MPa, and also limit the
design top sublayer modulus to a Modular Ratio dependent on the support provided
by the underlying ‘unstabilised’ material determined using AGPT Part 2 Eq. 39 as
follows in Eq. (1) below:

EV top sublayer = EV underlying material × 2(thickness of each selected subgrade or stabilised layer/150)

(1)
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Method A typically requires greater quantities of lime and is mainly used by
Queensland DTMR. Method B is more commonly used by other local government
or State Road Authorities. Some designers require a greater factor of safety, such
as in Victoria where a reduction factor of 3 (i.e. Design CBR = 1/3 × Laboratory
CBR) is typically required. Economic viability of subgrade stabilisation can thus be
significantly influenced by geographic location and design protocol.

3.3 Employment of Subgrade Lime Stabilisation in New
Zealand

Major projects incorporating lime stabilised subgrades have been an accepted part
of New Zealand major project philosophy for new pavement construction for several
decades in the North Island. The predominant soil types (Waitemata Group clayey
silts and Northland Allochthon silty clays) have a naturally alkaline pH of 8.0 to 9.5
meaning only small quantities (1–2%) of lime are required to achieve pH of 12.4.
While lime demand testing is recommended it is not regularly undertaken. New
Zealand design protocols are to determine dependable soaked CBR strength with
capacity reduction factor. This capacity reduction factor is typically 2 for laboratory
to field (i.e. CBR of 20 in the laboratory allows a design subgrade CBR = 10) with
a maximum permissible design subgrade of CBR = 15 as per the Austroads design
guide.

A well-constructed stabilised subgrade will provide a strong and durable sub-
strate that can replace a depth of aggregate virtually equivalent to the stabilised
layer thickness. This also provides an improved construction anvil that is highly
resistant to effects of moisture, preventing “aggregate punch” and upward migration
of plastic fines into the overlying aggregate. A well designed stabilised subgrade
can also deliver a ‘perpetual’ lower pavement system that can accommodate future
rehabilitation at the end of the effective life of the upper aggregate courses.

3.4 Fill Drying

Anextension of lime subgrade stabilisation is the use of lowgroundpressure (tracked)
equipment to modify/strengthen weak soil layers to where they can be utilized rather
than cut to waste. Industry has developed purpose-built equipment for spreading and
stabilisation and this has seen the development of a variety of blends of lime and
cement to optimize the strength and minimise moisture sensitivity.

Fill drying work, while traditionally used for roading infrastructure, has found
high demand in the treatment of residential housing and commercial developments
to heavy duty hardstands etc. Employing fill drying stabilisation provides many
platformbenefits beyond drying and strength gainwith a stable platform reducing soil
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Fig. 1 Example of low ground pressure spreader and stabilizer undertaking fill drying

particle migration into overlying aggregates, reduced plasticity/moisture sensitivity,
and most importantly less demand on finite virgin aggregate resources (Fig. 1).

Fill drying can significantly decrease construction time where the conventional
methods are cut-to-fill (or waste) or ‘discing’ to expose wet soils for air drying. Air
drying is frequently compromised by rainfall. Lime fill drying will generate quicker
drying from heat generated by hydration of quicklime (calcium oxide). A fill drying
technique commonly used is to spread and mix unslaked quicklime (3 mm topsize)
fines where moisture is consumed from hydration and heat. Refer to Eq. (2).

Quicklime CaO + water H20         Calcium Hydroxide Ca(OH)2 + HEAT (2)

The speed of curing and soil stiffness gain is enhanced by the heat of hydration
with the added advantage of excess moisture consumption to dry the soils and aid in
achieving optimum density. This process has been carried out for millions of cubic
metres through the last two decades in New Zealand, and in recent years has been
introduced to Victoria and NSW in Australia. The benefit to natural resources is the
enormous reductions in virgin aggregate consumption, and the associated reduction
in damage to the roading network otherwise caused by haulage of aggregates and
building materials to the construction site.

4 Hot In-Place Asphalt Recycling (HIPAR)

HIPAR comprises reheating and gentle hot-milling of asphalt surfacing with the
addition of a rejuvenating agent during inline pugmill remixing, then the recycled
mix is paver laid in a single continuous process. Robust pavement structure is required
where failure is within the aged oxidized, cracked or ravelled asphalt surfacing. The
insitu remediation can be modified with a small quantity of ‘make-up’ asphalt to
ensure the depth and geometric shape meet the needs of the traffic and asset lifecycle.
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Fig. 2 a HIPAR schematic illustration. b Gas heaters operating in front of HIPAR

HIPAR was first utilized for the Queensland Department of Main Roads in 1990
and many of these sites are still monitored. The equipment is expensive and cur-
rently there is only one HIPAR resource in Australasia. Direct savings are typically
15–20% when compared to a conventional mill and resurface option and there are
other environmental benefits such as zero waste leaving the site, reduced truckmove-
ments/damage to adjacent road networks, speed of operation reducing traffic disrup-
tion, strong bond with underlying asphalt due to heated contact. The stability of the
42-tonne remixer/paver provides for enhanced smoothness and ride properties.

The design process assesses the asphalt to be recycled and the suitability of the
existing bitumen via Viscosity tests (Test Method QTMR Test Method No. Q337
previously, but now AS2341.5) which measure binder viscosity using slide plates.
Australian practice has determined the onset of cracking due to bitumen hardening
(ageing) is where bitumen achieves a critical viscosity of 7× 106 Pas (6.86 log Pas).
For fresh Class 320 bitumen the apparent viscosity is expected to be 4.3 log Pas,
and any value exceeding this value will indicate the need for chemical analyses to
establish what recycling agent is required to restore the properties of the aged binder
(Fig. 2).

The bitumen rejuvenator is Rejuvenex 60E oil applied at ~0.7 L/m2 for 50 mm
treatment depth. Recent research simulates the HIPAR 125 °C heating, milling, 30-s
pugmill mixing time then screw-fed paving. The Marshall specimens are prepared
immediately (i.e. without any curing time). The specimens are tested to simulate
early strength and are also placed in an 85 °C oven for accelerated curing of up to
40 days to simulate aging for testing of long-term fatigue properties.

Challenges for more widespread adoption include high cost of plant, specialized
training for operators, selecting sites with failure mode comprising aged/oxidized
wearing course (not structural). The recent prevalence of polymers is another con-
sideration regarding management of fumes from heating modified binder asphalts.

Industry has been undertaking research using Epoxy in the place of rejuvenator
to assess strength and fatigue capacity for HIPAR. This has been successful for open
graded porous asphalts, but dense graded asphalts are more challenging with the
quantity of epoxy required for full binder film coverage compromising volumetrics.
Compounding this is the difficulty in achieving effective mixing of the epoxy with
the hardened bitumen films in the recycled asphalt with the small amount of mixing
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time available. On this basis dense asphalt recycling with epoxy requires gradation
adjustment and as such is better suited to exsitu/plant-based process where more
mixing time and better feedstock control is possible.

5 Steel Slag Byproduct as Stabilizing Agent for Roading

During the 1990’s NZ Industry pioneered the use of ground waste slag for use as
a stabilisation binder. KOBM (Kontinuous Oxygen Blast Maxiite) is a by-product
from the steel making process where Lime is added to the smelt to remove impurities
from the steel products. The composition of ready-to-use KOBM binder (ground to a
3 mm topsize) is 45–50% Calcium Oxide, 13–15% Iron total, 8%Magnesium Oxide
6% Silicon Dioxide and then several other trace minerals.

The reaction occurs between the hydrated Calcium Oxide in the slag and the clay
minerals in the roading aggregates. This plasticity reductionwith onlyminor strength
gain means that KOBM is typically used as a pretreatment binder for high plasticity
aggregates prior to foamed bitumen stabilisation (employed since 2007) or used in
a blended product with conventional binders such as cement (since 1997) (Fig. 3).

The recycling benefit ofKOBM is in taking a processed by-product/wastematerial
and utilizing it to modify poor quality aggregates to mitigate plasticity and improve
shear strength/resilient modulus. Another advantage is that the KOBM is only a
fraction of the cost of burnt lime and cement. KOBM is typically specified at 2–4%
application rate (by mass) depending on the process and material properties.

NZ KOBM use follows extensive early independent research in the 1990’s then
ongoing field trials andmonitored pavement rehabilitations. The high specific gravity
of KOBM (relative to lime or cement) means increased cartage cost, but conversely
provides a more stable product than lime as it is less susceptible to wind movement,
so is the preferred pre-treatment product for urban or environmentally sensitive loca-
tions. Leachate testing suggests that constituents are not mobilized where KOBM is
used with foamed bitumen or cement stabilisation. This is especially noted in foamed
bitumenwhere permeability reduces by anorder ofmagnitude and thefines are immo-
bilized. Note, research also demonstrates that foamed bitumen is also employed for
Coal Tar mitigation via immobilization ad reduced permeability.

KOBM is an alkaline material and therefore is handled with some caution. The
high pH expedites the pozzolanic reaction for the liberated Calcium Oxide with the
aluminates and silicates present in the clay fines. The KOBM is stored under cover
as when exposed the Calcium Oxide carbonates to form Calcium Carbonate over

Client ID Fe Total CaO SiO2 TiO2 Al2O3 MgO P2O5 Na2O K2O S V2O3 MnO
% % % % % % % % % % % %

KOBM 3mm 159/18 13.69 48.9 <6.83 2.76 1.74 8.03 1.4 <0.010 <0.010 0.13 3.26 2.36

Sieve Size (mm) 9.5 6.7 4.75 2.36 1.18 0.6 0.3 0.15 0.075
% Passing 159/18 100 100 100 87 67 57 49 37 21

Fig. 3 Steel Serve Glenbrook KOBM analytical report and particle size distribution summary
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time—losing reactivity. The melter slag available from Australian steel mills is of
a different composition to New Zealand, and currently high Calcium Oxide slag
by-product is not available in commercial quantities.

6 Foamed Bitumen Incorporating Recycled Materials

Foamed bitumen ‘cold’ insitu recycling was undertaken in Australasia through the
80’s and 90’s but gained substantial traction with the evolution of purpose-built sta-
bilisation equipment since the early 00’s. Foamed bitumen is seen as a cheaper alter-
native to structural asphalt or concrete for highly loaded expressways and arterials.
Insitu treatment is also popular for level constrained urban rehabilitations.

Foamed bitumen in Australia gained additional support in recent years with the
demonstration of resilience following the extensive Queensland flooding events of
2010/11 then 2013. Current research byAustroads and the Australian Road Research
Board (ARRB) produced several encouraging performance metrics with test tracks
constructed. A foamed bitumen stabilised materials test pavement consisting of three
fatigue trial sections was constructed including a control section made with a class 3
20 mm crushed rock (granite), a section containing 80% previously cement treated
material and section containing 50% RAP. All the test sections were stabilised with
3% foamed bitumen and 2% hydrated lime. These were designed to fail but perfor-
mance was better than anticipated and the conclusion was that all foamed bitumen
stabilised material iterations have performance better than expected. This initial evi-
dence does suggest foamed bitumen stabilisation to be an excellent treatment for
pavement rehabilitation, whether that be incorporating a pure host material, RAP or
previously cement treated material. This is encouraging for confidence in utilizing
more recycled material constituents for foamed bitumen treatment as opposed to
cutting existing materials to waste and importing virgin aggregates.

Preference in some states for exsitu plant mixed foamed bitumen shows regional
preference of associated active filler,with lime preferred inQueensland,NSW,North-
ern Territories and cement in Victoria, South Australia and Western Australia. The
key is to ensure that active filler content is limited such that the bitumen contri-
bution is dominant, and the desired ductile performance of the treated aggregate is
maintained such that it does not become rigid/brittle and risk to crack failure.

Insitu foamed bitumen stabilisation permits full recycling of existing basecourse
aggregates. In somematerials plasticitymitigation is required before treatment, and in
othersmechanical stabilisation is required via supplementary fine or coarse aggregate
fractions to optimize the particle size grading before foamed bitumen treatment.

Further to recycling existing aged aggregates, the preparation of highwaste stream
mix designs with aggregates comprising recycled crushed concrete and/or recycled
asphalt has provided strong results and subsequent project utilisation. Furthermore,
other laboratory and trial pavements have incorporated up to 35% recycled crushed
glass where performance was exceptional, although the high proportion of crushed
glass was prone to raveling when trafficked heavily before surfacing.
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7 Dry Matting Recycling of Flushed Chip-Seal Surfacing
Binder

HiTex dry matting is an alternative surface treatment for heavily flushed sprayed seal
roads. Excess bitumen used to be burnt/set alight but this is no longer environmentally
acceptable, so current approaches are to (1) ‘watercut’ (where there is a high risk of
damaging seal coat with water-blaster overcutting), (2) profile surfacing to waste or
(3) recycle surfacing into underlying basecourse via stabilisation.

The HiTex dry matting process utilizes the mobile HIPAR gas heater bank(s) in
conjunction with sealing chip for volumetric improvement. The treatment method-
ology consists of spreading a light coating of 10 mm or (more typically) 14 mm
sealing chip on the road to allow heater banks to pass over the heated flushed pave-
ment. The ground speed is managed to optimize fluidity of the bitumen (Targeting
145–150 °C) to receive the additional sealing chip immediately behind the heater
banks. The flushed portions of the pavement present liquefied bitumen while the
non-flushed areas have lesser temperature due to the chip cover so the introduced
chip bonds to the flushed portions and the chip placement/rolling “beds in” the intro-
duced chip where required to correct wearing course volumetrics. Some additional
chip may be hand spread for any localized more heavily flushed areas. Following
compaction, the surplus chip is swept away, or where possible, it is reclaimed.

HiTex has been adapted for single lane treatment with smaller 0.6 to 1.0 m heater
banks to permit focused treatment of pavements where wheeltrack flushing requires
remediation. The large-scale heater banks can extend to 4.2mwidth at full extension.

This treatment has been successfully undertaken for full pavement flushing
through to more channelised wheeltrack flushing and can be employed as part of
a poor texture mitigation process prior to full resurfacing, or as a holding mainte-
nance treatment to extend timing until resurfacing is required. Some management
of variable texture is required, and close attention to bitumen temperature is also
required. The process is self-correcting with the introduced chip requiring liquefied
bitumen (from the flushed portions of the pavement surface) to bond to otherwise it
is removed.

8 Conclusions

There is widespread desire to incorporate recycling for sustainable pavements in
Australasia for different applications as outlined in this paper. There are, however,
many barriers towider utilisation including lack of cross-industry consistency around
recycling design protocols and specifications as well as limited desire of stakeholders
to incorporate alternatives and/ormanage perceived risk around recycling.Recycling,
while usually providing cost savings, will inevitably involve different and typically
higher risks and these need to be understood and categorized/managed rather than
attempting to eliminate all risk.
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Initiatives to encourage recycling practices include development of robust cross-
industry recycling design guidelines and construction specifications, contract doc-
uments that incorporate minimum recycling project requirements or projects that
contain incentives or attributes recognizing the use of recycling in tender evaluation.

Independent industry research and post construction evaluation is required to
‘calibrate’ the long-term performance of modified/recycled materials against labora-
tory mix design and construction quality assurance test data to provide confidence in
dependable field performance.Validated performance criteria for innovative and non-
conventional materials and processes substantially increase the desire for utilisation
as an alternative, or ultimately being considered a part of conventional practice.
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Evaluation of Warm Mix Asphalt
Produced from Iraqi Materials

Noor J. Mahdi, Duraid M. Abd, and Taher M. Ahmed

Abstract Warmmix asphalts (WMAs) have gained a widespread popularity as they
have reduced emissions due to lower production temperature compared to that of
traditional hot mix asphalt (HMA). In Iraq, such asphalt mixture is completely new
while no project of WMA has constructed in the field so far although there is a huge
demand to either re-construct or construct new highways. One of the considerations
that should be taken into account in this regard is to get the advantages of installing
WMA in Iraq. The aim of this study is to produce a warm mix asphalt using foaming
additive, Zeolite, in both types natural and synthetic. The production temperatures
of WMAs were at three levels 140, 130 and 120 °C while the traditional HMA was
produced at 160 °C. This study includes producing HMA and WMAs from Iraqi
materials, where one binder grade (40/50 pen) from one sources, it is Durah with
one type of aggregate, limestone. Hydrated lime was also used as anti-stripping addi-
tive to study its effect on improving moisture damage of WMA produced at lower
temperature. To study those properties, two techniques were used Marshall proper-
ties and Indirect Tensile test. The results showed there is no significant difference
between the performances of WMAs compared to that of HMA taking in account
level of reduction in the production temperature compared to that of traditional hot
mix asphalt. Furthermore, the result of Indirect Tensile Strength ITS has shown the
enhancement in moisture susceptibility of warm mix when hydrated lime was used.

Keywords WMAs · HMA · Zeolite · Hydrated lime

1 Introduction

Despite the production temperature of the hot asphalt mixture varies from 190 to
150 °C, is traditionally and commonly used in road’s construction, however, it has
become necessary to find a technique that reduces the production of asphalt mixture
at high temperatures. A warm mix asphalt technique can be used to produce asphalt
mixture lower than that required to produce traditional hot mix asphalt by 20–30 °C

N. J. Mahdi (B) · D. M. Abd · T. M. Ahmed
Department of Civil Engineering, College of Engineering, University of Anbar, Ramadi, Iraq
e-mail: cedahi@uoanbar.edu.iq

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_5

45

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_5&domain=pdf
mailto:cedahi@uoanbar.edu.iq
https://doi.org/10.1007/978-3-030-48679-2_5


46 N. J. Mahdi et al.

(Rubio et al. 2012). Great advantages in terms of environmental and economic bene-
fits can be obtained using warm asphalt mixture as results of reducing gases and fuel
consumption and improvingworkability of the asphalt mixture (Ghabchi et al. 2015).
The mechanism of warm asphalt mixtures for reducing the production temperature
depends on a group of additives that can be classified as follows: foaming additives,
chemical additives and organic additives (Zaumanis 2010a). The foam technique can
be classified into two categories: the first method is called a direct method which can
be conducted by adding a quantity of water to the asphalt mixture or to the binder and,
the letter is by adding additives containing water in its structure (Hurley and Prowell
2005). The zeolite is classified in two categories, natural and synthetic. The natural
which is known as Clinoptilolite, is a fine powder and it is one of the most common
natural zeolite containing a microstructure of tetrahedral of silica and alumina, and
has high resistance to extreme temperatures. Furthermore it is chemically neutral
basic structure (Clinoptilolite 1997). The synthetic zeolite is a soft white powder,
composed of aluminum silicate that has a water content approximately of 18–22%.
In general, Zeolite is capable of storing energy by 30% and decreases in production
temperature by about 30 °C (Kristjánsdóttir et al. 2007; Smith 2009).

Many researchers studied properties and performance of asphalt mixture includ-
ing foaming technology produced using zeolite, whether natural or synthetic. Hurley
and Prowell (2005) reported that adding Aspha-Min (zeolite) to asphalt mixture
improved temperature of mixing and compaction and resulted in decreasing the pro-
duction temperature to 88 °C and reducing the percentage of air voids by 65%. They
also reported that the addition of hydrated lime could maintain the issue of moisture
damage, which may associate with addition of zeolite because of lower production
temperature as result of incomplete aggregate drying. Gandhi (2008) highlighted that
zeolite has a little effect on the viscosity of binder. The dosage of adding zeolite was
also in question as reported also Gandhi (2008). He found that addition of zeolite
whether natural or synthetic at different dosages 0.3–0.6% by total weight of asphalt
mixture, reduced the production temperature by about 30 °C without any negative
effect on the properties of asphalt mixture in terms of compatibility and water sensi-
tivity. De Visscher et al. (2010) investigated the properties of warm asphalt mixture
produced using for usingAdvera (Synthetic zeolite), Evotherm and Sasobit.Moisture
susceptibility laboratory, dynamic modulus and rutting potential were in question.
They concluded that the tensile strength ratio ofwarmasphaltmixture produced using
Sasobit was higher than asphalt mixture containing Advera and Evotherm. Further-
more, the Sasobit had a superior performance on the rutting resistance of asphalt
mixture while dynamic modulus of all mixtures were approximately same to that of
control asphalt mixture. Zhang (2010) also investigated the performance of WMA
producedusingAspha-min andSasobit.Warmasphaltmixturesweremanufactured at
temperatures 125 and 135 °C. He conclude that the indirect tensile strength, resilient
modulus and fatigue resistant of warm asphalt mixtures decreased while a positive
increase in rutting resistancewas noticed compared to that of control asphalt mixture.
More importantly, Sasobit showed better than Aspha-min. Al-Jumaili et al. (2015)
made a comparison this between the performance of natural zeolite and synthetic
zeolite but not a clear conclusion was reported. Developed countries such as, USA,
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United Kingdom, Germany, and Netherland have already used WMA instead of tra-
ditional hot mix asphalt to produce a more sustainable asphalt mixtures as warm
additives which are used to produce such mixture, enhance the properties of asphalt
mixtures. It is therefore that use of such mixture in Iraq will defiantly enhance the
pavement structure by reducing deterioration and distresses in surface and wearing
layers and the effect of transfer loads to subgrade layer. More importantly, In Iraq,
the use of such kind of asphalt mixture is completely new therefore; there is a need
to study the application of WMA in Iraq to produce a more sustainable asphalt mix-
ture. Moreover, there is no demand to reconstruct due to some circumstances that
happed in some parts of Iraq such as Anbar and Nineveh governorates. In addition,
this research has considered another point which is the difference between natural
and synthetic zeolite on the properties of asphalt mixture.

2 Experimental Work

2.1 Material and Mixes Design

The source of bitumen is the refinery of Durah in Baghdad. Asmentioned previously,
two types of Zeolite were used, synthetic and natural. Limestone was used in the
asphalt mixture. Tables 1, 2 and 3 show the properties of bitumen, aggregate and
Zeolite respectively.

Table 1 Properties of
bitumen

Property Value

Penetration at 25 °C (0.1 mm) 44

Ductility at 25 °C, 5 cm/min (cm) >120

Flash point, °C 246

Specific gravity 1.047

Softening point 54

Thin-film oven test

Retained penetration % of original 78

Ductility at 25 °C, 5 cm/min (cm) 88

Table 2 Properties of
aggregate

Property Coarse aggregate Fine aggregate

Bulk specific gravity 2.607 2.620

Apparent specific gravity 2.665 2.664

Wear (Los Angeles) % 25 –

Chemical corrosion % 1.3 –
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Table 3 Properties of zeolite

Content %

Sio2 Al2O3 Na2O CaO MgO Fe2O3 I.O.I

39.46 28.35 13.16 0.26 0.26 0.84 15.13

Physical properties

Porosity
size

Surface area Absorption of water Apparent density

0.32 7.7 m2/gm 18.5 0.73 gm/cm3

2.2 Preparation of Asphalt Mixtures

A control hot mix asphalt was manufactured at temperature of 160 °C after deter-
mining the optimal binder content based on Marshall Procedure. The binder content
was 5%, which was considered for all asphalt mixtures under investigation in this
research. Furthermore, four sets of warm asphalt mixtures were prepared at each
production temperature of 140 °C, 130 °C and 120 °C respectively. The first group
was the addition of synthetic zeolite and the second group was consisted the addition
of a synthetic zeolite with the hydrated lime. The third group was the addition of
natural zeolite while the last group was the addition of a natural zeolite with the
addition of the hydrated lime at different production temperature in order study the
effect of production on the performance of warm mix asphalt.

2.3 Volumetric Characteristics

Density and air voids of control hot asphalt mixture and warm asphalt mixture sam-
ples were measured in order to investigate the effect of zeolite type with and without
hydrated lime and production temperature on the volumetric properties of those
asphalt mixtures.

2.4 Mechanical Characteristics

The mechanical characteristics involved measuring the stability and flow for all
asphalt mixtures and comparing the results with that of control hot mix asphalt.

In order to assess the performance of warm asphalt mixtures in terms of moisture
damage, the indirect tensile test was performed. In this regards, a modification was
made to Marshall Machine to use it as an indirect tensile test and has been adjusted
and calibrated to read the amount of maximum load in at failure and the deformity
resulting from the failure of the sample.
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The condition and samples preparationwere divided in two groups, the first groups
was subjected to immersing inwater for 24 h conditioned at 60 °C and then immersing
the samples in water for two hours at a temperature of 25 °C. The letter group was an
unconditional sample, which involved submerged the samples in water for 30 min at
a temperature of 25 °C, then testing samples directly.

3 Results and Discussion

This study shows the comparison between the productions of warm asphalt mixture
at different temperatures using a foaming additive zeolite, both types synthetic and
natural with/without addition of hydrated lime to compare with that of hot mix
asphalt. Although there was no significant enhancement in the volumetric properties
in terms of density and flow for WMAs produced using synthetic and natural zeolite
at different level of production temperature as seen in Fig. 1, the stability and flow
of WMAs-Natural were same or better than that of control HMA as presented in
Fig. 2. However, WMA-Natural produced at 120 °C was less than of control HMA.
The reason behind that is at lower production temperature, 120 °C for example,
the connection between particles, which comes from adhesion and cohesion forces,
becomes week; therefore, the mixture is unstable to resist the deformation due to
loading, there is a possibility to reduce the production temperature of asphalt mixture
using synthetic-zeolite by 20–25 °C compared to that of control mix although the
stability of WMA-Synthetic manufactured at 140 °C less than that of control HMA
and that ofWMA-synthetic manufactured at 130 °C as presented in Fig. 2. This issue
is in question and currently under investigation.
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Fig. 2 Stability (a) and Flow (b) of hot and warm asphalt mixtures without addition of hydrated
lime

In addition, it can be noticed that allWMAsmanufactured using either synthetic or
natural zeolite performed as same as that of control mix or even better that of control
mix as presented in Fig. 3. Although there is a concern that the lower production
temperature may make less adhesion between bitumen and aggregate as the letter
may not be completely dried, the foaming process makes good connection between
aggregate and bitumen. However, the lower production temperature make the mastic
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warm asphalt mixtures without addition of hydrated lime
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phase in the asphalt mixture less stiff than required as highlighted by Abd et al.
(2018). It therefore that it can be noticed, the production temperature has a significant
of the stability of asphalt mixtures produced at temperature less than 140 °C while
no moisture damage issue can observed in Fig. 4. Figure 3 shows the ITS results of
unconditioned and conditioned samples.

In the scenario of addition-hydrated lime toWMAs to study its effect on improving
the properties of WMAsmanufactured at 130 and 120 °C, it can be noticed that there
is a significant drop the volumetric and marshal properties of WMAs-Natural apart
from WMA-Natural produced at 140 °C as illustrated in Figs. 5 and 6. This issue is
because hydrated lime increases the viscosity of binder, which resulted a difficulty
to mix the compounds adequately. It is however that in case of synthetic zeolite,
WMA-synthetic produced at 130 °C performed as same as the control HMA. The

Fig. 4 Tensile strength ratio
(TSR) of hot and warm
asphalt mixtures without
addition of hydrated lime
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Fig. 5 Density (a) and air voids (b) of hot and warm asphalt mixtures with addition of hydrated
lime
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Fig. 6 Stability (a) and Flow (b) of hot and warm asphalt mixtures with addition of hydrated lime

reason, which needs further investigation, is the rate of smoothness of particles of
synthetic and natural zeolite taking in account the availability of hydrated lime and
their effect on the viscosity of binder.

In addition, although indirect tensile stress values of all WMAs excluding those
manufactured at 140 °C, were less than that of control HMA as shown in Fig. 7,
TRS values of all WMAs were higher than that of control mix and were higher than
that of scenario without addition of hydrated lime as presented in Fig. 8. Therefore,
in conclusion there is no need to add hydrated lime to improve moisture damage in
case of using zeolite.
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Fig. 8 Tensile strength ratio
(TSR) of hot and warm
asphalt mixtures with
addition of hydrated lime
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4 Conclusion

According to this research and the limitation of experimental work and the materials
used, the main pinots can be drawn:

1. There is a possibility to produce WMA at production temperature lower than
that of traditional hot mix asphalt by 40 °C using natural zeolite. It is however
that further reduction in the production of WMA using such additive is not
recommended.

2. The availability of zeolite with hydrated limemay increase the viscosity of binder
and negatively affect foaming process, which in turn decreases the strength of
asphalt mixture.

3. Susceptibility to moisture damage may not exist with using zeolite to produce
asphalt mixture at lower temperature than that of control mix. However, produc-
tion temperature plays a significant role in reflecting the overall performance of
asphalt mixture, therefore there should be a balance in improving cohesive and
adhesive force in the asphalt mixture.
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Influence of Curing on the Mechanical
Properties of Cement-Bitumen Treated
Materials Using Foamed Bitumen:
An Interlaboratory Test Program

Marco Pasetto, Emiliano Pasquini, Andrea Baliello, Simone Raschia,
Amir Rahmanbeiki, Alan Carter, Daniel Perraton, Francesco Preti,
Beatriz Chagas Silva Gouveia, Gabriele Tebaldi, Andrea Grilli,
and Eshan V. Dave

Abstract The use of reclaimed asphalt (RA) in road pavements is continuously
gaining interest thanks to the technical, economic and environmental advantages
guaranteed by such sustainable practice. Cold recycling techniques compared to
traditional asphalt mixes allow a significant reduction of energy, fume emissions,
use of natural resources, etc. In this perspective, the Task Group 1 on “Cold Recy-
cling” of the RILEM Technical Committee on “Asphalt Pavement Recycling” (TC
264-RAP) launched an interlaboratory test program (ITP) aimed at ensuring a better
understanding for cold recycled mixtures. The paper presents the results collected
by a restricted group of the participating laboratories testing cement-bitumen treated
materials that included a single RA source and prepared with foamed bitumen. Gyra-
tory compacted specimens were used to evaluate the influence of curing (free, partial
or restricted-surface drying for 14 days at 40 °C at a relative humidity of 55 ± 5%).
Stiffness was evaluated as a function of the curing stage and the corresponding water
loss; strength was tested after 14 days of curing testing specimens in both dry and

M. Pasetto · E. Pasquini (B) · A. Baliello
Department of Civil, Environmental and Architectural Engineering, University of Padova,
Via Marzolo 9, 35131 Padua, Italy
e-mail: emiliano.pasquini@unipd.it

S. Raschia · A. Rahmanbeiki · A. Carter · D. Perraton
Construction Engineering Department, École de Technologie Supérieure (ÉTS),
1100 Notre-Dame, Ouest, Montreal, Canada

F. Preti · B. C. S. Gouveia · G. Tebaldi
Department of Engineering and Architecture, University of Parma, Parco Area delle Scienze
181/a, 43124 Parma, Italy

A. Grilli
Department of Economics, Science and Law, University of the Republic of San Marino,
Via Consiglio dei Sessanta 99, 47891 San Marino, Republic of San Marino

E. V. Dave
Department of Civil and Environmental Engineering, University of New Hampshire,
33 Academic Way, Durham, NH 03824, USA

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_6

55

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_6&domain=pdf
mailto:emiliano.pasquini@unipd.it
https://doi.org/10.1007/978-3-030-48679-2_6


56 M. Pasetto et al.

wet conditions to also determine the water sensitivity. As expected, the different cur-
ing conditions clearly influenced the rate of water loss of tested samples with clear
effects on mechanical properties and durability.

Keywords Cold recycling · Reclaimed asphalt · Strength · Stiffness ·Water
susceptibility

1 Introduction

The growing consciousness on the environmental sustainability is promoting the
reuse of reclaimed asphalt (RA) in road pavements to avoid disposal and preserve
natural rawmaterials. In this regard, cold recycling in road pavements is continuously
gaining interest thanks to the technical, economic and environmental advantages that
could be guaranteed (Grilli et al. 2018). Cold recycling of RA is usually performed in
cement-bitumen treated materials (CBTMs) produced at ambient temperature; this
construction technology allows a sensible reduction of energy consumptions and
emissions with respect to traditional hot mix asphalt. Successful CBTMs applica-
tions have been worldwide demonstrated, particularly in the case of base and subbase
layers (Cardone et al. 2015; Hugener et al. 2013). The presence of cement and water
determines an evolutive behavior of CBTMs strictly related to the curing processes
which in turn are clearly affected by the adopted construction procedures (Graziani
et al. 2016). Significant efforts have also been made by researchers to properly char-
acterize the mechanical properties of RA aggregates to be used in cold recycled
mixes (Tebaldi et al. 2019). Given this background, Task Group 1 (TG1) on “Cold
Recycling” of the RILEMTechnical Committee TC 264-RAP on “Asphalt Pavement
Recycling” launched an interlaboratory test program (ITP) investigating, among oth-
ers, the effect of the curing conditions on the evolutive behavior as well as on the final
properties of CBTMs prepared with different RAs and bituminous binders (foamed
bitumen or bituminous emulsions). A total of 12 laboratories from 10 countries are
actively involved in the TG1 activities.

2 Background and Research Objective

One of the crucial aspects related to the CBTM pavement layers is related to the
construction procedures and, in particular, to the operations planned after the lay-
ing and compaction of such layers. The environmental site conditions, the possible
different treatments of the upper surface aswell as the scheduled time of the construc-
tion phases strongly affect the evolution of the moisture content within the mixtures
with clear effects on the effective properties of CBTMs thus influencing the final
behavior of the whole pavement. In this regard, the present paper illustrates a part
of the above-mentioned ITP carried out in the framework of the activities of RILEM
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Table 1 RA1 target gradation envelope

Size [mm] 20 16 8 4 2 1 0.5 0.25 0.125 0.063

Min. passing [%] 96 93 73 49 31 17 9.5 7.5 5 3

Max. passing [%] 100 100 79 53.5 37 25 17.5 10 5.5 4

TG1 TC 264-RAP and specifically aimed at investigating the influence of curing
conditions on the performance of CBTMs. CBTMs were produced using the same
physical raw materials: single-source of RA (RA1) and foamed bitumen (FB). The
experimental results were collected by a restricted group of the TG1 participants,
i.e. the University of Padova (Italy), the École de Technologie Supérieure (Canada)
and the University of Parma (Italy), using a specific sample size compacted with the
same technology: 150 mm cylinder from Shear Gyratory Compactor (SGC).

3 Experimental Approach

3.1 Materials and Mixtures

TG1 provided the same constituent raw materials (RA, filler, cement and bitumen
for foaming) to all the involved laboratories along with a specific mix design to be
followed. Based on the volumetric approach described in Grilli et al. 2012, the total
solid part of the studied CBTMs was composed of RA, filler and cement. For this
research, a RA1 with maximum aggregate size of 16 mm was used. The RA1 was
characterized by a target gradation whose envelope is reported in Table 1. In the final
aggregate composition, the RA1 was integrated with filler (particle size <0.063 mm)
dosed at 5.5% of the total solid weight. A cement GU type (CSA A3000) with
compressive strength at 28 days of 43.9 MPa dosed at 1.5% of the total solid weight
was selected as co-binder. A bitumen for foaming was used at 3.0% by the total
solid weight. Such a 2:1 bitumen to cement ratio avoided excessive brittleness of the
mixture (Grilli et al. 2012). Figure 1 shows linear viscoelastic properties in terms
of master curves of complex modulus G* and phase angle δ of the base bitumen.
The basic binder characteristics provided by the producer are shown in Table 2. Mix
design also required 3.0% added water by the total solid weight. The overall mix
design is summarized in Table 3.

3.2 Mixing, Compaction and Curing

After oven-drying at 40 °C, the selected RA1 was adequately mixed with filler and
cement according to the mix design formulation achieving a homogeneous blend
which was then accurately mixed with the added water. At the mixing time, the
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Fig. 1 Foamed bitumen master curves (34 °C): shear complex modulus G* (a) and phase angle δ

(b)

Table 2 Basic properties of
bitumen for foaming

Property Standard Unit Value

Penetration EN 1426 0.1 mm 64

Softening point EN 1427 °C 52

foamed bitumen was added to the wet aggregate blend immediately before the final
mixing process carried out by an automatic equipment. In particular, the foamed
bitumen was produced using a foaming unit adopting standardized temperature and
water flow rate (170 °C and 1.9% of the bitumen content, respectively) based on a
preliminary optimization study. In this regard, the spraying time was set to obtain an
expansion ratio of 10 and a half-time of about 6 s. Lab_1 used a mortar mixer while
pugmill mixing unit was used by Lab_2 and Lab_3.

The 150-mm diameter samples were compacted using an undrained SGCmold to
target void content of 14.3% (pressure of 600 kPa; rotation speed of 30 rpm; angle of
inclination of 1.25°). In this regard, the following Table 4 reports the actual average

Table 3 CBTM adopted mix design

Component RA1 Filler Cement Bitumen Water

Dosage [%] 93.0a 5.5a 1.5a 3.0b 3.0b

aof the total solid weight (RA1 + filler + cement)
bby the total solid weight (RA1 + filler + cement)

Table 4 Volumetric properties of CBTM samples

Property Lab_1 Lab_2 Lab_3

Average bulk density (Gmb) [g/cm3] 2.124 2.035 2.035

Maximum specific gravity (Gmm) [g/cm3] 2.396 2.396 2.396
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bulk densities (Gmb) measured by the different laboratories based on the geomet-
ric dimensions of specimens at the beginning of curing. The theoretical maximum
specific gravity (Gmm) of the CBTM is also reported.

Samples were then subjected to a curing period of 14 days at 40 °C with a relative
humidity of 55 ± 5% in three different conditions. In particular, the so-called Free-
Surface Drying (FSD) allows free evaporation from the lateral and top specimens’
surfaceswhereas thePartial-SurfaceDrying (PSD)was achievedby sealing the lateral
surface of cylindrical samples, thus allowing evaporation only from the top surfaces.
Finally, Restricted-SurfaceDrying (RSD)was also evaluated by curing the specimens
wrapped in sealed bags to avoid any free evaporation.

3.3 Experimental Plan and Testing Methods

Indirect Tensile Stiffness Modulus (ITSM) tests were carried out at 25 °C at different
curing stages (from 1 to 14 days) in order to relate the evolution of the material
properties with the correspondingMoisture Loss (ML).ML is the percentage ofmass
loss in accordance to the initial sample weight (fresh). At the end of the curing stage
(14 days) ITSM was also measured at 2, 10 and 20 °C to evaluate the temperature
sensitivity of the mixture. Tests were executed according to EN 12697-26/Annex C
applying load pulses with 124 ms of rise-time at a target peak horizontal deformation
of 7µm(Poisson’s ratiowasfixed at 0.35). Stiffness properties at 25 °Cat the different
curing stages were also assessed using the Ultrasonic Pulse Velocity (UPV) non-
destructive test according to ASTMC 597. The pulse waves propagation through the
mix was used to estimate the dynamic modulus of elasticity at a resonant frequency
of 54 kHz. Prior to the test, samples were conditioned 3 h at the testing temperature.

The cured specimens were also subjected to indirect tensile strength ITS tests
(EN 12697-23). ITS was evaluated at 25 °C for all samples. Wet conditioning was

Fig. 2 Schematic summary of the experimental plan
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3 days in water at 40 °C according to EN 12697-12. This allowed calculating the
Indirect Tensile Strength Ratio (ITSR) as an indicator of the water resistance of the
tested CBTMs. A summary of experimental plan is schematized in Fig. 2.

4 Results and Discussion

4.1 Moisture Loss

Figure 3 shows the evolution of the moisture loss ML in accordance to the curing
time. Figure 3a depicts the results obtained by different laboratories in the case of
FSD cured samples (6 specimens for Lab_1 and 10 specimens for Lab_2; Lab_3
did not assess ML) whereas Fig. 3b shows the comparison among the different
curing procedures (FSD, PSD and RSD) by reporting the average data along with
the corresponding error bars at 90% confidence level.

It can be clearly observed that the curing condition strongly influenced the ML
evolution. Obviously, the higher the “restrictions” to the water evaporation is, the
lower the moisture loss is during time. This happened till the end of the fixed curing
phase. After 14 curing days at 40 °C, the residual water content by themixweightwas
0.60% for FSD, 1.25% for PSD and 1.93% for RSD samples bearing in mind that the
totalwater content (wmix) is 2.83%bymixweight. Indeed, specimens in a completely-
cured state are expected to exhibit a ML equal to the wmix minus the water of cement
hydrated products, thus not countable for evaporation. Therefore, in the case that
0.53% of the total water would be part of the hydrate products (cement hydration
degree of 90%), a maximum water loss could be estimated around 2.30% by mix
weight (Cardone et al. 2015). In this respect, regardless the testing laboratories, FSD
specimens (Fig. 3b) effectively approached such value also showing a quasi-constant
behavior after 7 days curing at 40 °C (after one curing day theML is alreadymore than
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Fig. 3 Evolution of the ML in accordance to the curing time (40 °C): FSD samples (a); average
trend of Lab_1 and Lab_2 for the three surface drying conditions tested (b)
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50%). This finding suggests that the ML can be considered substantially concluded
after 14 days in this curing condition. On the other hand, lower ML values and more
progressive evolution of ML during the whole curing phase can be observed for PSD
andRSD denoting that water is still remaining in samples even after 14 days curing in
the established conditions. Comparable findings were obtained by other researchers
testing similar materials under analogous curing conditions (Pasetto et al. 2019).

4.2 Stiffness Properties

The effect of curing on the CBTMs stiffness properties is depicted in Fig. 4 in terms
of ITSM (Fig. 4a) and UPV (Fig. 4b) test results; for each data group the averageML
is also reported. Results from both tests show similar trend and values (between 3000
and 7000 MPa) also consistent with field measurements from literature (Godenzoni
et al. 2018; Graziani et al. 2017). As regards ITSM data, no difference was found
between the two methods of drying. In contrast, UPV data seem to show some dif-
ferences. Based on UPV data, RSD conditioning generally led to higher average
stiffness values than the FSD during the whole curing process, even if the exper-
imental points are scattered. In this regard, it is worth noting that the curing time
affects the stiffness development of cold mixes due in particular to the cement hydra-
tion process. Higher water content into CBTMs cured in RSD conditions during the
curing process could reasonably encourage cement hydration process that could be
beneficial to stiffness increase.

At the same time, specimens cured in FSD condition could be characterized by an
incomplete cement hydration and a slight oxidation process of the virgin binder. In
this way, both FSD and RSD conditions were able to reach similar stiffness values,
despite the very different residual water.

Figure 5 depicts the same stiffness data as a function of the corresponding ML.
Results show that RSD samples were characterized by higher stiffness at a given
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Fig. 4 ITSM (a) and UPV (b) stiffness test results vs. curing time (test temperature = 25 °C)
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Fig. 5 ITSM (a) and UPV (b) test results vs. ML (tests temperature = 25 °C)

moisture loss level. Moreover, the rate of stiffness increase seems similar in both
FSD and RSD curing conditions thus demonstrating the crucial role of the moisture
loss. According to previous studies (Dulaimi et al. 2015), the experimental data also
show that stiffness was still increasing at the end of the curing period (14 days) at the
given curing conditions, suggesting a still incomplete development of the ultimate
mix properties.

The influence of test temperature on the stiffness properties can be observed in
Fig. 6. In particular, Fig. 6a plots ITSM at 2, 10 and 20 °C test temperature for
14 days cured FSD and PSD specimens. Again, PSD specimens were characterized
by higher stiffness than FSD ones but the temperature sensitivity of the two samples
appears almost equivalent. Moreover, Fig. 6b summarizes the stiffness properties of
the selected CBTM tested at the end of curing by the different laboratories. Besides
the already discussed aspects concerning the influence of test temperature, curing
conditions and moisture loss, it is worth highlighting the higher stiffness measured
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by Lab_1 at 25 °C in FSD conditions with respect to that detected by Lab_2 at the
same curing conditions but at lower temperature (20 °C). This fact can be likely
explained by the higher bulk density of specimens tested by Lab_1 (Table 3).

4.3 Strength and Moisture Resistance

Strength and moisture resistance characteristics of 14 days cured samples are illus-
trated in Fig. 7. Firstly, it is worth noting that the measured ITS values were similar
to those recently presented by other researchers investigating analogous materials
in similar conditions (Gandi et al. 2019). Moreover, a good repeatability among the
three involved laboratories can be detected by observing the average dry ITS of spec-
imens cured in FSD conditions. In this sense, Table 5 reports the main outcomes of
the ANalysis Of VAriance (ANOVA) carried out at 95% confidence level in order to
assess the statistical significance of the different measured average values.

On the other hand, the different curing procedures did not seem to strongly influ-
ence the tensile strength of the CBTM tested in dry condition whereas a higher
influence can be clearly observed for wet conditioned samples, thus deeply affecting
the related moisture resistance in terms of ITSR. Reasonably, the greater wet ITS
determined for PSD and RSD specimens could be ascribed to the higher residual
moisture at the time of wet conditioning. In any case, it is worth specifying that the
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Table 5 ANOVA test: laboratory’s reliability for dry ITS at 14 curing days (FSD samples)

Property Lab_1 vs. Lab_2 Lab_1 vs. Lab_3 Lab_2 vs. Lab_3

Signif.? p-value Signif.? p-value Signif.? p-value

ITSdry (FSD) Yes 0.046 No 0.552 Yes 0.049
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water resistance of the tested material can be considered still acceptable in all the
investigated conditions since an ITSR of 70% is commonly recognized as threshold
value for material acceptance (Kennedy and Anangos 1984).

5 Summary and Conclusions

The present paper discusses a part of the results achieved during the first phase of
the ITP carried out in the framework of the activities of TG1 on “Cold Recycling” of
RILEM TC 264-RAP on “Asphalt Pavement Recycling”. Specifically, the influence
of different curing conditions (free, partial and restricted-surface drying) on the
evolution of stiffness, strength and moisture resistance properties of CBTMs with
foamed bitumen was analyzed. Results from three involved laboratories testing 150-
mm diameter specimens prepared with SGC using common source of RA, cement
and filler were used to accomplish this objective. Based on the experimental findings,
the following main conclusions can be drawn:

• CBTMs mechanical properties strongly depend on curing and water evaporation
conditions.

• Well-designed cured CBTMs are able to achieve noticeable stiffness and strength
properties, particularly when the curing conditions allow for a “controlled” water
evaporation with beneficial effects on cement hydration.

• The studied CBTMs in cured state demonstrate an acceptable water resistance,
regardless the curing conditions.

Findings mainly highlighted that a “restrained” curing (e.g. early laying down of
the upper layer during field construction) causes a higher amount of water in the
mixture at the end of the process compared to the free-surface drying condition (i.e.
extended field curing time without restrictions). Nevertheless, this is not affecting
mechanical properties in terms of stiffness, strength and water sensitivity. More
studies are encouraged to further investigate the role of water and cement in CBTM
mixtures, especially when foamed bitumen is used.
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used for the foamed bitumen, and Cooperativa Braccianti Riminese (CBR—Italy) for providing the
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Laboratory Tests
for the Characterization of Cold Asphalt
Patching Mixtures

Pier Paolo Riviera, Davide Dalmazzo, and Ezio Santagata

Abstract Cold asphalt patching mixtures are widely employed in pavement main-
tenance operations due to their technical and economical effectiveness. However,
their selection is seldom based on the results of laboratory characterization tests,
since there are no standard procedures which are recognized by the international
community for such a purpose. The investigation described in this paper focused on
the evaluation of the strength and stiffness properties of several cold asphalt patching
products which were subjected to analysis in two characteristic compaction states:
low compaction, as achieved after placement in the field, and high compaction, as
reached under the action of traffic loads. Mechanical characteristics evaluated in the
laboratory included indirect tensile strength, California Bearing Ratio, resilient mod-
ulus and quick shear strength. Analysis of the obtained results highlighted the exis-
tence of significant differences between the various products which were explained
by referring to their composition and curing behavior.

Keywords Cold asphalt mixture · Patching · Indirect Tensile Strength · California
Bearing Ratio · Resilient modulus · Quick shear strength

1 Introduction

One of the most common distresses occurring in asphalt pavements is represented
by potholes. The presence of potholes greatly affects traffic safety, since they may
act as a trigger for accidents. Furthermore, when potholes initially occur, they may
have a significant impact on user costs as a result of the potential damage to vehicles.
Finally, potholes and corresponding repair operations may be concurring factors for
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the creation of traffic jams, consequently increasing fuel consumption and release of
air-borne pollutants (Dong et al. 2013; Naveen et al. 2018).

A pothole can be defined as a steep-sided bowl-shaped cavity of variable size
affecting the pavement surface. It derives from the progressive damage of existing
distresses and is mainly caused by the simultaneous action of several factors among
which traffic and moisture are the most important (Miller and Bellinger 2003; Chen
et al. 2016).Water seeping into the pavement through existing cracks tends toweaken
asphalt layers which can therefore be easily deteriorated by heavy traffic and broken
into pieces, thus leading to the creation of a pothole (Liao et al. 2016).

As a result of the frequent occurrence of potholes, one of themost typical pavement
maintenance operations is represented by pothole repair, also known as “patching”.

Patching activities, which are performed by employing different materials and
techniques, are used for temporary and semi-permanent repair operations. In the
first case, after being placed on the pothole, the patching material is compacted
by means of shovels or by making use of truck tires (the so-called “throw-and-roll”
technique). In the semi-permanent practice, the recommended procedure consists in a
preliminary cleaning of the distressed area (by removing debris and dust) followed by
the thorough compaction of the adopted patching material by means of appropriate
equipment (Paige-Green et al. 2010; Biswas et al. 2018). In order to increase the
durability of pavement areas subjected to rehabilitation, best practice entails the
removal of the upper bituminous layers in a more extended surface (by saw cutting
or milling), followed by application of a tack coat and by the laying of a traditional
hot-mix asphalt (HMA) mixture compacted by means of steel drum rollers.

Different types of patching materials are available on the market and although it is
common to consider HMAmixtures as the most durable, the environmental benefits
and speed of use of cold asphalt patching mixes has promoted their widespread
diffusion, especially for the repair of small potholes (McDaniel et al. 2014).

Cold patching mixtures are usually manufactured by making use of cutback
asphalts or bituminous emulsions and can be easily stored for extended periods of
time in appropriate bags or buckets. As reported in the literature, premature failure of
cold patching repairs can be related to different factors that include poor short-term
strength due to limited curing time, limited resistance to permanent deformation, and
insufficient resistance to stripping and debonding in the presence of water (Prowell
and Franklin 1996; Dong et al. 2014; Chen et al. 2016; Liao et al. 2016).

Several studies have been carried out in order to identify suitable laboratory test
methods for the assessment of patching mixtures and for their relative ranking in the
perspective of gathering information for their rational and cost-effective selection.
So far, suggested laboratory tests have been developed by moving away from the
classical procedures adopted for the characterization of HMA, and by consequently
focusing on methods which can yield relevant information with respect to funda-
mental performance-related properties such as cohesion, workability and resistance
to permanent deformation (Prowell and Franklin 1996; Estakhri and Button 1997;
Chatterjee et al. 2006; Rosales-Herrera et al. 2007; Dong et al. 2014; Ferrotti et al.
2014; Gómez-Meijide and Pérez 2014; Biswas et al. 2016; Chen et al. 2016; Liao
et al. 2016; Hasanuzzaman et al. 2017).
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The goal of the experimental investigation described in this paper was to pro-
vide a contribution to the topic outlined above, with the consequent assessment of
test procedures for the performance-related characterization of patching mixtures.
Activities focused on the evaluation of the strength and stiffness properties of several
cold asphalt patching products which were subjected to analysis in compaction states
which are believed to be representative of the conditions encountered in service.

2 Experimental Investigation

2.1 Materials

Materials considered in the experimental investigation included four commercially
available cold asphalt patching mixtures (CAPMs) deemed to be representative of
the wide range of products normally employed for routine maintenance operations.

CAPM-1 is produced by using a polymer-modified bitumen with SBS and SBR
derived from end-of-life tires, conveniently fluidized by means of selected vegetable
oils, blended with high quality sand and gravel. CAPM-2 is composed of selected
aggregates mixed with a patented binder that hardens in contact with water. CAPM-3
contains aggregates of unknown mineralogy and a fluxed bitumen. Finally, CAPM-4
is made by mixing basaltic aggregates with a patented bitumen emulsion. According
to the information provided by suppliers and users, CAPM-1 and CAPM-3 have a
positive performance record for temporary patching in urban areas, while CAPM-2
and CAPM-4 are promoted for use in heavy-duty semi-permanent applications.

In order to obtain accurate information on their composition, each CAPM was
subjected to preliminary characterization for the evaluation of maximum density
(ρmv, EN 12697-5, 2018), binder content (EN 12697-39, 2012), aggregate gradation
(EN 12697-2, 2015) and particle density of extracted aggregates (ρp, EN 1097-6,
2013).

Results obtained in this phase of the investigation are provided in Table 1, which
also shows the maximum aggregate size (Dmax) and dust-to-binder ratio (DR, ratio
between the content of particles finer than 63 μm and that of employed binder)
of each CAPM. Aggregate gradations are displayed in Fig. 1, where they are also
associated to their values of the uniformity coefficient Cu, defined as the ratio between

Table 1 Composition of investigated CAPMs

Mixture ρmv (kg/m3) Binder contenta (%) ρp(−) Dmax (mm) DR (−)

CAPM-1 2466 6.4 2.720 10 0.64

CAPM-2 2400 8.3 2.732 10 0.51

CAPM-3 2513 5.9 2.765 8 0.46

CAPM-4 2684 6.3 2.946 12.5 0.37

aBy weight of dry aggregates
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Fig. 1 Gradation curves of investigated CAPMs

the particle sizes corresponding, respectively, to a passing of 60 and 10% (EN ISO
14688-2, 2018).

It can be observed that the four mixtures exhibited a wide variation of ρmv as a
result of different binder dosage and ρp of extracted aggregates. Measured binder
content, which was comprised between 5.9 and 8.3% by weight of aggregates, was
inclusive of the additives employed by producers in order to guarantee a satisfactory
workability of the mixtures at low temperatures. Aggregates extracted from the mix-
tures were characterized by similar values of particle density, with the exception of
those contained in CAPM-4, which showed the highest ρp as a result of their basaltic
nature.

As clearly displayed in Fig. 1, significant differences were recorded among the
various CAPMs in terms of the shape of aggregate gradation curves. In particu-
lar, CAPM-1 and CAPM-2 presented a medium-graded aggregate distribution (Cu

comprised in the 6–15 range), while CAPM-3 and CAPM-4 were characterized by
even-graded gradations (Cu lower than 6).

2.2 Methods

Specimens of each CAPMwere prepared at room temperature by means of the gyra-
tory shear compactor as per EN 12697-31 (2019). Although this method is normally
used for the compaction of hot-mix asphalt, in the past it has been successfully
adopted by the authors for cold asphalt mixtures (Santagata et al. 2007; Santagata
et al. 2010).

Two compaction states of theCAPMswere considered in the investigationwith the
purpose of reproducing characteristic conditions which are encountered in service.
Short-term compaction, achieved after placement and before opening to traffic, was
mimicked by applying 50 gyrations. Long-term conditions, reached as a result of
further densification due to traffic loads, were replicated by applying 180 gyrations.
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In short-term low-compaction conditions, the function of a CAPM placed in a
pothole is to prevent premature failure due to loss of material and excessive defor-
mation. Thus, laboratory tests which were selected for the assessment of CAPMs
in this state included Indirect Tensile Strength (ITS) and California Bearing Ratio
(CBR) tests.

ITS tests were carried out at 20 °C as per EN 12697-23 (2017), with an imposed
displacement rate of 50.8 mm/min until failure. In order to analyze the development
of strength in time, specimens were cured in a climatic chamber set at 20 °C and
were subjected to testing after curing periods of 1, 3, 7 and 28 days. For each curing
condition, ITS tests were carried out on 3 specimens for each CAPM and average
results were considered in the subsequent analyses.

Although CBR tests are normally used for subgrade soils, during the investigation
theywere employed for the assessment of the overall resistance to loading of CAPMs
in low-compaction conditions, in which these mixtures may exhibit a very low cohe-
sion, similar to that of granular materials. Specimens were prepared by means of the
Proctor procedure (EN 13286-2, 2010) and were then subjected to loading as per
EN 13286-47 (2012) with no surface surcharge and no preliminary soaking. Prior
to testing, specimens were cured for 24 h at 20 °C in the abovementioned climatic
chamber.

In long-term high-compaction conditions, a CAPM exhibits a response under
loading in service which is similar to that of a standard asphalt mixture and depends
upon both bulk structure and developed cohesion. Thus, laboratory tests which were
considered appropriate to characterize CAPMs in these conditions included triaxial
resilient modulus (Mr) and quick shear strength (QS) tests.

Mr tests were performed at 20 °C by following AASHTO T 307-99 (2017), which
entails the application of various combinations of confining pressure (σc) and vertical
deviatoric stress (σd) to slender cylindrical specimens (100 mm in diameter, 200 mm
in height). Gyratory-compacted specimens were obtained by introducing material
into the mold in three superposed layers, each of which was compacted to desired
height and predefined target density (equal to that achieved with 180 gyrations in
ITS specimens). Tests were carried out on 4 specimens for each CAPM and average
results were considered in the subsequent analyses. In order to simulate long-term
curing conditions, prior to testing specimens were cured for 28 days at 20 °C. For
comparative purposes, tests were also carried out after a curing period of only 24 h.

After being tested for Mr evaluation, CAPM specimens were subjected to QS
tests, in which a vertical strain rate of 0.01 min−1 was imposed in the absence of any
confining pressure. Stress-strain were recorded during testing with the consequent
identification, in peak load conditions, of quick shear strength (σqss) and strain at
failure (εf).
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3 Results

3.1 Volumetric Properties

Voids content of gyratory-compacted specimens prepared in the two characteristic
compaction states and of Proctor-compacted specimens are listed in Table 2.

It can be noticed that significant differences were recorded when comparing the
CAPMs with each other for any of the three selected compaction procedures. This
is probably due to the combined effects of variations of the viscosity of employed
binders, of the degree of uniformity of aggregate gradations, of the binder and filler
dosages, and of the corresponding DR value. Mixtures characterized by medium-
graded gradations (Cu values greater than 6) and higher DR values (CAPM-1 and
CAPM-2) formed, as expected, structures which were denser than those exhibited by
patching products with an even-graded gradation (Cu values lower than 6) and lower
DR values (CAPM-3 andCAPM-4). Consistently with expectations, the lowest value
of voids content was recorded for CAPM-2 which showed the highest binder dosage
(8.3%) and filler content (4.2%).

When focusing on the results obtained ongyratory-compacted specimens, it can be
observed that formost of the considered CAPMs (i.e. with the exception of CAPM-2)
measured voids contents were significantly higher than those which are considered
typical for standard hot asphaltmixes. However, values listed in Table 2 are consistent
with those reported in literature for similar cold asphalt mixtures (Chatterjee et al.
2006; Gómez-Meijide and Pérez 2014; Hasanuzzaman et al. 2017).

An assessment of the tendency of the CAPMs to densify under the action of traffic
loading in service can be made by comparing voids content values recorded at 50 and
180 gyrations. The absolute variation of voids content for all mixtures was comprised
between 3.0 and 4.5%. However, it was found that the highest traffic densification
potential was exhibited by the mixtures with medium-graded gradations, with a
relative reduction in the voids content equal to 21.5 and 41.3% for CAPM-1 and
CAPM-2, respectively. Smaller reductions were recorded in the case of the mixtures
characterized by even-graded gradations, with values equal to 11.2 and 14.5% for
CAPM-3 and CAPM-4, respectively.

Finally, it should be underlined that the voids content of specimens compacted
by means of the Proctor procedure were in good agreement with those obtained with
the gyratory compactor at 50 gyrations (i.e. in the so-called low-compaction state).

Table 2 Voids content of
compacted CAPMs

Mixture Voids content (%)

50 gyrations 180 gyrations Proctor

CAPM-1 20.5 16.1 19.3

CAPM-2 7.5 4.4 8.8

CAPM-3 27.8 24.7 23.9

CAPM-4 22.8 19.5 28.8
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Table 3 ITS and CBR of compacted CAPMs

Mixture ITS1 day
(MPa)

ITS3 days
(MPa)

ITS7 days
(MPa)

ITS28 days
(MPa)

CBR1 day (%)

CAPM-1 – – – – 60

CAPM-2 0.37 0.42 0.42 0.45 62

CAPM-3 – – – – 38

CAPM-4 0.02 0.03 0.07 0.26 42

3.2 Low-Compaction Behavior

Results obtained from ITS and CBR tests are presented in Table 3. No ITS data are
available for CAPM-1 and CAPM-3 since the test specimens prepared with these
mixtures, characterized by a very low cohesion, failed under the effect of their own
weight as soon as theywere positioned in the test jig. Such an outcome did not change
even when considering specimens cured for a time period as long as 28 days.

The twoCAPMs that could be tested in the indirect tensile configuration exhibited
significantly different ITS values which were also characterized by a different sensi-
tivity to curing time. Nevertheless, the range of recorded ITS values was consistent
with that presented in literature for cold asphalt mixes having similar composition
(Biswas et al. 2016; Rezaei et al. 2017).

As a result of its more closely packed aggregate skeleton and of its stiffer binder,
CAPM-2 in the very early stages of curing (i.e. after only 1 day) achieved a strength
which was one order of magnitude greater than that of CAPM-4 (0.37 MPa instead
of 0.02 MPa). Over time the ITS of CAPM-2 increased only to a limited extent,
with most of the changes of binder properties occurring in the first 3 days of curing.
On the contrary, the time-dependent curing of the bituminous emulsion contained in
CAPM-4 led to a build-up of strength which in post part took place after 7 days of
curing, with an average ITS of 0.26 MPa reached after 28 days.

As indicated in Table 3, after only 24 h of curing theCBR index could bemeasured
for all CAPMs due to the lateral restraint that is provided to test specimens by Proctor
molds. Obtained results suggest that the CBR index is mainly influenced by the
internal structure formed by mineral aggregates, since a clear distinction could be
made between the denser mixtures with medium-graded gradations (CAPM-1 and
CAPM-2, with CBR values greater than 60%) and those with even-graded gradations
(CAPM-3 and CAPM-4, with CBR values of the order of 40%).

3.3 High-Compaction Behavior

Results obtained fromMr and QS tests performed at 20 °C on the considered CAPMs
in their high-compaction state after 1 and 28 days of curing are presented in Figs. 2,
3 and Table 4. Data were recorded for all mixtures, thereby overcoming the problems
which occurred for some of them during ITS low-compaction characterization.
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Fig. 2 Resilient modulus of CAPMs after 1 day a and 28 days b of curing
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Fig. 3 Stress-strain curves obtained from quick shear tests after 1 day a and 28 days b of curing

Table 4 Average quick shear test parameters of compacted CAPMs

Mixture Curing time (days)

1 day 28 days

σqss (MPa) εf (%) σqss (MPa) εf (%)

CAPM-1 0.424 1.982 0.405 1.891

CAPM-2 1.092 1.146 1.082 1.027

CAPM-3 0.265 0.994 0.199 1.043

CAPM-4 0.446 1.516 0.682 1.075

As shown in Fig. 2, in which Mr is plotted as a function of the first stress invariant
(θ), in both curing conditions the stiffest response was exhibited by the two CAPMs
which were characterized, as previously shown, by a non-negligible ITS (CAPM-2
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and CAPM-4, see Table 3). The other twomixtures (CAPM-1 and CAPM-3) showed
significantly lower Mr values, comparable to those of compacted granular materials.

With respect to stress-dependency, Fig. 2 indicates that the stiffest mixture
(CAPM-2) in both considered curing conditions displayed a true stress-stiffening
behavior which is testified by the progressive Mr increase recorded for increasingly
high θ values. On the contrary, as a result of their lower cohesion, at all levels of
confining pressure (σc), the more deformable mixtures (CAPM-1 and CAPM-3)
exhibited a slight reduction of Mr with increasing values of applied deviatoric stress
(σd), thus combining stress-stiffening and stress-softening characteristics. Such an
occurrence, which wasmore evident in short-term curing conditions, is proven by the
existence of discontinuities in the plots provided in Fig. 2. CAPM-4, for which the
build-up of ITS was found to occur after 7 days of curing (see Table 3), displayed an
intermediate behavior, which was fully stress-stiffening after 28 days of curing but of
the combined nature (stiffening and softening with respect to σc and σd, respectively)
after only one day of curing.

Results obtained from QS tests (Fig. 3) were consistent with the outcomes of
Mr tests and in line with those reported by Estakhri and Button (1997) for similar
cold asphalt mixtures. As shown in Fig. 3, the behavior of CAPM-2 was different
from that of all other mixtures, with a stiff quasi-linear response until brittle failure
which can be explained by considering the dense aggregate structure and hardened
bituminous binder. On the contrary, mixtures characterized by low cohesion (CAPM-
1 and CAPM-3) exhibited a non-linear behavior, reaching failure at very high strains.
In particular, CAPM-1 was found to be the most ductile, probably as a result of the
presence of polymers in its binder. As a result of its cohesion build-up, CAPM-4
displayed an evolution in time, exhibiting a non-linear ductile response after 1 day of
curing and a stiffer response, less ductile and closer to that of CAPM-2, after 28 days
of curing.

Average QS parameters synthesized in Table 4 clearly indicate that most of the
considered CAPMs did not exhibit any relevant changes in σqss and εf as a function
of curing time. The only exception is constituted by CAPM-4, which displayed a
53% increase in strength and a 29% reduction in strain at failure when passing from
1 to 28 days of curing.

4 Conclusions

Based on the outcomes of the investigation discussed in this paper, it can be con-
cluded that the experimental procedures selected for the characterization of cold
asphalt patchingmixtures providemeaningful results which highlight the differences
between various products. Low-compaction properties, representative of those pos-
sessed by mixtures immediately after their placement in potholes, can be assessed
for all products by means of CBR tests, while the applicability of indirect tensile
strength tests is limited to mixtures in which the binding matrix has a sufficiently
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high cohesion. High-compaction properties, achieved in long-term conditions under
traffic loading, can be described for all mixtures by means of resilient modulus and
quick shear tests which provide information on stiffness and type of failure.
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Performance Evaluation of Long-Life
Pavements Using
the Mechanistic-Empirical Asphalt
Pavement Analysis (MEAPA) Web
Application

M. Ghazavi, A. Seitllari, and M. E. Kutay

Abstract The long-life pavements that last longer than 50 years without major
structural rehabilitation and require only periodic surface renewal due to surficial
distresses are known to have relatively low life cycle cost. The enhanced perfor-
mances of such pavements (also known as perpetual pavements) are due to many
factors such as improved structural design, better materials and construction prac-
tices. In Michigan, several long-life pavement sections were constructed in response
to the Public Act 175 (2015) and the Roads Innovation Task Force (RITF) Report.
The objective of this study was to evaluate the fatigue performance of one of the
long-life pilot projects sections (US-131) and compare it with a standard design in
Michigan. A new mechanistic-empirical analysis software (MEAPA) was used to
predict the long-term performance of the pavements included in the study. The criti-
cal strains for bottom-up and top-down cracking, fatigue life (i.e., number of cycles
to failure (Nf)) and predicted magnitudes of bottom-up and top-down cracking were
compared. Even though it was observed that the long-life structure is expected to
perform better than the standard section in terms of fatigue cracking, both sections
are expected to perform well over 30-year design life.

Keywords Perpetual pavements · Fatigue performance · Mechanistic-empirical

1 Introduction

The terms of perpetual and long-life pavements have been introduced in the USA and
Europe in the recent decades (Ferne 2006; Hall et al. 2007; Newcomb 2002; Pave-
ments 2007). Such roadways are defined as a flexible or rigid pavement designed and
built to last 30 to 50 years without any major structural rehabilitation or reconstruc-
tion and requiring only periodic surface renewal in response to distresses that are
confined to the top surface. It is also recognized thatmanywell-built, thick pavements
that were categorized as either full-depth or deep-strength pavements had been in
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service for decades with only minor periodic surface rehabilitation to remove defects
and improve ride quality. Generally, surface rehabilitations are relatively easy and
low-cost exercises. Therefore, it is a practical reality to consider long-life pavement
concept.

Several states in theU.S. built long-life pavements by incorporating enhancements
in structural design methods, materials evaluation and specification procedures, con-
struction and maintenance practices (Harm 2001; Harvey 2015; Mahoney 2001;
Newcomb et al. 2001; St Martin et al. 2001; Walubita et al. 2010). For instance,
the California Department of Transportation (Caltrans) requires the use of 40-year
service life for designing pavements along a highway corridor where the 20-year
projected average annual daily traffic equals or exceeds 150,000 vehicles or average
annual daily truck traffic equals or exceeds 15,000 trucks (Harvey 2015). Long-life
concrete pavements have been quite attainable for a long time, as evidenced by the
number of older pavements that have remained in service (Hall et al. 2007; Jackson
et al. 2014).

In Michigan, four long-life pavement sections were constructed as a result of
Public Act 175 (2015) and the Roads Innovation Task Force (RITF) Report (Bleech
2018): (i) 30-year HMA on US-131 in the Grand Region (constructed in 2017),
(ii) 30-year concrete on I-69 in the Bay Region (constructed in 2018), (iii) 50-year
concrete on US-131 in the Grand Region (constructed in 2018) and (iv) 50-year
HMA on I-475 in the Bay Region (constructed in 2019). While designing these pilot
projects, modifications were made to standard designs and materials to extend the
design life via (i) increased layer thicknesses, (ii) improved materials, (iii) enhanced
construction specifications and (iv) upgraded design aspects (e.g., increased drainage
freeboard).

In this study, performance tests were conducted on material samples collected
from 30-year HMA and the control section (standard design) at US-131 in the
Grand Region. The testing matrix consisted of linear viscoelastic characterization of
asphalt binders and mixtures and performing mechanistic-empirical analyses using
the MEAPA web application, developed at Michigan State University for prediction
of long-term performance of asphalt pavements.

The objective of this study was to evaluate the fatigue performance of the long-
life pavement located on US-131 in the Grand Region (constructed in 2017) and the
control section (standard design) via laboratory characterization and mechanistic-
empirical analysis using MEAPA web application. Testing matrix included: (i)
dynamic modulus (|E*|) and (ii) dynamic shear modulus (|G*|) for asphalt binder.
The laboratory tests provided valuable Level 1 inputs for analysis using the MEAPA
software.
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Table 1 Asphalt mixture design characteristics

Test section ID PG Pb (%) NMAS
(mm)

Ndes VMA (%) VFA (%)

Long-life GGSP (T) 70-28P 6.39 9.5 109 18.28 83.59

4E30 (L) 70-28P 5.21 12.5 109 15.21 80.28

3E30 (B) 64-28 4.90 19 109 14.29 79.01

Standard 5E10 (T) 64-28 5.90 9.5 96 16.14 81.41

3E10 (L) 64-28 5.07 19 96 14.18 78.84

2E10 (B) 58-28 4.48 25 96 13.08 77.06

Note: GGSP = Gap Graded Superpave, Ndes = number of design gyrations, Pb = binder content,
NMAS = nominal maximum aggregate size, T = Top course, L = Leveling course, B = Base
course

Table 2 Aggregate gradations of the selected asphalt mixtures

MIX/AGG GRADATION, % 2E10 3E10 3E30 4E30 5E10 GGSP

ASPHALT % 4.48 5.07 4.9 5.21 5.9 6.39

P 1′′ (25.0 mm) 100 100 100 100 100 100

P 3/4′′ (19.0 mm 89.2 100 100 100 100 100

P 1/2′′ (12.5 mm) 76.5 87.6 89.8 93.2 100 100

P 3/8′′ (9.5 mm) 70.6 79.2 80.4 87.1 96.7 93

P No. 4 (4.75 mm) 50.4 59.1 56.8 65.4 73.2 39.7

P No. 16 (1.18 mm) 27.6 27.2 27.7 32.4 38.1 18.2

P No. 200 (75 μm) 4.6 4.5 3.8 4.1 5.2 8.1

2 Materials and Methodology

2.1 Asphalt Mixture Volumetrics and Mix Design

Multiple loose mixture samples were collected from the test sections at US131.
The Superpave mix design volumetric properties of the mixtures are presented in
Table 1. The corresponding gradations of the selected mixtures are listed in Table 2.
All mixtures were designed to an air void level of 3% according to the Superpave
mix design procedure.

2.2 Asphalt Mixture and Binder Testing

Dynamic modulus (|E*|) and binder complex shear modulus (|G*|) data for each of
the mixtures were measured in the laboratory and master curves were constructed in
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general accordancewithAASHTOT342-11 andAASHTOR84-17. In this study, the
original |E*| testing protocol (i.e., AASHTO T 342) was followed, primarily because
MDOT’s existing database is based on the AASHTO T 342 protocol and it includes
measured |E*| data at −10 °C. The |E*| testing was conducted on triplicate samples.
The target air void content of the samples was 7 ± 0.5%. The coefficient of variation
of the test results was less than 15% for all test temperatures and frequencies.

The |E*| master curve were obtained at a single reference temperature (Tref) by
shifting horizontally the |E*| values collected during the test. The amount of shift
is different at each temperature and defined by the so-called shift factor coefficients
aT(T). The following second-order polynomial equation was used to develop the
relationship between shift factors and the corresponding temperature:

log(a(T )) = a1
(
T 2 − T 2

re f

) + a2
(
T − Tref

)
(1)

where Tref is the reference temperature, T is the tested temperature, a1 and a2 are
the polynomial fit coefficients for the temperature shift factor. During the shifting
process, shift factors were varied until a good fit to the |E*| data at all the temperatures
were obtained using the following sigmoidal function:

log
(|E∗|) = b1 + b2

1 + e−b3−b4log( fR)
(2)

where b1, b2, b3, b4 are the sigmoid coefficients and fR is the reduced frequency,which
is the product of frequency (f) and the shift factor coefficient (i.e., fR = f ∗ a(T)).

The |G*| testingwas conducted in general accordancewithAASHTOT315-12 for
the binders of the asphalt mixtures, which included three Performance Grades (PGs):
70-28P (GGSP and 4E30 mixtures), 64-28 (3E30, 5E10 and 3E10 mixtures) and 58-
28 (2E10 mixture). The results of the laboratory tests were input to the MEAPA
software to describe the mixture properties as Level 1 input.

2.3 Structural Properties of the Pavement Sections

The structural properties of the pavement sections evaluated in this study are shown
in Table 3. The MEAPA software was used to predict the long-term performance
in terms of fatigue cracking of two pavement structures designed with six asphalt
mixtures (see Table 1).

Level 1 inputs (dynamic modulus (|E*|), dynamic shear modulus (|G*|) and IDT
strength) were measured and input as properties of the asphalt layers and binders,
whereas Level 2 inputs were used for the base, subbase and subgrade layers (due
to unavailability of measured resilient modulus data at time of preparation of this
manuscript). Pavement structures were evaluated for a service life of 30 years as new
flexible pavement. Same traffic level was used for both long-life pavement design
and the standard design. Average annual daily truck traffic (AADTT), vehicle class
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Table 3 Structural properties of the long-life and standard sections

Layer Structure 1 - Long-life design Structure 2 - Standard design

HMA GGSP 1.5 in (3.81 cm) 5E10 1.75 in (4.45 cm)

4E30 2.5 in (6.35 cm) 3E10 3 in (7.62 cm)

3E30 7.25 in (18.42 cm) 2E10 4.5 in (11.43 cm)

Base (Crushed
gravel)

Thickness 12.0 in (30.48 cm) Thickness 12.0 in (30.48 cm)

Modulus 33,000 psi
(227.5 MPa)

Modulus 33,000 psi
(227.5 MPa)

Subbase (A-1-a) Thickness 24.0 in (60.96 cm) Thickness 24.0 in (60.96 cm)

Modulus 20,000 psi
(137.9 MPa)

Modulus 20,000 psi
(137.9 MPa)

Subgrade (A-6) Modulus 7000 psi (48.3 MPa) Modulus 7000 psi (48.3 MPa)

distribution, growth factors, monthly adjustment factors were extracted fromMDOT
traffic data used for design of these test sections. Average annual daily truck traffic
(AADTT) considered in this study was 2880, directional distribution was 51% and
lane distributionwas 96% in this study.Climatic datawere obtained from theMEAPA
climate database for the city of Grand Rapids, MI. The fatigue performance of the
asphalt concrete layer including Nf (number of cycles to failure) and critical strains
were the primary focus of this study.

2.4 Pavement Performance Prediction Using
the Mechanistic-Empirical Asphalt Pavement Analysis
(MEAPA) Web Application

The Mechanistic-Empirical Asphalt Pavement Analysis (MEAPA) is a web-based
application to predict flexible pavement performance. Figure 1 illustrates the project
detail page of theMEAPAweb site. TheMEAPAanalysis engine includes implemen-
tation of the original formulations of the Mechanistic-Empirical Pavement Design
Guide (MEPDG), with few improvements and simplifications on climatic model and
improvements on the top-down cracking model. The rest of the formulations imple-
mented in MEAPA are identical to those of MEPDG. The main analysis engines of
MEAPAwere coded inMATLAB, including the Layered Elastic Analysis algorithm,
called MatLEA. The MatLEA is publicly available and formulations and computa-
tional steps are identical to those of the MnLayer software (Khazanovich and Wang
2007). The web-based application interface of MEAPA is composed of many sub
algorithms written in several languages including JAVA, Python, JavaScript, HTML
and CSS. In addition, the project data is saved in and retrieved from a MySQL
database, which is integrated into the JAVA codes.
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Fig. 1 Project detail page of MEAPA web application

Like in the Pavement ME software, prediction of pavement temperature with
depth is based on the Climatic-Materials-Structural Model (CMS Model) originally
developed at the University of Illinois (Dempsey 1969). Main improvement is how
sunrise and sunset times are computed, which are important in calculation of net
radiation flux at the pavement surface (Dempsey 1969).

The fatigue cracking model in MEAPA is based on the traditional fatigue life
formulation implemented in the MEPDG (ARA Inc. ERES Consultants Division
2004; Seitllari and Kutay 2019; Seitllari et al. 2019):

N f = CHCβ f 1k f 1

(
1

εt

)β f 2k f 2
(
1

E

)β f 3k f 3

(3)

C = 10
4.84

(
Vbe

Va+Vbe
−0.69

)

(4)

CH−bu =
(
bbu1 + bbu2

1 + e(bbu3−bbuhac)

)−1

(5)

where Nf = Number of cycles to failure, εt = critical tensile strain, E = equivalent
modulus (at the given temperature/frequency), Vbe = Effective asphalt content by
volume, Va = Percent air voids in the HMA mixture, kf1, kf2, kf3 = Global field
calibration parameters (from the NCHRP 1-40D re-calibration kf1 = 0.007566, kf2 =
−3.9492, and kf3 = −1.281), βf1, βf2, βf3 =Local or mixture specific field calibration
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constants; for the global calibration effort, these constants are initially set to 1.0, hac
= height of the AC layer, bbu1 = 0.000398, bbu2 = 0.003602, bbu3 = 11.02, bbu4 =
3.49.

For top-down cracking, major tensile principal strain near the tire within top 0.5′′
(1.27 cm) of the asphalt pavement layer was used in the fatigue life formulation
(Eq. 3) instead of the horizontal tensile strain at the surface. This was because values
of horizontal tensile strain at the surface were unrealistically low and it does not
represent the true three-dimensional strain state near the surface. This is partially
why an improved top-down cracking model was needed and this need was met with
the NCHRP Project 01-52 (Lytton et al. 2018). However, NCHRP Project 01-52
project resulted in a procedure that uses Artificial Neural Networks (ANNs) and
trained ANN is not publicly available (only available to AASHTO). This makes it
impossible for the results of NCHRP Project 01-52 to be used by any institution other
than AASHTO. The use of major principal strain near the pavement surface near the
tire is the best intermediate solution until a more accurate and publicly available
model is developed.

3 Results and Discussions

The dynamic modulus (|E*|) master curves of the mixtures and the dynamic shear
modulus (|G*|) master curves of the binders are plotted in Fig. 2. In general, at lower
temperatures and higher frequencies, 3E30, 2E10 and 3E10 have the highest mod-
ulus followed by 4E30, 5E10 and GGSP. On the other hand, at higher temperatures
and lower frequencies, all mixtures had similar stiffness, except 5E10, which had
relatively low stiffness. The |G*| master curves of different binders were similar at
high frequency/low temperature combinations (i.e., at high reduced frequencies).
This is expected because all binders have same PG. On the other hand, at high tem-
peratures, as expected, the binders with high PGs have higher |G*|. MSCR (multiple
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Fig. 2 a |E*| master curves and b |G*| master curves
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stress creep recovery) grades for PG70-28P, PG64-28 and PG 58-28 are E-grade, H-
grade and S-grade respectively and their percent recoveries are 78.8, 5.3 and 0.0%,
respectively.

As part of the bottom-up cracking prediction, the MEAPA calculates the critical
strains at the bottom of the AC layer for each month in each of the five temperature
quintiles. Then these values are used in the fatigue life formulation shown in Eq. 3 to
calculate Nf, which is subsequently used in Miner’s law of damage growth using the
traffic data. It is often of interest of the engineer to know the distribution of the strains
throughout the analysis period for each month, and for each temperature quintile
within a month. In this study, 30-year simulations of traffic were performed. As a
result, for each of the single, tandem, tridem and quad axles, 30 years * 12 months
* 5 quintiles = 1800 critical strains are computed by the layered elastic analysis
programMatLEA. It is a bit hard to visualize this many data points in a single figure.
Boxplots are quite useful for such data. The results of the critical strain boxplots
for bottom-up fatigue cracking for long-life sections and standard sections for five
temperature quantiles are presented in Fig. 3. On each box, the central mark is the
median, the edges of the box are the 25th and 75th percentiles. The whiskers extend
to the most extreme data points that the algorithm considers to be not outliers, and
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Fig. 3 Bottom-up cracking critical strains for long-life and standard sections for single, tandem,
tridem and quad axles
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the outliers are plotted individually. Each subfigure in Fig. 3 illustrates the data for
different axles, and data is plotted for each temperature quintile within each subplot.
As shown, for all axles and temperature quintiles, the critical strains for long-life
section are lower than those of the standard section. This is due to structural and
material differences between the standard and long-life sections. Comparing critical
strains (median values for each combination) shows that strains for long-life section
(design) are less than standard section (design) and this ratio is ranging from 0.67 to
0.71 for single axle, 0.72 to 0.73 for tandem axle, 0.75 to 0.78 for tridem axle and
0.78 times to 0.89 for quad axle in bottom-up cracking and 0.77 to 0.92 for single
axle, 0.77 to 0.91 for tandem axle, 0.78 to 0.89 for tridem axle and 0.78 times to 0.87
for quad axle in bottom-up cracking.

Overall both standard and long-life sections produced quite low strain levels due
to most axles and in most quintiles, except in quad axle, which is understandable.
However, the axle load spectra did not include too many repetitions of quad axles
in this road segment, therefore, overall accumulated bottom-up damage is quite low
(see Fig. 5).

Top-down cracking critical strains for long-life and standard sections for single,
tandem, tridem and quad axles are shown in Fig. 4. Similar to bottom-up cracking,
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Fig. 5 Results of MEAPA predictions of a bottom-up and b top-down cracking for long-life and
standard Sections (1 ft/mile = 0.19 m/km)

the long-life section resulted in lower critical strains near the surface. This is mostly
due to the material-level differences rather than structural differences. On the other
hand, the magnitudes of the top-down cracking strains were higher than those of the
bottom-up cracking strains, which is expected for such thick structures. This explains
why top-down cracking damage is accumulated at a point where actual cracking is
predicted at the surface (see Fig. 5).

Results of MEAPA predictions of bottom-up and top-down cracking are shown
in Fig. 5a and b, respectively. As shown, the long-life section is expected to perform
better than the standard section. However, Fig. 5a shows that the total bottom-up
cracking is expected to be below 2% in both sections at the end of the 30-year service
life. This is significantly lower than the typical threshold of 25%. The top-down
cracking magnitudes at the end of 30 years reached up to 1000 ft/mile(190 m/km),
which is about half of the typical 2000 ft/mile (380 m/km) threshold. As such, both
sections are expected to perform quite well in the field.

4 Conclusions

The objective of this study was to evaluate the fatigue performances of the long-life
and standard (control) pavement sections constructed on route US-131 in the Grand
Rapids, Michigan. A mechanistic-empirical pavement structural analysis methodol-
ogy, called MEAPA, was used to conduct the performance analysis. The MEAPA,
short for Mechanistic-Empirical Asphalt Pavement Analysis, is a web-based appli-
cation to predict flexible pavement performance. The MEAPA uses the original for-
mulations of the Mechanistic-Empirical Pavement Design Guide (MEPDG), with
few improvements and simplifications on climatic model and improvements on the
top-down cracking model. The rest of the formulations implemented in MEAPA are
identical to those of MEPDG. The main analysis engines of MEAPA were coded in
MATLAB, including the Layered Elastic Analysis algorithm, called MatLEA. Key
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inputs to MEAPA, i.e., mixture dynamic modulus (|E*|) and binder dynamic shear
modulus (|G*|) were measured in the laboratory on the samples collected from the
field. The analysis parameters included critical strains for bottom-up and top-down
cracking, fatigue life (i.e., number of cycles to failure (Nf)) and predictedmagnitudes
of bottom-up and top-down cracking. It was observed that at all axles and tempera-
ture quintiles, lower critical strains and higher Nf values for long-life section were
observed as compared to those of the standard section. Even though both top-down
and bottom-up fatigue cracking values of the long-life section over 30-year analysis
period was lower than those of the standard section, they were lower than the design
thresholds. Therefore, both sections are expected to perform well in the field.
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The Challenges of Warm Mix Asphalt
as a Mature Technology

Ali Jamshidi and Greg White

Abstract Laboratory tests and field investigations show promising results of struc-
tural performance of warm mix asphalt (WMA). Also, the lower environmental bur-
dens and fuel requirement in WMA production increase sustainability in the asphalt
industry. However, there are challenges that significantly affect WMA performance
and marketing in the future. In this paper, all these challenges are discussed, and
the trend of WMA technology is evaluated. The statistics indicate that the energy
market plays a pivotal role in enthusiasm for WMA. Lastly, WMA requires further
investigations to meet requirements of post-modern pavement, as a new concept of
pavement design in the 21st century.

Keywords Energy crisis · Crude oil price · Greenhouse gas emission · Asphalt
industry

1 Introduction

The WMA technology is a great step taken toward sustainable pavement construc-
tion. Lower environmental emissions and less energy requirement are main features
of WMA. Therefore, WMA has the potential to build a consensus between envi-
ronment and pavement engineers in eco-pavement design. This fragile consensus
depends on WMA technologists paying attention to current and future technical
challenges. It should be noted that the perception ofWMA in the pavement and envi-
ronment engineering is different. That is, the environmentalists recognize WMA as
a sustainable technology due to reduced greenhouse gas emissions, while the asphalt
manufacturers are very keen to produce cheaper asphalt via lower production tem-
peratures. One of the current challenges in pavement technology is early failures
due to global warming. For example, Mills et al. (2009) reported that the thermal
cracking in the asphalt pavement decreases over the next 50 years in Canada, while
rutting deteriorated earlier than expected time. The result is consistent with research
carried out byQiao et al. (2013) which showed that a 5% climate change significantly
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affects longitudinal cracking and rutting. In the United States, results of modelling
integrated with into American Association of State Highway and Transportation
Officials (AASHTO) and mechanistic empirical pavement design guide (MEPDG)
software show that fatigue and rutting cracking increases by 2–9% and up to 40%
depending on the climate zone Gudipudi et al. (2017).

This paper narrates how WMA has developed throughout the last 20 years. In
addition, current and potential challenges for WMA in the pavement market are
discussed. Finally, the potential ofWMA for construction ofmulti-role infrastructure
assets, based on post-modern pavement (PMP) concept, are evaluated.

2 History of WMA

Reduction of production and compaction temperatures for asphalt mixtures is not a
new matter of research. For example, role of foamed bitumen in reduction of con-
struction temperature was found in 1956 (Kristjansdottir 2006). Then in 1968, Mobil
Oil Australia modified and patented the foam bitumen technology, which resulted in
a practical procedure for marketing WMA technology (Muthen 1998). In the 1970s,
the asphalt industrywas challenged by the first oil shock that dramatically affected the
cost of pavement construction. Consequently, alternative sources of pavement mate-
rials and low-energy asphalt mixes attracted significant attention. For example, the
use of various wastematerials, such as reclaimed asphalt pavement (RAP), reclaimed
asphalt shingles (RAS) and cold asphalt mix technologywere developed. In addition,
environmental concerns were raised due to the anthropogenic greenhouse emissions
associated with asphalt production. Consequently, the interest in sustainable pave-
ment technology increased in order to meet stricter environmental regulations. To
address this challenge, the asphalt industry developed new technologies and additives
that reduced construction temperatures via various WMA technologies (Table 1).

Since 2000, the introduction and commercialization of WMA began across the
world. The rapid rise in energy price associated with the second oil shortage from
2006 highlighted importance ofWMAdue to the reduced energy required for asphalt
production. The second oil shock was significant because the peak point of global oil
productionwas expected in the near future, ormay have already occurred (Armstrong
andBlundell 2007). The characteristics of the first oil shock in the 1970swas different
to that in the 2000s. In the 1970s, the energy crisis was due to the Arab embargo
on oil, while the more recent energy crisis is because of lack of oil supply. But both
energy crises prompted the development of various WMA technologies to produce
more energy-efficient asphalt mixes. Some companies invested enormously in the
production of WMA additives. For example, Sasol Wax in the South Africa invested
$360 million to pipe natural gas from Mozambique to Sasolburg for production of
Sasobit® (Jamshidi et al. 2013). In other words, the increase energy price resulted
in the rapid development of WMA solutions. For example, Fig. 1 shows that trend of
research onWMAand crude oil price from 2002 to 2018. There is a direct correlation
between number of papers published on WMA and crude oil price. For example, the
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Table 1 List of the WMA technologies (Rubio et al. 2012)

WMA product Mechanism Dosage Temperature
reduction (°C)

Aspha-min Water-containing
technology using
zeolites

0.3% by total weight
of the mix

20–30

Asphaltan B Refined montan wax
with fatty acid amide
for rolled asphalt

2%–4% by mass of
asphalt binder

20–30

Advera Water-containing
technology using
zeolites

0.25% by total
weight of the mix

10–30

Aqua black Water-based foaming
process

2.5% water by weight
of the asphalt binder

20–30

Double Barrel Green Water-based foaming
process

2% water by mass of
asphalt binder

30–40

Hypertherm 0.2% by mass of
asphalt binder

20–35

LT asphalt Foam bitumen with
hydrophilic additive

0.5% by mass of
bitumen

40

WAM foam Soft binder coating
followed by foamed
hard binder

2–5% water by mass 20–40

LEA Hot course aggregate
mixed with wet sand

3% water with fine
sand; 0.4% bitumen
weight

20–30

LEAB Direct foam with
binder additive
Mixing of aggregates
below water boiling
point

0.1% of bitumen
weight of coating and
adhesion additive

20–40

Montan wax

Sasobit Fischer-Tropsch wax Approx. 0.8–5% by
weight of binder

20–30

Asphaltan B Refined Montan wax
with fatty acid amide
for rolled asphalt

2.0–4.0% by mass of
bitumen

20–30

Licomont BS Fatty acid amide 3.0% by mass of
bitumen

20–30

Evotherm Water-containing
technology

0.5% of mass of
bitumen emulsion

20–40

Cecabase Chemical-based 0.2–0.4% by mixture
weight

20–30

Rediset Cationic surfactants
and organic additive

1.5–2% of bitumen
weight

20–30
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Fig. 1 The relationship between WMA papers and energy market. Note 1 the number of papers
and technical documents (totally 1,086) were indexed by SCOPUS. Note 2 data of energy price is
provided based on average annual OPEC statistics

oil price increased significantly from 2009 to 2012, and the number of papers also
increased from 39 to 105, a 169% increase. After 2012, the oil price decreased gently,
and the number of papers decreased over the same timeframe. In 2016, the oil price
was at a low point and the number of papers decreased but increased again as the oil
price increased in 2017 and 2018. As a result, the trend of research work depends on
the energy market fluctuations.

Figure 2 shows a breakdown of major subjects ofWMA in the documents indexed
by the SCOPUSdata base.Many papers touched onmore than a single research topic.
From Fig. 2, structural performance in terms of rutting and fatigue are the first and
second most prevalent research subjects, respectively, followed by, mix durability
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Fig. 2 Subjects discussed in the documents indexed by SCOPUS
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Fig. 3 WMA production in different countries, plotted based on data reported by EAPA (2018)

based onmoisture sensitivity and aging. The figure also shows that only 6.84% of the
research carried out related to environmental issues. As a result, structural stability
and durability were main concerns of WMA researchers. Figure 3 shows that the
WMA production in some European countries, South Africa, and the United States
increased from 2012 to 2017, due to encouraging initial laboratory test results. In
addition, promising results of field investigations in the Unites States and Europe
spread the use of WMA into the Middle-East and Asian markets.

Obviously, the WMA performance should be equal or superior than the hot-mix
asphalt (HMA). So, different manufacturers try to produce more efficient technolo-
gies and additives in terms of construction temperature reduction, structural strength,
and durability. For example in France, every asphalt manufacturer and agency try to
develop own WMA technology (D’Angelo et al. 2008).

3 Challenges and Opportunities of Asphalt Industry

3.1 Long-Term Performance

Cumulative structural and thermal strains/stresses are important factors for the long-
term performance of pavements. Although the lower construction temperature of
WMA results in less stiffness, the results of field investigation often showed sat-
isfactory structural and functional performance. For example, Diefenderfer (2018)
reported that the dynamic modulus, air void content and permeability of foamed
WMA cored after 6 years were comparable with HMA samples. Also, the rut resis-
tance of Sasobit® WMA mixtures, as indicated by dynamic modulus, was greater
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than or equal to that of HMA (Huerly et al. 2009). It seems that the structural perfor-
mance of WMA is not a challenge. In addition, some additives, e.g., Sasobit®, can
be used as compact aid which improves mix workability (Bonaquist 2011). How-
ever, the long-term performance of asphalt pavements depends on synergistic effects
of structural loading and field ageing. Since the construction temperature of WMA
is less than HMA, it is less prone to ageing. Furthermore, the ageing phenomenon
in WMA can be different due to various additive types and production technology,
binder type, ambient temperature, test temperature, and parameter chosen for anal-
ysis. Thus, it is necessary to develop prediction models for various WMA additives
which can be used to better understand ageing process. In addition, the use of sus-
tainable materials in the heavy-duty pavements, e.g., airports, is increasing (White
et al. 2018). In this regard, shear stress resistance of pavement is important criterion
(White 2017). Therefore, the less stiffness, due to the lowered construction tempera-
ture, may decrease shear stress resistance of the pavement. As a result, the long-term
performance of WMA used in the heavy-duty pavements is matter of concern.

3.2 Recyclability

WMAusually contains some recycled or reusedwastematerial, such as crumb rubber,
RAPRAS, orwaste glass. TheWMAwill be reclaimed as new source ofRAP in future
(RAP-WMA). However, the performance of new mixes containing RAP-WMA is
less clear. It is expected that the engineering properties of such new mixes should be
comparable with newWMA or HMA. However, further research on the recyclability
of the WMA and HMA containing RAP-WMA is required. This is essentially to
determining whether recycling RAP-WMA has economic justification or not.

3.3 Selection of Appropriate WMA

Since there are various types of WMA, selection of an appropriate WMA type is
subjective, usually determined by local availability of equipment and/or materials.
In this regard, it is necessary to compare the structural performance and durabil-
ity of WMA samples produced using different WMA technologies. However, the
comparison is not easy because the mechanism of each WMA technology is differ-
ent (Table 1). To address this problem, Jamshidi et al. (2015) proposed criteria to
compare various types of WMA technologies based on unaged and aged rheological
characteristics. It should be noted that the selection of a particular WMA technology
also depends on many other factors, including the initial cost, skill of paving crew,
service condition, pavement application, availability of machinery and compatibility
with the local materials.
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3.4 Use of Local Materials, Practice Codes and Construction
Technology

WMA technology should be compatible with local materials and current asphalt
mixing plant facilities, which is an important factor for marketingWMA technology.
Therefore, it is necessary to train the paving crews and engineers regarding its use.
It is recommended that practice codes and guidelines for the use of various WMA
technologies in local materials and construction practices be developed. It seems that
the lack of courses in the field of WMA at universities and industry affects the basic
knowledge of engineers to fully understand the complex problems of modelling
and characterizing pavement materials and the principles associated with WMA
technologies. Therefore, in parallel with the research on WMA, it is necessary to
teach the principles of WMA technology. It is also recommended that the WMA
manufactures provide periodical workshops to update the engineers dealing with
pavement technology. As a result, a close collaboration between theWMAproducers
and universities can result in rapid development of WMA in future.

In addition, the use of current technology of the asphalt plant without any specific
modification can be a motivation for WMA production. For example, Sasobit® can
be blended with the hot asphalt binder at a terminal or in asphalt tank, introduced in
a molten form, added with the aggregate materials, or pneumatically blown into a
drum plant (Hurley et al. 2009). It requires simple modification that can be used in
many asphalt mixing plants.

3.5 Costs of WMA

Although WMA technology reduces fuel requirement in the asphalt mixing plant, it
may incur extra costs due to modification of the mixing plant and additive material
supply. Therefore, WMA may only be an attractive option when the energy price is
high. Table 2 shows the cost incurred using various WMA technology. It is clear that
the cost can be different, depending onmix tonnage, shipping haul,WMA technology
and industrial fuel type. From the table, the costs of HMAandWMAare comparable.
However, more cost-effectiveWMA is more attractive for the asphalt manufacturers.

Table 2 A cost comparison of HMA and WMA production in Iceland (Diefenderfer 2018)

Cost ($US) HMA WAM foam Aspha-Min Sasobit

Additive cost – 0.30 4 3.50

Energy 6.5 4.90 4.90 4.90

Reduction in energy cost compared HMA – 1.60 1.60 1.60

Total 89 87.70 91.40 90.90
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Since the WMA reduces the construction temperatures, more RAP or the other
wastematerial can be usedwhich results inmore cost-effectivemixes.As an example,
the costs of WMA containing 30% RAP decreases by 32% (Onor and Sengoz 2015).
Consequently, WMAmay be better suited as an enabling technology for RAP usage,
rather than a technology in its own right. In this regard, it is necessary to develop
facilities for waste material management, such as RAP milling and tire shredding.
However, development of such facilities may require massive investment, especially
in the developing countries.

3.6 New Criteria for WMA Production

WMA technologists focus on the reduction of the construction temperatures, while
the role of aggregate material in energy saving is neglected. Furthermore, many
asphalt producers use WMA technologies as a compaction aid, producing asphalt at
the same temperature as HMA. In both cases, the thermal characteristics of aggregate
materials have a significant effect on the energy requirement and greenhouse gas
(GHG) emissions. For example, the aggregate type, mechanical strength, gradation
and specific gravity may be identical, but thermal properties, in terms of specific
heat capacity, can be different. So, the selection of the appropriate aggregate source
can result in huge energy saving. For example, Jamshidi et al. (2015) showed that
energy requirement forHMAproduced by the low-specific heat capacity can be lower
than WMA using the high-specific aggregate. Therefore, the thermal properties of
aggregate is proposed as new indicator for analysis environmental burdens in the
Superpave mix design procedure (Jamshidi et al. 2013). It is therefore necessary for
WMA technologists to pay more attention of the thermal properties of aggregate and
filler. However, it must be noted that local availability and haulage costs often limit
the choice of aggregate sources.

4 Future of WMA

The higher structural performance and lower environmental burdens are important
factors for sustainable asphalt pavement design, but on their own, these factors are
inadequate. Therefore, a new concept, called post-modern pavement (PMP) was
developed to address the structural, sustainability, and socio-psychological require-
ments (Fig. 4). In other words, not only the high structural performance and sustain-
ability are components, but also the social acceptability of WMA is important factor
in future pavement technology. In other words, pavement based on PMP concept is a
structural-environmental-social asset, under the policy of integration of the munici-
pal infrastructure assets. However, the social benefits associated with reduced GHG
emissions of WMA is not clear. To fill this gap, more research should be undertaken
to highlight potential of WMA as PMP for the pavement end-users. For example,



The Challenges of Warm Mix Asphalt as a Mature Technology 101

Fig. 4 PMP definition as an interface between structural, environmental, and social requirements
(Jamshidi et al. 2019)

White et al. (2018) studied socio-environmental effects of airport pavement run-
way containing recycle materials and this approach could be extended to different,
structurally equivalent, HMA and WMA mixtures.

5 Conclusion

The energymarket oscillations play amore important role inWMAdevelopment than
associated environmental benefits do. Also, the asphalt industry must understand and
address the challenges and expectations of pavement and environment engineers to
be successful in the future. This means that WMA technologists and suppliers will
need to foster and promote the products meet future requirements. In conclusion,
WMA is already sufficiently mature to support high strength-low energy asphalt
pavement. However, more work is needed to disseminate WMA based on the PMP
concept.
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A Framework for Network Level
Pavement Maintenance Planning for Low
Volume Roads

H. R. Pasindu, R. M. K. Sandamal, and M. Y. I. Perera

Abstract Low volume roads (LVRs) play a pivotal role in the economic develop-
ment of rural areas especially by providing connectivity for the communities to access
markets, education and social needs in an efficient manner. They serve as the link
between the local road network to the arterial and collector road network designed at
providing accessibility to residential, agricultural or industrial areas. Lack of fund-
ing, subjective and ad hoc decision making has resulted in an inefficent utilization
of resources in the local road agencies. Lack of a sound analytical process is a major
impediment to maintain these roads in cost effective manner under the resource con-
straints prevalent. Existing pavement management systems (PMS) require extensive
data collection and complex analysis processes, which makes them impractical to be
deployed in local agencies. The core attributes of the proposed system are, reduced
the data requirements, simplified the analytical tools and allowing users to customize
considering the resource constraints. In this study, a relationship between Interna-
tional Roughness Index (IRI) and relevant distresses for LVR is established and based
on that cost estimation model is developed for distress repair. Furthermore, the strat-
egy which provide maximum condition for preventive maintenance is found by using
decision tree approach in the network level optimization. A case study illustrated that
the use of proposed PMS provides better overall network condition with compare to
conventional decision making for same budget level.
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1 Introduction

The classification of low volume road (LVR) is typically based on average daily
traffic (ADT) and approximately less than 1000 vehicles/day, however the definition
is differs from country to country significantly (Gamage et al. 2016). Low volume
roads play an important role in providing accessibility to communities to fulfill their
social and economic needs. Road pavement deteriorate with time, under traffic and
environment effects and the condition of those pavements are generally in unsatisfac-
tory condition, resulting in increase of vehicle operating cost, delay among several
other issues to the road users. Therefore, it is imperative to maintain those roads
at the satisfactory condition to meet the road user needs. In developing countries,
the LVRs are maintained by local authorities (e.g. provincial councils, municipal
councils) and typically, there is no comprehensive maintenance strategy in place
mainly due to the lack of technical expertise and financial limitations. Conventional
pavement management systems (PMS) require a certain level of technical knowl-
edge to collect and analyze data, which may not always be available in local road
agencies. Moreover, the data collection processes in PMS are time consuming and
costly Therefore an alternative system with the capability to overcome those issues
and be adoptive for the local authorities is required. In maintenance planning, several
factors are to be considered, namely pavement structural and functional condition,
social-economic importance, traffic volume etc. Moreover, in the decision making
stage, selection of roads for different maintenance activities, strategies to be applied
and post condition prediction must be accurately incorporated into the system to
achieve optimum solution for the particular road network.

The main objective of this study is to develop a user-friendly and customiz-
able system, with low data requirement with the capability of providing an optimal
maitenance strategy within the budget and other constraints.

2 Pavement Management Systems for Low Volume Roads

Road asset management is a systematic process of maintaining, upgrading, and oper-
ating physical assets cost-effectively as defined byUnited StateDepartment of Trans-
portation (USDOT) in 1999 (Shah et al. 2017). It focuses on combining engineering
principles with business practices and economic considerations, by providing a tool
to facilitate a more organized, logical approach to decision-making. The existing
PMS are consisted with different analytical tools, resource management methods,
prioritization techniques. Ferreira et al. (2009) developed a PMS with road network
database, quality evaluation tool, cost model, decision aid tool and a pavement per-
formancemodel with incorporating Geographical Information System (GIS) for data
collection.

Pavement condition evaluation is consisting of four aspects, i.e. distress condition
evaluation, pavement roughnessmeasurement, skid resistance and structural capacity
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evaluation (Hass et al. 1994). Among those aspects, pavement roughness is effective
to use for network level evaluation due to its repeatability, productivity and ease of
collection. Gamage et al. (2016), Islam et al. (2014) have developed models to eval-
uate road condition using roughness data based on a mobile phone application and
a cost model is also developed to forecast maintenance cost with respect to Interna-
tional Roughness Index (IRI). Several researchers have shown that the applicability
of roughness measurement is high in PMS for network level evaluation (Tai et al.
1998; Eriksson et al. 2008; Bisconsini et al. 2018; Buttlar and Islam 2014).

The maintenance and rehabilitation (M&R) strategies are incorporated in PMS
based on the user defined threshold and trigger values. Prior to budget optimization
process roads are categorized into routine maintenance, preventive maintenance,
rehabilitation or reconstruction (Mane et al. 2016). In the budget optimization, per-
formance jump for different operation types must be defined accurately. Islam et al.
(2014) investigated pavement roughness improvement can be achieved by different
maintenance treatment types such as slurry seal, chip seal, crack seal for flexible
pavement. Moreover, Dwaikat and Haider (2012) estimated the pre-treatment pave-
ment performance, jump and slope adjustment factors for various treatment types
while showing that slurry and chip seal can be applied when rutting is minimal and
thin overlay is cost-effective when the rutting is high.

Leanne et al. (2011) conducted a study on challenges and successes of imple-
menting a PMS and identified that in the decision making, higher the number of
decisions and higher the number of roads, make the output time longer. To reduce
the output time and simplify the decision-making process, prioritization and opti-
mization model can be implemented. Perera et al. (2019) shown that with the use of
integer programming, average network condition can be reduced with the increasing
of budget level and accuracy of optimization model. The challenges in optimizing
large networks can be overcome with the using cost model, decision tree approach
to solve the objective functions and prediction models with combining to a proper
internal database (Mahoney et al. 1978; Swei et al. 2016). Scheinberg and Anasta-
sopoulos (2010) shown that significant cost saving can be achieved with the use of
year-by-year multi-constraint technique at network-level optimization using integer
programming by a case study on the State of Virginia.

3 Proposed Pavement Management System

3.1 Condition Evaluation Method

In the system, pavement roughness is measured in terms of IRI and is used as the
default road condition measurement parameter. Based on the results from the detail
distress survey along with IRI measurement on selected low volume roads in Sri
Lanka, a relationship is established between IRI and distresses as shown in Eq. (1).
This suggests that IRI can accurately represent the relevant distress condition of rural
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roads.Moreover, by using these distress density a cost estimationmodel is developed
for distress repair as shown in Fig. 1.

I RI = 2.90 + 0.16RAV% + 0.29CRA% + 0.40EDG%
[
R2 = 0.75, N = 95

]

(1)

where RAV% is the raveling area as a percentage of total pavement area, CRA% is
the cracking area as a percentage of total pavement area, EDG% is the linear length
of edge gap (more than 10 cm gap between carriageway and shoulder in both side of
the pavement section) as a percentage of total length of road section.

Further, potholes are considered as a condition evaluation parameter due to its
usage of identify priority roads to be repaired by local agencies. Pothole identification
is relatively easy, and it can also be incorporated in the roughness measurement apps
developed. Thus, it would not be a major issue for the local road agencies. In addition
to roughness and number of potholes, basic road characteristics (e.g. pavement type,
length of the section, average width) are the main component of the data required
for the proposed system.

3.2 Screening and Selection for Corrective Maintenance

The software framework of the proposed PMS is developed by using Java program-
ming language and MySQL software which provide the user interaction and data
base respectively. In the system, following steps are performed in the screening and
corrective maintenance prioritization process.
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Step 1: Screening - If IRIi < IRIPrev then road ‘i’ (i = 1, 2, 3…n) is filtered from
the analysis step.
Step 2: Selection of roads for corrective maintenance - If IRIi > IRICorr then road
‘i’ (i= 1, 2, 3…n) is selected for the corrective maintenance/overlay in worst first
rankingmethod until the allocated corrective maintenance budget is fully utilized.

Where IRIi is the IRI of road ‘i’, IRIPrev is the threshold IRI value used for
screening, IRICorr is the threshold IRI value used for selecting roads for corrective
maintenance, n is the number of roads in the network.

Based on the engineers’ judgement and resource availability IRIPrev and IRICorr
can be defined in the selection criteria. The corrective maintenance cost is consisting
of two components namely distress repair and overlay. The usermust be input the unit
value of overlay maintenance. Distress repair must be performed prior to the overlay
and cost is based on IRI (see Fig. 1) and number of potholes per kilometer (NP).
The most appropriate transfer function for cost estimation model is selected among
the linear and non-linear regression analysis and among those sigmoid function is
found to be the best representative of the data as shown in Fig. 1. Finally, by adding
abovementioned two components, total cost of overlay is calculated.

3.3 Preventive Maintenance Activities

After selecting roads for corrective maintenance, the remaining road sections are
performed under preventive maintenance for a given budget using the optimization
approach. This optimization approach adopts a decision tree considering all possible
combinations of operations. The operation type which are used for LVRs are identi-
fied by the opinion survey from engineers in local authorities. The representative cost
values are shown in Table 1 using the Highway Schedule of Rates (HSR) (Provincial
2019).

Table 1 Selected preventive maintenance types used in decision tree approach with unit cost

Operation no. (r) Preventive
maintenance operation

HSR-2019 item no. Cost (LKR.)

1 Minimum maintenance DR-009 + DR-010 +
MS1-021

33 per sq.m + 20 per
L.m. + 40 per sq.m

2 Major distress repair +
Pothole patching

Fig. 1 + MS1-007 Fig. 1 + 1404 per
sq.m

3 Pothole patching +
Double Bitumen
Surface Treatment
(DBST)

MS1-007 + S1-030B 1404 per sq.m + 477
per sq.m

Where DR is the drain work, MS is the miscellaneous, S is the surface treatment, sq.m is the square
meter, L.m. is the linear meter, and LKR is the Sri Lankan rupee (1 US $ = 190 LKR)
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In the decision tree approach, cost of each operation for respective section is
calculate based on the pavement condition and road inventories as described below.

1. Minimum maintenance - Based on the length/area of the section and no distress
repairing is considered in this operation.

2. Major distress repair - Based on the existing IRI value, cost is calculated for this
operation. The unit value from Fig. 1 is multiply by the total area to calculate
total cost for the entire section.

3. Pothole patching - NP is converted into the pothole repair cost by the system and
a representative area of a pothole must be defined by the user.

4. DBST- Based on the HSR rates, using the unit values, total cost for DBST is
calculated by multiplying by total area of the section.

IRI, NP, unit rates and road inventories (e.g. length, width etc.) used as the inputs
and respective cost of operation for each section is calculated in the cost estimation
model by following the described procedures. This would allow the cost estimation
to be made for the maintenance activities based on IRI alone with NP, which would
minimize the cost for extensive distress data collection.

3.4 Post Repair Condition Prediction

Performance jump (condition of each section after applying each repair) should
be input by the user to the system prior to running optimization model. Minimum
maintenance is not affected to change of IRI significantly while major distress repair
is reduced roughness slightly. Applying DBST is restored IRI to the range of 2.5–
3.4 m/km (Montenegro and Minc 1992).

3.5 Optimization Model

Step 3:OptimizationModel for PreventiveMaintenance Selection -Accepted preven-
tivemaintenance combination is selected by the combinationwhichminimize overall
network IRI under the budget constraint. The objective function and the constraint
used in the system are represented in Eq. (2) to Eq. (4).

Objective function; Condition; Minimize Q =
∑n

s=1

∑m
r=1 Qrs.Ls.Xrs

L
(2)

Constraints; Budget; B ≥
∑n

s=1

∑m

r=1
Crs.Ls.Xrs (3)

Annual operation;
m∑

r=1

Xrs = 1 (4)



A Framework for Network Level Pavement Maintenance Planning … 109

where Q is the average network IRI value, Qrs is the IRI of road section ‘s’ after
applying the operation ‘r’,Ls is the length of road section ‘s’ in km,Xrs is the decision
variable (if operation ‘r’ is applied to road section ‘s’ then Xrs = 1 and operation
‘r’ is not applied to road section ‘s’ then Xrs = 0, L is the total length of the road
network, B is the total budget available for the financial year, Crs is the cost per km
for applying operation ‘r’ to road section ‘s’, n is the number of road sections in the
network, and m is the number of operation used for road section ‘s’.

4 Illustrative Example

To illustrate the developed system, a sample of 27 road sections each having length of
1 km were selected. The budget for corrective maintenance works is Rs. 115 million
and preventive maintenance budget is Rs. 15 million.

Step 1: Screening - IRIPrev of 4 m/km were used in the case study and 9 sections
were screened from the maintenance process based on the value of IRIPrev.
Step 2: Selection of roads for corrective maintenance - 11 road sections were iden-
tified for the corrective maintenance under IRICorr value of 7 m/km and are prior-
itized based on IRI value. Total cost of corrective maintenance is Rs. 113.13Mn
and out of 11 only 9 sections were selected due to budget constraint. The selected
sections for corrective maintenance are shown in Table 2.
Step 3:OptimizationModel for PreventiveMaintenance Selection - The remaining
11 road sections are selected for the preventive maintenance process. Rs.15Mn
budget allocation is used for the preventive maintenance and it was found that
total cost of Rs. 14.62Mn and average network IRI of 3.98 m/km obtained from
the optimization as shown in Table 3.

Table 2 Road sections prioritized under corrective maintenance

Rank Road Id (s) Existing IRI values
(m/km)

Number of potholes
per km (NP)

IRI after overlay
(m/km)

1 C300/Sec004 10.3 41 2.5

2 C300/Sec003 9.1 37 2.4

3 C300/Sec002 9.0 21 2.4

4 C301/Sec004 8.8 32 2.4

5 C301/Sec003 8.6 17 2.3

6 C301/Sec002 8.5 07 2.3

7 D002/Sec001 8.1 32 2.2

8 D002/Sec002 7.5 21 2.1

9 C300/Sec001 7.4 15 2.1
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Table 3 Summary of results in preventive maintenance process

Road Id (s) Existing IRI
values
(m/km)

Number of
potholes per
km (NP)

Applied
operation (r)

IRI after
applying
(m/km)
(Qrs)

Cost (Crs)
(Rs.)

C003/Sec001 5.7 10 3 3.5 1,697,600

C003/Sec002 5.4 10 3 3.5 1,697,600

C002/Sec002 5.3 7 3 3.4 1,689,170

C002/Sec001 5.2 7 1 5.2 311,000

C301/Sec001 7.1 14 3 3.8 1,708,840

C004/Sec002 4.4 3 1 4.4 311,000

D002/Sec004 7.3 22 3 3.9 1,731,320

D005/Sec001 6.6 17 3 3.8 1,717,270

D002/Sec003 6.1 21 3 3.7 1,728,510

D005/Sec002 5.0 4 1 2.7 311,000

D005/Sec003 5.9 17 3 3.6 1,717,270

Where r = 1 is the minimum maintenance, r = 2 is the major distress repair + pothole patching, r
= 3 is the pothole patching + DBST

From the proposed PMS, overall network IRI of 3.16 m/km is obtained under
total cost of Rs.127.75Mn (Budget constraint is Rs.130Mn).

The comparison of average network condition and total cost between different
treatment strategies (minimummaintenance all, distress repair all, DBST all, overlay
all) used for the selected road network and output from the developed PMS is shown
in Fig. 2. In the PMS, 85% of total budget for corrective maintenance and other 15%
for preventive maintenance is allocated for different budget limit.
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Fig. 3 Overall network condition under different budget allocation levels for corrective mainte-
nance

Furthermore, for this network, total budget is fixed and the combination which
gives the minimum overall IRI is found under that budget constraint is shown in
Fig. 3.

From the comparison shown in Fig. 3, it can be concluded that when the budget
limit is increasing, overall network IRI is reduced and the optimum combination is
move towards the higher corrective maintenance percentage. Further, it refers that
when the available budget is limited, by allocating relatively higher budget for the
preventive maintenance will be provide a better overall network condition rather than
allocating more to the corrective maintenance.

5 Conclusions

The research was focused into developing a system which requires minimum data
and optimize themaintenance strategywithin the available budget. Thismodel can be
customized based on road agency decision making strategy. By using the developed
system’s optimization model, an engineer could be able to decide the preliminary
budget requirement for preventive and correctivemaintenance. The research provides
a decision support system which doesn’t require intensive data collection and a
systematic process which would yield better results than subjective decision making.
Illustrated example shown that, the system has the capability to find the maximum
overall network condition under the given budget. Moreover, for a given budget,
the combination between preventive and corrective maintenance which gives the
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minimum network IRI can be found by running the analysis process for several
iterations.
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P-F Curves in Modelling of Pavement
Performance

Adam Zofka

Abstract Road asset management (RAM) is a systematic approach to maintain
road network at sufficient functionality level in order to provide desirable level of
services. Various strategies can be implemented within RAM but only proactive
strategy ensures sustainable, optimal, and cost-effective decisions. One of the vari-
ations of the proactive strategy is reliability-centered maintenance (RCM). Integral
part of the RCM framework are so called P-F curves that allow to knowingly con-
sider the potential failure and loss of functionality of road asset. While this is not
entirely new concept as comparing to models used for pavement performance, P-F
curves emphasize critical stages of the development of pavement damage and con-
current continuous increase in probability of functional failure. This paper discusses
several aspects of different strategies in maintenance management and associated
deterioration models together with P-F curves highlighting the need for continuous
improvement of processes involved in decision-making as well as verification of
effectiveness and efficiency of actions applied onto road network.

Keywords Pavement performance · Deterioration models · Reliability-centered
maintenance (RCM) · Proactive strategy

1 Maintenance Strategies and Models

Road assetmanagement (RAM) allows for a systematic and comprehensive approach
to implement the overallmanagement strategy and to achieve strategic goals. Through
a proper implementation of RAM for the road infrastructure, a reliable methodology
is defined that will demonstrate the legitimacy of allocating funds for maintenance
and will improve the decision-making process by introducing transparent rules and
actions.

RAM is in fact a set of business processes for making decisions that encourage
continuous improvement in asset management. Thanks to the implemented RAM,
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road organization has efficient communication not only internally, but alsowith exter-
nal stakeholders, e.g. politicians, media and users. RAM is a methodology that leads
to more efficient and effective asset management based on good quality information
(Taggart et al. 2017).

One of the fundamental elements of any RAM ismanagement strategy. Generally,
management strategies can be divided into two types, i.e. reactive and proactive. The
latter can be further subdivided into:

– preventive,
– prognostic,
– fully proactive.

In fact, maintenance strategies can be even further categorized based on their
scope, organizational effort, subject asset etc. One of the classifications is shown
in Fig. 1 which is included in the EU standard (EN 13306: 2017 Maintenance—
Maintenance terminology).

Historically management strategies have been progressing over last century start-
ing with reactive approach and then moving to preventive, prognostic and finally a
fully proactive approach. One of the variations of the proactive strategy is reliability-
centered maintenance (RCM). In the RCM strategy, all failure modes are identified
and effectiveness and efficiency of mitigations actions are constantly evaluated based
on monitoring data. Further, RCM typically accommodates risk management pro-
cesses to optimize maintenance actions and their timing for delivering appropriate
level of service at acceptable reliability and costs (NASA 2008).

One of the most important aspects of a proactive strategy is the ability to forecast
future demand and supply (in terms of pavement asset functionality and their service
levels). Within RAM, such forecasts are used to prepare guidelines/specifications
for design and maintenance, as well as for planning proactive activities on the road

Fig. 1 Scheduled vs. unscheduled maintenance (EN 13306: 2017)



P-F Curves in Modelling of Pavement Performance 117

Fig. 2 Continuous
improvement of forecasting
models (AASHTO 2013)

network. In addition, the forecasted phenomena allow estimating the present value
of costs related to alternative maintenance scenarios. After such cost estimation, it is
possible to choose a scenario that is optimal for not only economic reasons, but also
meets the strategic goals of the organization in terms of the goal level of services and
asset functionality.

Depending on the type of asset, RAM advancement and needs in the decision-
making process, prognostic models do not have to be complicated, especially if
the modeled phenomenon (e.g. pavement damage) is simple, short-lived, of little
importance or even unpredictable. Simple models or even lack of models is also
advisable if the financial benefits of having information or knowledge do not justify
investment in the development andmaintenance ofmodels. Such an assessment of the
demand for forecasting models should be carried out during RAM gap analysis. All
forecasting models should be periodically subjected to verification, calibration and
validation in the process of continuous improvement. Such an approach is presented
in Fig. 2.

The primary goal of forecasting models is to allow road administrator to value
how its decisions affect the strategic goals of entire organization (ISO 55001 2014),
(Baladi et al. 2017). In a proactive strategy, in order to control asset supply, the
road administrator should forecast actions and processes that may conflict with its
plans and fulfillment of strategic goals. The current state of practice among road
administrators focuses on four key service attributes: network resilience, mobility,
safety and other social aspects (e.g. environmental impact). Therefore, the goals and
effects of forecasting models should first be determined based on RAM gap analysis,
i.e., among other things, what value models bring to the decision-making process.
At this stage, it is necessary to distinguish what the collected data on the asset
performance bring and how the models are to use such data—that is, the interaction
between the data and models is important.

It should be emphasized that strategic objectives of road administrator and key
service attributes should bewell communicated and aligned in order to deliver consis-
tent decision process within organization and its stakeholder context. Such a cascade
flow of decisions is presented in Fig. 3. It shows the connection between well-defined
needs at the strategic level and low-level information on the asset performance at the
project level (Gordon 2018).
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Fig. 3 Decision
dependencies (Gordon 2018)

2 Deterioration Models in RAM

As discussed in previous section, modern RAM should comprise prognostic tools
to support all key service attributes. One of the common aspects in prognostic tools
is deterioration modelling of pavement condition which is a focus of this particular
publication. However it should be stated that in advanced systems emphasis should
be placed onto asset performance rather than solely on its condition.

Analytical business processes of the road administrator should use deterioration
models to plan future activities on the network and to optimize their timing in order to
deliver appropriate level of services and thus fulfill the overarching goals and objec-
tives. But in order for the models to be effective element of the decision process, the
models should accurately capture the deterioration and decline of asset condition.
To improve the understanding of how and why asset condition worsens over time,
special expert-based and data-based techniques can be used such as Fault Tree Anal-
ysis (FTA) supported by Analytical Hierarchy Process (AHP) (Schlotjes 2013). As
shown in Fig. 2 it is also necessary to periodically monitor the actual deterioration
of assets and compare this information with forecasted trends in order to enhance
predictive capabilities of the models (AASHTO 2013).

There are various options of deterioration models in terms of their form, scope,
type, dependent and independent variables. These options depend on many factor
including among othersmodel application, complexity of decision process, optimiza-
tion engine, available data and information, as well as approach to risk management
and reliability.

When choosing a pavement deterioration model, the following factors should be
assessed (Chang 2017; Zofka 2019):
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– the expected function and effect of the model in the decision-making process,
– availability and quality of current and historical data for dependent and indepen-

dent variables,
– current and required data acquisition process (frequency and scope) to support

decision-making process,
– form of mathematical notation and computational tools,
– capacity to meet the assumptions and boundary conditions,
– required precision and accuracy: it should be sufficient for the result to meet the

expected effect of the model in the decision-making process,
– compatibility of selected models between assets and sharing of input data; differ-

ent forecasting models for different assets due to, among others, different pace,
scale andmechanismofdegradation, other expected effects in thedecision-making
process.

While many forecasting models can be found in the literature related to road
assets, they can be broadly grouped based on the following two criteria (Zofka 2018,
2019):

1) mechanism of damage development, i.e. mechanistic and empirical models,
2) type of dependent variable, i.e. deterministic (analytical) and stochastic (proba-

bilistic).

All fourmodel combinations, i.e. mechanistic and empirical combinedwith deter-
ministic and stochastic, have been used to forecast the conditions of pavement or
bridge assets. When choosing models, the aforementioned factors should be taken
into account, as there is no universal model that would be suitable for situations.
Proactive strategies such as mentioned earlier RCM use specific empirical models
known as P-F that are further discussed in the following sections.

3 P-F Curves in RCM

Forecasting models according to the reliability centered maintenance (RCM) theory
are called P-F curves (Moubray 1997). In the RAM literature it is not commonly
emphasized that degradation and forecasting models have been introduced in other
industries long before they were adopted to describe pavement condition. The classic
P-F curve along with the basic concepts is shown in Fig. 4. P-F curve comprise two
characteristics points. Point P (potential failure) indicates the point at which damage
is detectable by the condition assessment technologies engaged by the road adminis-
trator. From this point, the probability of losing functionality increases significantly,
until it reaches 100% at point F. So the point F (failure point) stands for complete
loss of asset functionality, which does not necessary translate to a complete physical
damage. Therefore location of point F strongly depends on definition of function-
ality and associated service attributes. Other interesting observation is that point P
is directly related to the level of damage detection and their causes (LOD). Below
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Fig. 4 Concept of P-F curve
in RCM strategy (Moubray
1997)

point P, the LOD level is higher than the damage initiation threshold. Further, point
P indicates a smooth transition between proactive and reactive actions as discussed
earlier. So in fact it is desirable to pursue methods and techniques in order to move
point P into the left making the P-F interval as large as possible. Such situation would
lead to more reliable and predictable asset performance while leaving more options
for proactive actions.

In a proactive strategy, asset condition assessment should be used to verify and
validate assumptions, models and actions performed in the past. Current diagnostics
technologies are not yet at the stage of proactive management of damage detection
and their causes. For truly proactive use of diagnostics, there is a need for advanced
methods of interpretationof relevant high-quality data and/or newdiagnosticmethods
with lowLOD,whichwill allowearlier detection of damage initiation. In otherwords,
it is desirable to seek such condition assessment methods that feature LOD lower
than the threshold of damage initiation or perhaps even lower than the threshold for
the initiation of damage causes. Given the current progress of ICT technologies and
machine learning algorithms, it seems that such condition assessment methods will
be available in the near future.

4 P-F Curves in Pavement Maintenance Management

P-F curves does not change essentially the RAM processes however they allow to
knowingly consider the potential failure and loss of functionality defined by P and F
points, correspondingly. Furthermore, P-F concept allows simultaneously to model
the performance and to assess the uncertainty of service delivery that is critical for
the risk management.

P-F curves can be defined in time space or performance space i.e. independent
variable which represents pavement performance (proxy of a certain level of service)
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Fig. 5 Total costs as a
function of service quality
(AASHTO 2013)

versus time or accumulated loading (e.g. standard axles). In such a form, P-F curves
(similarly to other forecasting models) are important part of optimized decision
making (ODM) process. While they can be used to describe various independent
variables they can be also utilized to determine derivative indicators such as benefit
area of alternative maintenance strategies. Other example of application of P-F curve
is demonstrated in Fig. 5. Here performance predictions are coupled with appropriate
costmodels to assess the effect of thresholdquality level for themaintenance activities
on the total cost that comprises user and agency contributions. Thus the optimal
threshold for the service quality can be determined while minimizing the total costs.

5 Summary and Conclusions

P-F curves as well as other concepts from RCM strategy should be a part of modern
RAM. RCM framework is already formulated and available in the relevant literature.
These concepts are slowly adopted by few road administrators but the implementation
rate should be accelerated especially on relatively new road networks. The sooner
the RAM-RCM is implemented the greater the benefits are realized in the life-cycle
horizon of road assets. This is shown in Fig. 6 that emphasizes the importance of
timing for introducing systematic management of road network (especially concepts
from the RCM strategy) and its relation to total agency costs.

P-F curves are advantageous tool in any proactive-typemaintenancemanagement.
They allow to accurately consider life cycle options and asses the risk exposure.
Therefore P-F curves should be used to schedule appropriate activities at the optimal
time in order to provide desirable level of service through adequate performance and
physical condition.
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Fig. 6 Options for cost
savings within asset
life-cycle (AASHTO 2013)
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Combined Life Cycle Cost Analysis
and Life Cycle Assessment of Road
Pavements

Egemen Okte and Imad L. Al-Qadi

Abstract Life cycle assessment (LCA) and life cycle cost analysis (LCCA) are the
main pillars of pavement sustainability. LCA addresses environmental impacts of a
pavement structure, and LCCA addresses life cycle costs. While both techniques go
hand in hand with transportation agencies’ decision making, they are usually used
separately because there are no tools or methodologies that consider both under the
same framework. This study introduces a LCCA add-on to a LCA tool developed
by the Illinois Center for Transportation (ICT). The tool analyzes all pavement life
stages, namely, construction and materials, maintenance, use and end of life. With
the new add-on, the tool can calculate agency costs and user costs associated with
both work zone and normal operating conditions as well as global warming potential
and energy consumption. The developed tool makes the pay item framework easier
to use for agencies and contractors. At the end, a case study is presented to illustrate
the tool’s capabilities.

Keywords LCA · LCCA · Tool · Pavement sustainability

1 Introduction

For any infrastructure that lasts for many decades, sustainability is a major concern
both economically and environmentally. Pavements are no exception when it comes
to long-lasting infrastructure.Within the scope of pavement engineering, sustainabil-
ity implies the ability to achieve the engineering goals for which it was constructed,
preserve and restore surrounding ecosystems, use resources economically and meet
basic human needs such as health and safety (Van Dam et al. 2015). To achieve sus-
tainability, life cycle impacts are a main concern for pavement engineers. Life cycle
impacts are generally categorized as social, environmental and economic.Measuring
the economic and environmental aspects of these impacts can be achieved by life
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cycle cost analysis (LCCA) and life cycle assessment (LCA), respectively. Materi-
als production, pavement design and construction, pavement rehabilitation, preser-
vation, maintenance, use, and end-of-life stages must be included for a complete
analysis of sustainability (Harvey et al. 2010). Because these stages require separate
analysis methods and strategies, tools were developed to help users assess the sus-
tainability of their investment. Several LCA tools were developed for roadways (e.g.,
Al-Qadi et al. 2015; Huang et al. 2009; Athena SustainableMaterials Institute 2015),
and several comprehensive LCCA tools were also developed (e.g., RealCost, 2004,
Cal-B/C, 200 and APA LCCA, 2011). PTLaser and TCAce are examples of tools
that conduct both LCA and LCCA outside of the pavement-engineering community
(Norris 2001). However, to the best of the authors’ knowledge, there are no tools that
conduct both LCA and LCCA (agency and user costs) for pavement structures. This
study introduces an LCCA add-on to a previously developed LCA tool by the Illinois
Center for Transportation (ICT) (Al-Qadi et al. 2015). The developed LCA/LCCA
toolkit uses a pay item framework to analyze all stages of material production and
pavement life.

2 Pay Item Framework

Before the addition of the LCCA add-on, the tool was used as a stand-alone LCA
(Al-Qadi et al. 2015). The tool takes advantage of the pay item framework to make
it easier to use by agencies and contractors, because contracts are usually bid on
a pay item basis. Figure 1 shows an example scheme of the pay item framework.
Each pay item has general characteristics such as cost, unit and name. For each pay
item, there can be associated materials, equipment and mix designs. Within those
subsections, there are unit processes attached that capture the lifetime impacts of

Fig. 1 Pay item framework example for an asphalt mix
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that specific pay item from its production to pavement construction. Each pay item
is broken down to smaller sections, and the analysis can be conducted by summing
up all unit processes.

Each unit process within the pay item contributes to the overall cost and impact
within the project life. An extensive database of pay items is built in the tool so that
the users can select the pay items based on their project needs.

3 Tool Components

The tool is built to capture any pavement project from start to the end of analysis
period. Therefore, the stages included in the tool are materials, construction, main-
tenance and rehabilitation, use, and end of life. Figure 2a provides an overview of
the tool homepage. The main inputs include traffic information, number of lanes and
year of construction. The materials and construction page lists all pay items used in
the project as well as work-zone information. Figure 2b demonstrates a similar inter-
face used for maintenance and rehabilitation. In the maintenance and rehabilitation
interface, the user can see all activities related to the project from the start year to
end year and all associated pay items. The user can also add work-zone activities
to consider the impacts of work-zone closure and delays for both LCA and LCCA.
In the interface for the use stage, the user can select and modify the International
Roughness Index (IRI) and texture progression model parameters and see the plots
of the progression as given in Fig. 2c. Finally, in the end-of-life stage, the user can
allocate the landfill and recycling percentages of pay items or use presets.

4 LCCA Add-On

4.1 Net Present Value Approach

There are two common approaches in LCCA to compare money spent over time.
One approach is equivalent annual cost (EAC), which converts cash flow to annual
expenditures. The method used in this study is net present worth (NPV), which
converts cash flow to a lump sum spent on the initial year of the project. Equation (1)
gives the calculation for NPV.

N PV =
N∑

t=0

Rt0

(1 + i)t
(1)

where N is the analysis period, i is the real discount rate, and Rt0 is the money spent
on year t in year 0 dollars. Therefore, to compute NPV, the cost of the pay items used
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Fig. 2 The tool main page (a), maintenance and rehabilitation interface (b), and use stage interface
(c)
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in the project must be converted to the year 0. This can be done by discounting, as
presented in Eq. 2.

R0 = Rp
CP I p
C P I 0

(2)

where R0 is the cost of the pay item at year 0 dollars (ex: 2015 dollars if construction
year is 2015), Rp is the cost of the pay item reported at year p in year p dollars,
CP I p is the consumer price index at year p and CP I 0 is the consumer price index
at construction year.

When comparing two or more projects, it is important to ensure that they have
the same analysis period N. In real-world cases, it is possible for various projects
to have different analysis periods. While this does not affect the calculation of user
costs, agency costs must be reduced if a project’s estimated lifetime exceeds the
analysis period N. This can be done by the serviceable life approach and is discussed
separately in agency- and user-cost computations.

4.2 Agency Costs

One of the advantages of working with pay items is that all pay items have associated
costs and quantities. Therefore, if the reported year of the pay item is known, then
the cost of a pay item at the construction year can be calculated using discounting
and multiplying the unit cost by the quantity. Then, the agency cost at any year is
simply the summation of all the unit costs of pay items used in that year multiplied by
their respective quantities. If yearly routine maintenance is ignored, then agency cost
is 0 or negligible compared to the years in which there is a scheduled maintenance
activity such asmill and overlay. Finally, if the expected life of amaintenance activity
exceeds the analysis period, then the cost of that maintenance activity can be reduced
by the ratio of remaining analysis period to expected service life (Walls and Smith
1998).

4.3 User Costs

The user costs in LCCA can be divided into work-zone delay costs and vehicle oper-
ating costs. Work-zone delay costs are the costs arising from the expected delay of
the users in work-zone conditions during maintenance or rehabilitation. Equation (3)
gives the delay costs for a class A vehicle.

Delay CostA = Delay T imeA ∗ WageA ∗ %ATra f f ic ∗ fo ∗ fb (3)
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where WageA is the hourly wage of a driver in a given vehicle type, %ATraffic is the
percentage of class A vehicles in traffic, fo is the average number of individuals in
class A vehicles and fb is the business travel factor. If a vehicle’s purpose of travel is
personal and not business related, then their wages are reduced based on the type of
road they travel on.

The Delay T ime is computed by a two-phase traffic model reflecting normal and
construction conditions. The details of the model are skipped for this study, but they
can be found in Okte et al. (2019).

Operating condition costs are fuel consumption, tire wear and tear and repair-
maintenance costs. These costs are all a function of pavement roughness and texture.
However, pavement roughness contributes tomore than 95%. Fuel consumption costs
due to IRI are calculated using a Roughness - Speed impact model (RSI) developed
by using EPA’s motor vehicle emission simulator MOVES vehicle model emissions
software and is given in Eq. 4 (Ziyadi et al. 2018).

RSIEnergyt=0 :OE(v, IRI) = p

v
+ (ka. IRI + da) + b × v + (kc. IRI + dc) × v2 (4)

where E is the energy consumed per vehicle miles travelled (VMT) in mega joules
(MJ), v is the speed of the vehicle inmph and the rest aremodel coefficients depending
on the vehicle class. Once the energy is computed, it is converted to gallons of either
gasoline or diesel and multiplied by the unit price. The tire wear-tear and repair
costs are adopted from NCHRP 720 for different vehicle classes (Chatti and Zaabar
2012). Overall, they contribute to less than 4% of the operating condition costs on
highways, because they are less sensitive to pavement roughness, and the cost of fuel
consumption per mile is higher than any other cost. The details of the calculation
steps can be found in Okte et al. (2019).

Finally, it is unreasonable to assume that any agency is responsible for 100% of
user costs. There is always a base cost of travel from point A to point B, even under
perfect conditions. Therefore, user costs due to roughness are only considered if the
IRI is above 40 in/mi. The cost at 40 in/mi is subtracted from the overall user cost
because 40 in/mi is considered as a base level in this study.

5 Outputs of the Tool

Once the user enters all necessary information about the contract, traffic and main-
tenance of the road segment, the tool calculates the life cycle impacts and life cycle
costs of the project. For illustration purposes, a 12.7-mi section of Illinois Tollway
in Chicago is used with a 60-year analysis period. Average daily traffic is 70,000
vehicles with four lanes in each direction. A 3-in mill and overlay are assumed to
be performed every 15 years. The discount rate is assumed to be 3%. Details of this
section and its cost analysis can be found in Okte et al. 2019.
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Fig. 3 Summary of LCA results (a), graphical LCA results (b) additional LCA results (c)
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Fig. 4 Summary of LCCA results (a), graphical LCA results (b) additional LCA results (c)
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5.1 LCA Outputs

The tool displays absolute and scaled results for LCA. The functional unit used
for scaling is million vehicle miles travelled over the analysis period. Figure 3a
presents the LCA analysis result page. All results are also displayed graphically
in percentages (Fig. 3b). As expected with many LCA studies conducted on high-
volume sections, the use stage is responsible for most of the global warming potential
(GWP). Additionally, the tool is able to calculate information such as recycled and
non-recycled content, renewable and non-renewable resources and transportation
intensity (Fig. 3c).

5.2 LCCA Outputs

The results of LCCA are divided into agency costs and user costs. In the agency cost
section, the user can see the cost of each stage (Fig. 4a). Additionally, percentages
are displayed graphically. The user can also see the contribution of pay items to
the total cost (Fig. 4b). In the user cost section, the user can see the difference
between agency and user costs as well as the different types of user costs such as
vehicle delay, operation, crash and emissions. Finally, Fig. 4c provides a view of
vehicle-operating costs on a yearly basis. Vehicle-operating costs usually follow the
roughness progression of the section because roughness is the main parameter that
affects cost.

6 Summary and Conclusions

To perform pavement sustainability assessment, there is a need for tools that can
conduct both LCA and LCCA. There are no tools in the literature that can both
conduct LCA and LCCA with LCCA including both agency and user costs. This
study presents a tool that can conduct both LCA and LCCA.With the use of this tool,
users can generate any pavement section, decide on the maintenance schedule and
compute the lifetime impacts and costs of their project. The tool covers all pavement
stages. Material production and construction, maintenance and rehabilitation, use
and end of life.

The developed tool also uses a pay item framework for easier use by contractors
and agencies.

The tool has been used in multiple studies to assess the life cycle impacts and
costs of roadway projects. Following its initial development, the tool was used to
calculate the life cycle impacts of many scenarios for the Illinois Tollway (Al-Qadi
et al. 2015). After the addition of the LCCA add-on, it was also used to calculate
the life cycle costs of additional Illinois Tollway sections (Okte et al. 2019). Reader
is advised to further read those studies regarding the performance of the developed
tool.
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Decision Support for New Holistic Uri
Road Asset Management Process

Frank Schiffmann, Rade Hajdin, and Alfredo Serioli

Abstract Bymaintaining Uri road infrastructure, the cantonal road agency is ensur-
ing safety, reliability and driving comfort on the roads for passengers and freight
transport and thus, contributes to economic and social added value. The canton Uri
has one of the first road agencies with an infrastructure division responsible for all
road infrastructure objects. This includes inventory, condition inspections, mainte-
nance planning and necessary data management. Uri maintenance and rehabilitation
processes for pavements are embedded in a holistic road asset management process
supported by an essential IT infrastructure.

One of the key applications is a flexible decision support tool “infFarosUri”which
was customized and developed together with the infrastructure division of canton Uri
to meet their needs. infFaros can handle road sections and bridge together allowing
synergy effects and corridor planning. It supports various methodologies includ-
ing probabilistic and deterministic deterioration, cost/benefit and cost/effectiveness
decision-making aswell as consideration of four-yearmaintenance and rehabilitation
plan and evaluation of its impact. By linking short- and long-term maintenance and
rehabilitation planning using existing cantonal transportation data complex questions
can be answered and decision making can be efficiently supported by scenario com-
parisons. infFaros is a modern web-based application. The paper presents both the
technical background of the software and use of it to support four-year maintenance
and rehabilitation planning within new Uri road asset management process.

Keywords Road infrastructure · Asset management · Asset management system ·
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1 Introduction

The Swiss road network connects regions, cities and agglomerations and raise the
growth potential of Swiss economy as well as private, public and social benefit. In
addition to national roads, the cantonal roads in particular, are of great importance for
the regional economy and cultural development. Swiss road authorities by maintain-
ing and preserving their road infrastructure are expected to provide a safe, efficient
and reliable road network for passengers and freight transport. This is a challenging
task in time of increasing mobility demand, already existing maintenance backlog
and decreasing financial resources. The classical silo-based approaches fall short on
this complex duty. Road infrastructure asset management as a holistic framework is
helping to establish a management process for road authorities to manage their road
infrastructure (PIARC 2012). Within these framework processes should be adopted
that enable agency to answer the following five key question (EPA/FHWA 2009):

• What is the current state of our assets?
• What is the required level of service?
• Which assets are critical to sustained performance?
• What are the best investments options available?
• What is the best funding strategy from a long-term point of view?

The infrastructure division of the canton of Uri is about to implement road infras-
tructure assetmanagement process in their decisionmaking.This process is supported
by a modular designed road infrastructure asset management system which helps to
collect, store, manage and analyze all kinds of necessary road infrastructure data (see
Fig. 1).

One of the key module applications within Uri road infrastructure asset manage-
ment system is infFaros Uri. The name infFaros—meaning “inf” for infrastructure
and “faros” is Greek for lighthouse—stands for an integral asset management anal-
ysis tool. It is a modern web-based application with an integrated GIS browser. User
can analyze and present any available road infrastructure data from other sources,
simulate various decision scenarios and evaluate on screen or use different reports
to support decision-making process within Uri road authority.

infFaros makes use of recent research in the field of road information systems to
handle data flow from available databases (Bernard et al. 2015) and data historization
(Rosenthaler et al. 2015). Since the input data is fundamental for realistic simulation,
systematic data management of source data is one of the important tasks for Uri
infrastructure division. infFaros gets data by the use of automated interfaces from
available data source for analysis and presents these together with simulation results
within the browser. To avoid redundancy and inconsistency infFaros will not alter
source data.
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Fig. 1 Modular Uri road infrastructure asset management system

2 Uri Road Infrastructure Input Data

2.1 Inventory and Condition

Uri’s cantonal road network includes approximately 2865 engineering structures and
154 roadway kilometers of cantonal roads (see Fig. 2). This network connects all
municipalities of that mountainous canton with an area of 1077 km2 and 36000
inhabitants. Different standards for traffic and maintenance needs lead to 4 road
classes with specified level of service. The big challenge in managing this small
road network is the topographical diversity with an altitude range from 435 m up to
2436 m above sea level. Seasonal road closures and consideration of natural hazards
and their risk assessment is part of the management process but is not described
within that paper.

Survey and inspection procedures for road pavement sections and bridges of
Uri infrastructure division strongly comply with relevant Swiss standard regulation.
Inspections are performed on basis of a yearly defined inspection program for about
20% of infrastructure objects. This definition leads to a five-year frequency for roads
pavement sections and structures.

While engineering structures on that routine monitor basis are visually inspected
and rated in condition states within CS1 (best) and CS5 (worst) using mobile devices
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Fig. 2 Presenting data within infFaros Uri

and application Inspecto according to (SIA 469 1997). Road pavement sections are
standardized assessed by surface condition (VSS 40 925 2019). The recorded data
is normalized according to COST 354 (2008) to a scale from 0 (good) to 5 (poor).
This includes the following road surface characteristics (see Fig. 1):

• Pavement distresses via visual inspection (VIAS conform to VSS 40 925)
• Longitudinal evenness by measurement (Goniograph conform to VSS 40 517)
• Transverse evenness by measurement (4m-board conform to VSS 40 518)
• Skid resistance by measurement (SRT-Pendulum conform to VSS 40 512)
• Bearing capacity by measurement (Benkelman-beam conform to VSS 640 330)

Additionally, data of core testing, sounding shafts of road superstructure and plate
load test of unbounded layers is collected networkwide where it appears to be neces-
sary. This inspection procedure is successfully and fully applied since 2008 and data
is available for planning and analysis. By collecting condition data of road infrastruc-
ture objects, the decisionmakers are getting a recent snapshot of object characteristics
(see Fig. 3). Generally, road infrastructure objects deteriorate over time, whichmeans
especially condition data refer to a single time instance. So temporal aspects need to
be considered in managing all road infrastructure data.

The current focus in Uri for specific deterioration analysis is on pavement dis-
tresses and their development over time because of decision process to localize rele-
vant objects for interventions. The deterioration analyses result in a model to report
on present road condition data. This is necessary because of the yearly inspection
procedure for only one part of the network. Data of objects which are not inspected in
the current year refer to past years and need to be updated using a deteriorationmodel.
This calibration is done for all network-wide condition data, to identify network hot
spots for maintenance needs.
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Fig. 3 Road network condition of canton of Uri (I1 and I5 for pavement/structures)

2.2 Applied Interventions

Besides condition calibration from last known inspection recently applied mainte-
nance interventions are considered. After end of project, approval date, intervention
type and scope as well as costs and duration must be recorded as part of the data
collection process. On one hand, this data allows for a more precise determination of
current network condition state. On the other hand, an analysis of this data collection
enables the calibration of the cost model, relevant trigger values for maintenance
interventions and effects of certain intervention types on deterioration.

3 Uri Decision Model

3.1 Deterioration Model

Infrastructure is deteriorating over time due to physical or chemical processes as
a result of different impacts from e.g. heavy traffic load, winter maintenance or
climatic conditions. This deterioration can be simulated by deterministic or proba-
bilistic models. The deterioration of pavement is mainly modeled deterministically
(e.g. Maerschalk et al. 2013) whereas for bridges the Markov Chain probabilistic
model is common (e.g. Roelfstra et al. 2004) (see Fig. 4).

Currently in Uri, the dimensionless I1 data serve as parameters for the pavement
surface condition. To consider not only surface but also condition of pavement struc-
ture, the state of the bearing capacity is currently used in decision making on the
basis of the index I5. Further existing condition data in combination with further
technical parameter, e.g. freight traffic volume and material specifications, are still
being analyzed for ongoing deterioration model refinement.
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A: Pavement (deterministic) B: Structures (probabilistic)

Fig. 4 Uri deterioration models: a piecewise linear function/B Markov chain

3.2 Intervention Types and Maintenance and Rehabilitation
Strategy

In order to fulfill maintenance needs, interventions need to be applied on assets or
infrastructure objects. The questions are: Where is a need for maintenance interven-
tion? When should this be applied? What type of intervention would be the optimal
one? For that reason, (1) the impact an intervention on condition must be speci-
fied and (2) a maintenance strategy needs to be determined. A maintenance strategy
defines in which condition state a specific intervention type will be triggered.

For assets with deterministic modeled deterioration the following parameters
specify the intervention type:

• a reset value representing short-term impact for each different deteriorating
condition parameter,

• an application range for that intervention type.

Impact of intervention types and strategy for probabilistic modelling are specified
by efficiency matrices for a specific object type. This matrix contains:

• a condition distribution after applying an intervention type and
• applicable intervention types for each condition state

3.3 Decision Making

With the definition of these fundamentals—such as:

• knowledge of asset inventory and actual condition state,
• modelling the deterioration of assets,
• setting of intervention types as well as
• the cost modelling –

It is now possible to schedule interventions on assets over a given time frame. Differ-
ent decision options in terms of intervention plans (e.g. 20 years) for each asset in the
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road network will be evaluated under defined yearly budget restrictions. The decision
modell within infFaros Uri is based on cost-benefit-analysis (e.g. Adey et al. 2010).
If wanted a cost-efficiency-analysis would also be possible which is quite commonly
used for pavement (e.g. Maerschalk et al. 2013). In both cases a reference case needs
to be defined in order to calculate benefit of an intervention plans. Benefit of an inter-
vention plan is always a relative benefit to a defined reference plan. Whereas the cost
benefit analysis postulates a monetized benefit function, cost efficiency analysis is
based on a non-monetized benefit definition, e.g. area under curve. A detailed expla-
nation on that provides (Adey et al. 2010). The decision model is prioritizing with
incremental benefit cost ratio IBCR algorithm. With this widely used optimization
algorithm infFaros finds the intervention plan by maximizing net benefit for each
asset under budget restriction (e.g. Rafi et al. 2005).

In addition to that, depending on agency data set, their requirements and needs,
the decision model can use manual defined prioritization. Currently besides IBCR,
the single asset condition state is part of the prioritization rules. All pavement assets
with condition I1 ≥ 4.5 are prioritized for maintenance and rehabilitation.

4 Uri Strategy Definition

One of the main first tasks to develop the holistic Uri road asset management process
was to define a new strategy “Strategie Strasse 2019” for the road agency. The strategy
is mainly based on the following core elements:

• Road classification
• Budget definition and related road condition
• Four-year maintenance and rehabilitation plan

The strategy aims to spend the scarce financial resources for road infrastructure
efficiently to gain a maximum of benefit for Uri population and economy.

4.1 Road Classification

The cantonal roads of Uri are divided into four different road classes (EQS) A to C2
according to the development needs of the municipalities and their population and
economy. The road class is linked to specifications on how a road section is designed,
maintained and operated. This includes specifications for the needed standard for
road profile and structural design, for the existing traffic and for maintenance and
rehabilitation as well as operational needs.
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4.2 Budget Definition and Related Road Condition

In order to maintain the existing cantonal road network efficiently, long-term main-
tenance planning is necessary. Otherwise, cantonal roads will deteriorate rapidly and
the need for rehabilitation will exceed the canton’s financial resources. The possi-
ble annual intervention in Uri road network are also limited to avoid obstruction of
traffic. The financial needs within a defined period depend on road condition at the
beginning, the deterioration and tolerated condition at the end of a defined period.
The question rises: what condition state is acceptable and affordable under given lack
of financial resources with regard to a 20 year time period. For pavement the focus
should be on the percentage of road sections in poor condition state as a critical risk
parameter regarding traffic safety and a representation of maintenance backlog. The
decision process of Uri road authority leads to a budget decision the 20 year time
period. infFaros Uri did support the decision makers with consequence simulation
for different scenarios (see Fig. 5).

Fig. 5 Comparison of different Uri budget scenarios for a 20 year time period
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Table 1 Additional financial
expenditure due to four-year
maintenance and
rehabilitation plan (11.5 mio
CHF scenario) compared to
defined rehabilitation strategy

Total additional
costs

Early intervention Late intervention

17 Mio 13 years (average) −2 years (average)

4.3 Four-Year Maintenance and Rehabilitation Plan

Four-year maintenance and rehabilitation plan includes new road construction, inter-
vention for road extension and rehabilitation. The financial needs for these interven-
tions are mainly beyond rehabilitation. In some cases, intervention on road sections
are not yet necessary in terms of pure rehabilitation, but for reasons to keep traffic
flowing or increase of safety level it is of high priority. The already existing lack of
financial resources will increase for the necessary rehabilitation. This must be con-
sidered when defining the annual overall budget. Table 1 shows the consequences by
comparing the 11.5 mio CHF scenario with the defined rehabilitation strategy and
resulting rehabilitation costs.

Early interventions are applied in average 13 years before triggered by rehabil-
itation strategy (this counts for about 10% of the interventions). Late interventions
are in average late by 2 years compared to rehabilitation strategy (this counts for
about 70% of the interventions). Due to the four-year maintenance and rehabilita-
tion plan in total 17 mio CHF will be spent more compared to normal rehabilitation
interventions.

5 Conclusion and Outlook

During the strategy development infFaros Uri already could create benefit by numer-
ous scenario simulations. The results did show consequences in terms of condition,
intervention plan and resulting costs. These were the basis for the communication
and decision process within the cantonal authority of Uri. It could be stated what
are the financial needs under different defined LOS. Compared to real decided bud-
get in the past with 8.6 mio CHF, new budget will be 11.5 mio CHF to avoid the
worst deterioration. Still, the budget is not enough to hold current condition state and
discussion is open if predicted LOS is preferred by the public in future.

infFaros Uri will help to keep track on that issue by different reporting functions
which will be customized next. This includes a yearly network status report followed
by proof of strategy report.

Further data analysis of available sources of road infrastructure should lead to
an enhancement of existing decision model by precising the deterioration model for
certain road classes. The next steps for infFaros developmentwill be the integration of
work zone optimization and risk assessment to be able to consider full risk allocation
from “inside” (e.g. road agencies, user, society) and “outside” (e.g. natural hazards).
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Life Cycle CO2 Analysis of Low Rolling
Resistance Asphalt Pavements

A. Kawakami, M. Yabu, and H. Nitta

Abstract Reducing rolling resistance of pavement surfaces contributes to improved
fuel efficiency for automobiles and reduced CO2 emissions in exhaust gases. The
authors have developed actual low-rolling-resistance asphalt pavements and shown
that such pavements can reduce CO2 emissions from automobiles by 1.3–6.6%
through a driving test. In contrast, in order to evaluate the CO2 emissions of pavement
technologies, which will contribute to the realizing of a sustainable society in the
future, it is important to conduct the life cycle assessment of these pavement technolo-
gies, including CO2 emissions, due to the production and transportation of pavement
materials, pavement construction work, and the recycling as well as the reconstruc-
tion of pavements. Thus, for the purpose of clarifying the environmental improve-
ment effect of low-rolling-resistance asphalt pavements, this research paper reports
on the life cycle CO2 emissions assessment conducted for studying not only CO2

emissions due to the production and transportation of pavement materials, pavement
construction work, reconstruction but also reductions in CO2 emissions through the
improvement in fuel efficiency of automobiles by the low-rolling-resistance asphalt
pavements. As a result of the life cycle CO2 emissions assessment, it is clarified
that the low-rolling-resistance asphalt pavements can reduce CO2 emissions by 70%
compared to conventional pavement (porous asphalt pavement).

Keywords Life cycle assessment · Carbon dioxide · Rolling resistance · Asphalt
pavement
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1 Introduction

In Japan, the gross emissions of greenhouse gaseswas 1,292million tons (CO2 equiv-
alent) in 2017. Although the gross emissions have been on a decreasing trend since
2013, the value in 2017 was 1.3% larger than that in 1990. In the gross emissions in
2017, the gross CO2 emissions was 1,190 million tons, in which the industrial and
transportation sectors accounted for 34.7 and 17.9% respectively. Thus, the pave-
ment sector has also been requested to contribute to reducing CO2 emissions when
pavements are constructed, maintained and put in service. In Japan, the types of pave-
ment technologies expected to contribute to reducing CO2 emissions include: those
for lowering the temperature to produce hot asphalt mixtures, producing asphalt at
cold temperature, recycling pavement materials and extending lives of pavements
(Japan Road Association 2009). Thus, the authors have conducted life cycle assess-
ments focusing on the technologies for recycling pavement materials in plants and
in situ (Kawakami et al. 2010), concrete pavements with extended lives (Kawakami
et al. 2011a), and producing asphalt at warm temperatures (Kawakami et al. 2011b).

Recently, reducing the rolling resistance of pavements has attracted attention as a
new CO2 reduction measures in the pavement sector. The rolling resistance of pave-
ments can be reduced by improving the texture and roughness of pavement surfaces.
Reducing rolling resistance also contributes to improving the fuel efficiency of auto-
mobiles and thereby reducing CO2 emissions in exhaust gases. Actually, the authors
have developed low-rolling-resistance asphalt pavements (hereinafter referred to as
the “LRRAPs”) and clarified that the LRRAPs can reduce CO2 emissions of auto-
mobiles by 1.3–6.6% through the driving test (Kawakami et al. 2016). The pavement
technology for reducing rolling resistance is expected to be used as measures to
save energy and reduce greenhouse effect gas emissions and thereby contributing
to achieving the sustainable development goals (SDGS) promoted by the United
Nation.

For evaluating the CO2 emissions of pavement technologies that will contribute
to realizing a sustainable society in the future, it is important to conduct a life cycle
assessment of these pavement technologies, including CO2 emissions due to the
production and transportation of pavement materials, pavement construction work,
and the recycling as well as reconstruction of pavements. Thus, for the purpose
of clarifying the environmental improvement effect of the LRRAPs, this research
paper reports on the life cycle CO2 emissions assessment conducted for studying not
only CO2 emissions due to the production and transportation of pavement materials,
pavement constructionwork, reconstruction but also the reductions in CO2 emissions
through the improvement in fuel efficiency of automobiles with the LRRAPs.
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2 Assessment Method

2.1 Life Cycle CO2 Emissions Calculation Method

Research into the life cycle assessment (LCA) of asphalt pavements has been con-
ductedworldwide by, for example, Santero et al. (2010), Ramet al. (2011) andHarvey
et al. (2020). Also, many LCA tools have been developed for modeling LCA such as
PaLATE, Athena Pavement LCA and VTTI/UC. However, the LCA requires calcu-
lations of the amounts of resources and energy to be consumed and environmental
loads to be discharged. Because these amounts vary depending on each countries or
regions economic conditions and level of environmental efforts, it is important to use
environmental load intensities suitable for the respective countries.

Regarding research into the LCA of pavements in Japan, the authors have con-
ducted the LCA of pavements using the intensities for energy consumption and dis-
charge amounts of environmental loads (Kawakami et al. 2010). In this research, the
LCA of pavements are conducted in a manner that focuses on consumption energy,
CO2, SOX, NOX, and SPM as environmental load items and uses the LIME (life-
cycle impact assessment method based on endpoint modeling) coefficients which
integrate these environment load items in terms of costs (Itsubo and Inaba 2005).
These LIME coefficients have also been set taking into consideration the situations
in Japan. Recently, along with the enhancement of global warming countermeasures,
the LCA of pavements has been conducted for pavements with extended working
lives and the technologies for producing asphalt at warm temperatures with environ-
ment load items limited to those related to CO2 emissions. Also, for the purpose of
standardizing the calculation methods for evaluating the life cycle CO2 emissions
in pavements, the Japan Road Association has published the “Calculation Guide-
book for Reducing the Environmental Loads of Pavements” (2015). The Calculation
Guidebook adopts a hybrid method which uses both input-output data and bottom-up
data as the method for calculating life cycle CO2 emissions. This research also used
the hybrid method for evaluating the life cycle CO2 emissions of asphalt pavements
in a manner that quantitatively estimates CO2 emissions in each stage of the life
cycle of asphalt pavements such as the production and transportation of pavement
materials, pavement construction work, recycling (reconstruction).

This research also incorporated theCO2 emissions reduction effect of theLRRAPs
from automobiles in the evaluation of the life cycle CO2 emissions of asphalt pave-
ments. The LCA of roads in consideration of the CO2 emissions from automobiles
was proposed as the expanded life cycle CO2 evaluation (ELC-CO2) (Nakamura et al.
1998). Thus, this research quantitatively estimated the reduction effect of CO2 emit-
ted from automobiles with the LRRAPs applied to general highways by: calculating
the life cycle CO2 emissions due to the production and transportation of materials,
construction, and reconstruction of the LRRAPs; and using actual measurements of
the reduction effect of CO2 emissions from automobiles through the LRRAPs.
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2.2 Estimations of the Life Cycle CO2 Emissions of Asphalt
Pavements

The life cycle CO2 emissions of asphalt pavements were estimated by the calcula-
tion method following the guidebook (Japan Road Association 2015). Also, CO2

emissions were estimated for each life stage of asphalt pavements: the production
and transportation of pavement materials, pavement construction work, recycling
(reconstruction of base course).

The structure of asphalt pavements used for the estimations in this research was
based on N6 in the Japanese pavement design traffic volume classification. N6 cor-
responds to a typical traffic volume on national roads in urban districts in Japan;
i.e., large daily automobile traffic of not less than 1,000 and less than 3,000 in one
lane. The cross-sectional view of the asphalt pavement to estimate CO2 emission
in this study is shown in Fig. 1. The cross-sectional structure of asphalt pavement
comprises: 10 cm of asphalt mixture as surface and binder layers; 8 cm of bituminous
stabilized materials and 20 cm of crushed stone for mechanical stabilization as an
upper base course layer; and 35 cm of crusher-run as a lower base course layer. The
estimations were based on the assumption that asphalt pavements were subjected to
reconstruction of their upper base course, surface and binder layers in the 10th year
after new construction in their life-spans.

Table 1 shows the list of unit CO2 emissions for asphalt pavement materials. For
the LRRAPs, the unit of Type H polymer-modified bitumen is used because the
LRRAPs use it to prevent the deformation of pavement surfaces. The life cycle CO2

emissions of porous asphalt pavement (PA) using the same TypeH polymer-modified
bitumen as the LRRAPs was also estimated for comparison.

In addition, the estimations of the life cycle CO2 emissions were based on the
common distance of 20 km required for transporting general materials such as aggre-
gate and 10-ton dump trucks as the common mode of transportation of the materials
in all cases. The distance for transporting construction machines was also commonly

HMA
Bituminous
stabilization

Mechanically stabilized
 crushed stone

 crushed stone

PA (PMB typeH)LRRAPS (PMB typeH)
HMA (PMB typeII)

HMA
Bituminous
stabilization

Mechanically stabilized
 crushed stone

 crushed stone

Fig. 1 Cross-sectional view of asphalt pavement used for the estimations
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Table 1 Unit CO2 emissions

Material Unit CO2 emissions
(kg-CO2/unit)

Material Unit CO2 emissions
(kg-CO2/unit)

Aggregate t 7.98 PMB type II t 488.82

Sand t 11.54 PMB type H t 670.40

Screenings t 7.98 Electric power kWh 0.46

Filler (Lime) t 5.41 A-type heave oil L 2.91

Bitumen (60/80) t 107.56 Light oil L 4.19

Asphalt emulsion L 5.44

set at 20 km.However, a common distance of 240 kmwas set as an exception for bitu-
men transportation by lorries taking into consideration the decrease in the number
of bitumen refineries in Japan.

2.3 Estimations of CO2 Emissions from Automobiles

The CO2 emissions vary depending on the types of automobiles and their traffic.
This research applied the CO2 emissions factor equations, as shown in Eqs. (1)
and (2) by two types of automobiles used in the road environmental assessment for
the calculation of the CO2 emissions intensities of automobiles for the estimations
(Dohi et al. 2012). The estimations assumed that object roads were located in Ibaraki
Prefecture in the Tokyo metropolitan area with the average travel speed and traffic of
automobiles as well as the average number of lanes on these roads set with reference
to the road traffic census. The types of roads used in the estimations were: an arterial
high-standard highway; a general highway; a principal prefectural road; and a general
prefectural road (as shown in Table 2).

The CO2 emissions from automobiles can be calculated by multiplying the emis-
sions factors by traffic and distances. Then, on the basis of the average traffic lanes,
daily CO2 emissions from automobiles per lane were calculated for these types of
roads.

Table 2 Daily traffic per lane (Ibaraki Prefecture)

Road
classification

Daytime average
speed per 12 h
[km/h]

Average traffic volume per 24 h
(Vehicles/day)

Average lanes
(weighted
average)Light vehicles Heavy vehicles

High-standard
highway

81.3 21,985 8,359 4.63

General highway 37.2 13,797 3,651 2.85

Principal
prefectural road

37.5 7,128 1,124 2.34

Prefectural road 36.8 4,686 636 2.14
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EFL = 1501.20185/V − 2.40935× V + 0.02115× V 2 + 174.47635. (1)

EFH = 908.52069/V − 23.49899× V + 0.18396× V 2 + 1364.81344 (2)

where EFL is the CO2 emissions factor [g-CO2/km/vehicle] for light vehicle and
EFH is for the heavy vehicle. V is the running velocity.

2.4 Actual Measurement of CO2 Emissions Reduction Effect
of LRRAPs

In the estimations of the CO2 emissions reduction effect of the LRRAPs in the life
cycle CO2 emissions analysis, the actual measured data of CO2 emissions from
automobiles obtained through the driving test previously conducted by the authors
(Kawakami et al. 2016) were used.

The actual measurements of CO2 emissions from automobiles were obtained
through the driving test in which four types of pavements having different surface
properties as shown in Table 3 and a travel distance of 300 m each were tested. The
driving test was conducted with the test vehicle driven at constant speeds on test
pavements. In the test, exhaust gas concentrations were measured with the exhaust
gas measurement system as shown in Table 4. The test vehicle runs on gasoline and
has 3,500 cc displacement and a fuel consumption rate of 8.20 km/L in the ten-fifteen
mode. The exhaust gas concentrations were measured when the vehicle was driven
at the speeds of 20, 40, 60 and 80 km/h for respective compositions of CO, CO2,
THC, and NOX with a recording cycle of 10 Hz. In the results of this measurement,

Table 3 Pavement surface properties of test section

Pavement surface PA (13) DG (13) LRRAPs type 1 LRRAPs type 2

Length (m) 300 300 300 300

Max. aggregate size (mm) 13 13 5 5

Evenness σ (mm) 0.87 0.75 0.58 0.55

Mean profile depth (mm) 1.88 0.49 0.74 0.66

Table 4 Devices of measuring emissions and fuel consumptions

Measurement item Measuring device Model

Emissions Vehicle-mounted emission measuring system OBS-2200

Fuel consumption rate Fuel meter FC-9521

Tire temperature Stationary non-contact thermometer CS-30TAC

Test speed GPS speedometer LC-8100

Wind direction and velocity Vane anemometer WMT52
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it was revealed that Type 1 and Type 2 LRRAPs had the CO2 emissions reduction
effects of 1.3–5.3% and 1.8–6.6% with respect to the PA respectively.

Here, the fuel consumption of an automobile changes depending on the gradi-
ent (vertical alignment) and degree of curvature (horizontal alignment) of the roads,
however it was difficult to reflect these factors in predicting the CO2 emission. More-
over, considering that the LRRAPs could not be ruled out of the possibility for the
aging degradation of CO2 emissions reduction effects even though they use polymer
modified bitumen to prevent the deformation of pavement surfaces, the LRRAPs’
effects on the reduction of the CO2 emissions from automobiles were regarded to be
1% and 2% in this life cycle CO2 analysis compared to a maximum of 6% in our
experiments.

3 Research Results

3.1 Estimations of the Life Cycle CO2 Emissions of Asphalt
Pavements

Figure 2 shows the estimated CO2 emissions when the LRRAPs and the PA are newly
constructed. For both types of pavements, it can be said that the majority of the CO2

emissions are generated through the production of materials and the CO2 emissions
through the construction and machine transportation are small. This is because a
large amount of energy needs to be consumed when producing bitumen and heating
asphalt mixtures as calculated in the previous research (Kawakami et al. 2016). In
the comparison of the LRRAPs with the PA, the LRRAPs generate 2.5% larger
CO2 emissions than the PA. This is because the LRRAPs require larger amounts of
bitumen and a longer paving time (double layered surface) than the PA.

Figure 3 shows the estimated life cycle CO2 emissions of the LRRAPs and the PA
for 40 years since their new construction with the reconstruction of the layers above
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Fig. 3 Estimated life cycle CO2 emissions of the LRRAPs and PA

base course in the 10th years. These estimations are based on the cross-sectional
structure as shown in Fig. 1, a road width of 3.5 m and a distance of 1 km.

As a result, the life cycle CO2 emissions of the LRRAPs is 5.6% larger than that
of the PA. This is because the LRRAPs generate slightly larger CO2 emissions than
the PA in the new construction and reconstruction of the layers above base course.

3.2 Estimations of CO2 Emissions from Automobiles

The estimations of the CO2 emissions from automobiles are based on actual traffic
on an high-standard highway; a general highway; a principal prefectural road; and a
general prefectural road in Ibaraki Prefecture. Figure 4 shows the estimation results
together with the life cycle CO2 emissions of the LRRAPs. As shown in Fig. 3, since
the CO2 emissions of LRRAP are almost equivalent results for the PA, the value of
LRRAP was used here.
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As can be seen in the Fig. 4, the CO2 emissions from automobiles are significantly
larger than the life cycle CO2 emissions of asphalt pavements. This is because the
CO2 emissions from automobiles per unit road length are increased with increasing
traffic. Thus, the CO2 emissions reduction through cutting the CO2 emissions from
automobiles even by 1 or 2% considerably exceeds the increase in the CO2 emissions
generated through the new construction of an entire road with the LRRAPs.

3.3 Life Cycle CO2 Emissions of the LRRAPs

The effect of the LRRAPs on the reduction in the CO2 emissions from automobiles
was compared with the life cycle CO2 emissions of the LRRAPs. The comparison
was based on the estimations of the CO2 emissions on a 1-km section of a general
highway with the LRRAP in Ibaraki Prefecture as mentioned above. Figure 5 shows
the comparison result. In the figure, the legend “present condition” means the life
cycle CO2 emissions on a road with PA without the effect of the reduction in the
CO2 emissions from automobiles. Also, “LRRAPs (1.0%)” and “LRRAPs (2.0%)”
mean the life cycle CO2 emissions of the LRRAPs minus the reduction amount of
the CO2 emissions from automobiles by LRRAPs.

With the comparison result in Fig. 5, this research is able to quantitatively show
that, in the case where the LRRAPs’ effect on the reduction of the CO2 emissions
from automobiles is 2%, the LRRAPs have the CO2 emissions reduction effect of
about 70% with respect to the life cycle CO2 emissions of PA. Also, it is estimated
that the LRRAPs can still maintain the CO2 emissions reduction effect of about 30%
with respect to the life cycle CO2 emissions of PA even in the case where the aging
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emissions from automobiles
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degradation of LRRAPs causes their effect on the reduction of the CO2 emissions
from automobiles to be reduced to 1%. Because the LRRAPs showed the maximum
fuel efficiency improvement ratio of 6.6% in the verification test, it is considered
that the LRRAPs have large fuel efficiency improvement effects. Thus, this research
quantitatively proves that theLRRAPswhen applied to general highways canproduce
CO2 emissions reduction effects.

4 Conclusion

(1) Because the CO2 emissions from automobiles are significantly larger than the
life cycle CO2 emissions of asphalt pavements, the CO2 emissions from auto-
mobiles per 1 km increase along with the increases in traffic on arterial high-
standard highways and general highways. Thus, applying the LRRAPs to the
actual roads is considered to produce large CO2 emissions reduction effects.

(2) In the case where the LRRAPs’ effect on reducing CO2 emissions from auto-
mobiles is 2%, the LRRAPs can contribute to about 70% reduction with respect
to the life cycle CO2 emissions of the PA (present condition). Also, even in
the case where the LRRAPs’ effect on the reduction of the CO2 emissions from
automobiles is 1%, the LRRAPs can still contribute to about 30% reductionwith
respect to the life cycle CO2 emissions of the PA. Thus, this research quantita-
tively proves that the LRRAPs when applied to general highways can produce
CO2 emissions reduction effects.

As above, the LRRAPs’ life cycle CO2 emissions reduction effects can be quan-
titatively proven through the expanded life cycle CO2 evaluation (ELC-CO2) with
the CO2 emissions from automobiles incorporated into the life cycle CO2 emissions
of the LRRAPs.
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Accuracy Comparisons Between ASTM
1318-09 and COST-323 (European) WIM
Standards Using LTPP WIM Data

Syed W. Haider and Muhammad Munum Masud

Abstract Weigh-in-Motion (WIM) is a primary technology used formonitoring and
collecting vehicle weights and axle loads on roadways. Highway agencies collect
WIM data for many reasons, including highway planning, pavement and bridge
design, freightmovement studies,motor vehicle enforcement, and regulatory studies.
The process ofweighing vehicles inmotion estimates static truckweight by thewheel
[single or tandemaxles] or gross vehicleweight (GVW) as vehicles drive over sensors
installed in a roadway or under a bridge. Two primary protocols are currently used
across the globe to assess the accuracy of a WIM system, (a) ASTM E1318-09 and
(b) European WIM accuracy protocols. The quality and accuracy of the data largely
depend on the characteristics of the WIM equipment, calibration/validation, site
characteristics, and data reporting. This paper compares the WIM sensor accuracies
in the LTPP data for both protocols. The results show that there are minor differences
in calculated accuracies.

Keywords Weigh-in-Motion (WIM) · Sensors · ASTM type I and COST323

1 Introduction

Weigh-in-Motion (WIM) is a primary technology used for monitoring and collect-
ing vehicle weights and axle loads on roadways (Selezneva and Mcdonnell 2017).
Highway agencies collect WIM data for many reasons that include highway plan-
ning, pavement and bridge design, freight movement studies, motor vehicle enforce-
ment, and regulatory studies. The newmechanistic-empirical pavement design guide
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(Pavement-ME) also requires WIM data for predicting pavement distresses. Inaccu-
rate WIM data may result in significant over- or underestimation of the pavement
performance period and hence, lead to higher costs and premature failure, respec-
tively. Therefore, the data collected at WIM systems must be accurate and consistent
(Papagiannakis and Quinley 2008).

Theprocess ofweighingvehicles inmotion estimates the static truckweight (SAor
TA andGVW) as vehicles drive over sensors installed in a roadway or under a bridge.
It measures the transient dynamic tire forces applied by the tires as a vehicle passes
over the sensors installed in-road or on structural bridge members and estimates the
corresponding static loads of the vehicle when it is at rest (FHWA 2009). Several
WIM technologies exist to measure the applied forces and predict static weight.
Additionally, two protocols are currently used across the globe to assess the accuracy
of a WIM system, (a) ASTM E1318-09 and (b) European WIM accuracy protocols.
The quality and accuracy of the data largely depend on the characteristics of the
WIM equipment, calibration/validation, site characteristics, and data reporting.

Therefore, the primary objectives of the paper are to (a) describe WIM system
accuracy and consistency, (b) review of ASTM and European WIM accuracy pro-
tocols, and (c) evaluate the LTPP WIM data accuracy by using these protocols. The
objectives were accomplished by synthesizing and analyzing theWIM data available
in the LTPP database.

2 Background

The accuracy of the WIM systems is a primary concern for its manufacturers and
users. The users desire different levels of accuracy according to the application of
data usage (Jacob 2000). The primary goal of a WIM station is to accurately mea-
sure the dynamic loads exerted by moving vehicle wheels on the road pavement
and estimate static axles and GVW. The accuracy of weighing results obtained from
WIM systems broadly impacts the legal load enforcement, i.e., the elimination of
overloaded vehicles from the highways. It also facilitates the pavement repair plan-
ning and development of efficient traffic models (Gajda et al. 2013). WIM systems
also provide statistical knowledge of the traffic loads that are used for traffic flow
optimization and the design of road infrastructure (Burnos and Rys 2017).

Establishing a baseline for assessing the impact of multiple factors on WIM data
accuracy would require an understanding of measurement accuracy and consistency
concepts. Figure 1 shows the target analogy to visualize the differences between
accuracy and consistency. Accuracy is the conformity of results to the true value,
i.e., the absence of bias. Bias is a tendency of an estimate to deviate in one direction
from the actual value. The target analogy in Fig. 1 is a practical way of understanding
how accuracy can be quantified by measurement bias. Consistency or precision is
related to the repeatability of a process. The variability of repeat measurements can
characterize precision under carefully controlled conditions. Figure 1 also illustrates
that it is possible to be consistent (or precise, as applied to target shooting) without
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(a) Negative bias for the black dataset and positive 
bias for the red data set, similar precision for 
both data sets

(b) Good (black) and poor (red) precision with no 
bias

bias
bias

Fig. 1 Target analogy for precision and bias

being accurate or accuratewithout being consistent (lowprecision). Ideally,wewould
like a measurement process to be both accurate and consistent.

TheWIM system accuracy is measured in terms of the relative difference between
WIM and static weights. The following equation can express the relativeWIM error:

ε = WIM weight − Static weight

Static weight
× 100 (1)

This relative error is commonly referred to as measurement error for aWIM scale.
Further, this accuracy will vary for different types of WIM sensor technologies. For
a well-calibrated WIM system, typical WIM measurement error follows a normal
distribution with a zero mean (no bias) and a standard deviation (Haider et al. 2011)
as shown in Eq. (2):

ε = X ′ − X

X
∼ N

(
0, σ 2

ε

)
(2)

where

X ′ = load measured on a WIM scale for an axle configuration
X = load measured on a static scale for the same axle configuration
σε = standard deviation (SD) characterizing the accuracy of the WIM scale



158 S. W. Haider and M. M. Masud

3 WIM Performance Requirements

Two specifications are currently being followed for WIM systems calibration and
accuracy. American Society for Testing andMaterials International Standard, ASTM
E1318-09 (ASTM 2009) is mainly adopted in the US and the European Road Spec-
ification COST-323 (Jacob 2000; Jacob and O’Brien 1998) is used in the European
countries.Accuracy criteria for both the protocols are briefly presented in this section.

3.1 ASTM E1318-09 (2017)

This specification describes the WIM system as “the process of measuring the
dynamic tire forces of a moving vehicle and estimating the corresponding tire loads
of the static vehicle. WIM systems installed on the highways can estimate the gross
weight of moving vehicle as well as the portion of this weight (called load in this
standard), that is carried by the tires of each wheel assembly, axle, and axle group on
the vehicle.” Table 1 provides a summary of performance specifications for different
WIM types as per ASTM E1318-09.

3.1.1 Procedure for Static Weight (Reference Values) Measurements

Two test vehicles are used to get the reference values, required to perform calibra-
tion, type-approval test, and for on-site acceptance/verification test. Each vehicle is
weighed for a minimum of three times with brakes released to measure tire loads for
the wheel(s) on each end of every axle on the static vehicle. The arithmetic mean
rounded to the nearest 100 lb for all-wheel load, axle load, tandem-axle load, and

Table 1 Functional performance requirements for WIM systems

Function Tolerance for 95% compliancea

Type I Type II Type III Type IV

Value ≥ lbb ±lb

Wheel load ±25% – ±20% 5000 300

Axle load ±20% ±30% ±15% 12000 500

Axle-group load ±15% ±20% ±10% 25000 1200

Gross-vehicle weight ±10% ±15% ±6% 60000 2500

Speed ±1 mph

Axle-spacing and wheelbase ±0.5 ft

a95% of the respective data items produced by the WIM system must fall within tolerance. bLower
values are not usually a concern for enforcement
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GVW values are calculated from the individual observations on test vehicles. Dif-
ference in percent (truncated to an integer) from each value is also calculated and
compared to the mean with following specified limits for each applicable load and
test vehicle: gross vehicle weight = ±2%, tandem axle load = ±3%, axle load =
±4%, and wheel load = ±5%. If the reference values exceed then the prescribed
limits, corrections aremade by re-weighing the test vehicles at least threemore times.
Further discussion on reference values is available elsewhere (ASTM 2009).

3.1.2 Procedure for Calculating the Percent of Non-compliance

WIM system performance is ascertained by comparing the reference values with the
WIM values for all the data items listed in Table 1. The following relationship is
used in the specification to calculate the difference or percent difference in the WIM
system value and the corresponding reference value:

D = (C − R) (3)

The difference, d, in loads and weights (%):

d = 100[(C − R)/R] (4)

where,

D = The difference in speed (mph), axle-spacing (ft), and wheelbase (ft)
d = The difference in the value of the data item produced by the WIM system and

the corresponding reference value expressed as a percent of the reference value.
C = Value of the data item produced by the WIM system.
R = The corresponding reference value for the data item

3.2 European Road Specification (COST 323)

This specification mainly addresses the issues associated with high-speed WIM sys-
tems, i.e., theWIM systems installed on one or more traffic lanes and operated under
normal traffic conditions. However, this specification may also be adapted for low-
speed WIM systems, i.e., the WIM system installed in a specifying weighing area
outside the traffic lanes under controlled traveling conditions.

According to this specification, under defined operating conditions (moving traf-
fic, tire loads, etc.) the accuracy of a WIM system may only be defined statistically
by a confidence interval of the relative error of a unit (an axle, an axle group or
a gross weight) defined as by Eq. (1). Such a confidence interval centered on the
static load/weight is [−δ; +δ], where δ is the tolerance for a confidence level π (for
example, 90 or 95%). According to this specification, the main requirements and
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Table 2 Accuracy classes definition, [value of δ i.e., confidence interval width (%)]

Function Accuracy classes

A(5) B + (7) B (10) C (15) D + (20) D (25) Ea

Gross weight (GW) 5 7 10 15 20 25 >25

Group of axle (AoG) 7 10 13 18 23 28 >28

Single axle (SA) 8 11 15 20 25 30 >30

Axle of group (GA) 10 15 20 25 30 35 >35

aClass E is defined for the WIM systems which do not meet the class D (25) requirements

applications of the WIM system can be classified into three accuracy classes with an
increasing level of statistical accuracy:

• Statistics (δ up to 20 to 30%): This criterion [for class D + (20) or D (25)] is
described for economic and technical studies of freight transport, general traffic
evaluation on roads and bridges, and for collecting statistical data.

• Infrastructure and preselection (δ up to 10 to 15–20%): This criterion [for
class B + (10) or C (15)] is described for detailed analysis of traffic and vehicle
classification, design, and maintenance of roads and bridges, and preselection for
enforcement.

• Legal purposes (δ up to 5 to 10%): This criterion [for class A (5) or B + (7)] is
described for enforcement and industrial applications, but only if the legislation
allows the use of WIM for this purpose.

A typical standardized table of δ values taken from European specification is
shown in Table 2 (Jacob and O’Brien 1998).

3.2.1 Test Conditions and Confidence Levels (πo)

This specification allows the user to set a test plan by selecting an appropriate
combination of repeatability/reproducibility and environmental conditions.

As per the specification, Table 3 provides the minimum levels of confidence
(πo) for different tests and environmental conditions. As compared to environmen-
tal repeatability (I), smaller πo values are required for limited (II) and full (III)
environmental reproducibility conditions.

3.2.2 Accuracy Assessment of the WIM System

The accuracy test on a WIM system is carried out using a pre-weighed or post-
weighed vehicle as per European standard. The sample statistics, including mean
(bias) m, standard deviation s, and the number values n are calculated and used as
per the specification. “A lower boundπ of the probability that an individual error falls
within the specified interval [−δ;+δ] is calculated and compared to the specifiedπo.”
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Table 3 Minimum % levels of confidence πo of the centered confidence intervals case

Test conditions Sample size (n)

10 20 30 60 120a ∞
Full repeatability I 95.0 97.2 97.9 98.4 98.7 99.2

II 93.3 96.2 97.0 97.8 98.2 98.9

III 91.4 95.0 96.0 97.0 97.6 98.5

Extended repeatability I 90.0 94.1 95.3 96.4 97.1 98.2

II 87.5 92.5 93.9 95.3 96.1 97.5

III 84.7 90.7 92.4 94.1 95.1 96.8

Limited reproducibility I 85.0 90.8 92.5 94.2 95.2 97.0

II 81.9 88.7 90.7 92.7 93.9 96.0

III 78.6 86.4 88.7 91.1 92.5 95.0

Full reproducibility I 80 87.4 89.6 91.8 93.1 95.4

II 76.6 84.9 87.4 90.0 91.5 94.3

III 73.0 82.3 85.1 88.1 89.9 93.1

aSample sizes (n) not mentioned in the table may be interpolated

According to the statistics provided in the standard, an upper bound on the
customer risk, π, for an α = 0.05, is given by:

π = �(u1) − �(u2) (5)

u1 = δ − m

s
− tn−1,0.975√

n
(6)

u2 = −δ − m

s
+ tn−1,0.975√

n
(7)

The function � is the cumulative distribution function of a student variable and
tn−1,0.975 is a student variable with (n − 1) degrees of freedom. For a sample size
greater than 60, the cumulative function� in the above equation can be approximated
by the cumulative distribution of a standard normal variable. Following criteria are
used for the acceptance of WIM systems:

• Ifπ ≥ πo, the system is accepted in the accuracy class of tolerance for the criterion
considered.

• If π < πo, the system cannot be accepted in the proposed accuracy class, and the
acceptance test is repeated with a lower accuracy class, i.e., a larger value of δ.

A concept of reduction factor k was also introduced in the specification to cater
for different testing conditions, i.e., initial verification after calibration, an in-service
check of the WIM system (Jacob and O’Brien 1998).
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4 LTPP WIM Data Extents

The WIM data were obtained from the LTPP database standard release 33.0 (July
2019). The data elements were organized in various data tables to create a relational
database. The following items were identified and reviewed for the data analyses:

• Section inventory (Sate code, WIM ID, and site location)
• WIM calibration data (SA, TA, and GVW bias and SD, truck type and passes,

LTPP data quality, calibration technique)
• WIM equipment data (sensor type [bending plate (BP), load cell (LC), quartz

piezo (QP), piezo cable (PC)], calibration technique and reason)
• LTPP climatic regions [dry freeze (DF), dry-no freeze (DNF), wet freeze (WF),

wet-no freeze (WNF)]

Table 4 presents the climate and sensor type distribution of WIM sites and asso-
ciated records available in the LTPP database. It can be noted that the majority of
the WIM sites have PC sensors followed by BP and QP in the LTPP WIM database.
Also, the majority of the WIM sites are in a wet climate. Only a few sites (9) with
LC sensors are located in the WF climate.

Figure 2 presents the distribution of sites with the typical WIM sensor type for
each State in the LTPP database. A majority of WIM sites have PC followed by
BP and QP sensors in North America. The dataset was further filtered to get more
accurate calibration data. The primary purpose of the WIM calibration is to remove
any systematic bias of WIM equipment. The calibration data considered for the
comparisons were obtained by applying a filter on GVW bias of ≤ ±5 collected by
at least 10 or more runs of a Class-9 truck.

Furthermore, WIM data should be available for at least 1 year after a successful
calibration or validation. It is necessary to prove that data quality stays consistent
overtime during a year after calibration. Table 5 presents the summary of LTPPWIM
data complying with the above criteria.

Table 4 Distribution of WIM sites and records by sensor type and climate

Climatic region Sensor type Total

BP LC PC QP

DF 3a (16b) – 44 (249) 3 (15) 50 (280)

DNF 14 (46) – 24 (81) 5 (18) 43 (145)

WF 14 (69) 9 (118) 58 (349) 26 (146) 107 (682)

WNF 17 (66) – 137 (396) 15 (56) 169 (518)

Total 48 (197) 9 (118) 263 (1075) 49 (235) 369 (1625)

aNo of WIM sites, bNo of WIM records
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Fig. 2 Distribution of LTPP WIM site location with different sensors in the US

Table 5 WIM data accuracy criteria and minimum calibration requirements

Climatic region Sensor type Total

BP LC PC QP

DF 1a (9b) – 2 (113) 3 (9) 6 (131)

DNF 4 (21) – 9 (9) 5 (12) 18 (42)

WF 5 (22) 4 (8) 26 (65) 19 (77) 54 (172)

WNF 5 (29) – 21 (40) 8 (28) 34 (97)

Total 15 (81) 4 (8) 58 (227) 35 (126) 112 (442)

aNo of WIM sites, bNo of WIM records

5 Accuracy Comparisons ASTM E1318-09 and COST-323

The WIM accuracy was calculated based on ASTM E1318-09 and COST-323 WIM
protocols. The limited reproducibility (R1), environmental repeatability (I), and in-
service test conditions were selected to calculateWIM system accuracy using COST-
323.Additionally, theASTMType I andBaccuracy classeswere compared forGVW.
These test conditions are the closest to WIM calibration guidelines provided in the
ASTM E1318-09 protocol. Figure 3 presents the comparison of WIM accuracies
based on both protocols. The results show that out of available 442 LTPP WIM
records used in this analysis, 282, and 297 calibration records met the ASTM Type-
I, and B (10) accuracy class for ASTME1318-09 and COST-323, respectively. There
were 15 records for PC sensors which met the COST-323 B accuracy class but did
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Fig. 3 Comparisons between ASTM E1318-09 and COST-323 WIM accuracy protocols

not meet ASTME1318-09 Type I accuracy. This difference is causedmainly because
of the flexibility in the confidence levels based on the sample size (i.e., number of
runs). These records did notmeet the ASTMType I accuracy requirement of less than
10% with a small margin. Also, the number of LTPP WIM records meeting either
of the two accuracy protocols was the highest for BP sensors located in different
climates, followed by QP. While PC sensors showed the lowest number of WIM
records meeting the accuracy.

6 Conclusions

• In the LTPP database, the majority of WIMmeasurement accuracy information is
available for the sites with PC sensors (263 sites) followed byQP (49 sites) andBP
sensors (48 sites). Only 9 sites with LC sensors had WIM available measurement
accuracy information.

• Out of available 442 LTPP WIM records used in the analysis, 282, and 297 cal-
ibration records met the ASTM Type-I, and B (10) accuracy class for ASTM
E1318-09 and COST-323, respectively. There is good agreement between ASTM
E1318-09 and COST-323 calculated accuracy requirements.

• The number of LTPP WIM records meeting either of the two accuracy protocols
were the highest for BP sensors located in different climates followed by QP. The
PC sensors showed the lowest number of WIM records meeting the accuracy.

• The number of runs and selection of test conditions may cause a minor difference
in the sensor accuracies between the two protocols.
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Detecting Significant Changes in Traffic
Patterns for Pavement Design

Gopi K. Musunuru, Syed W. Haider, and Neeraj Buch

Abstract The mechanistic-empirical pavement design guide (AASHTOWARE
Pavement-ME) incorporates mechanistic models to estimate stresses, strains, and
deformations in pavement layers using site-specific climatic, material, and traf-
fic characteristics. These traffic characteristics include monthly adjustment factors
(MAF), hourly distribution factors (HDF), vehicle class distributions (VCD), axle
groups per vehicle (AGPV), and axle load distributions for different axle configura-
tions. Site-specific traffic inputs (Level 1) were generated for each of the 41 WIM
sites after extensive QC checks. The averages from nearby sites (regional) with sim-
ilar traffic characteristics (groups or clusters) can be used as Level 2 data or Level 3
data when Level 1 data are unavailable. Multiple approaches were used to develop
Level 2 and Level 3 traffic input levels. These developed traffic inputs at different
levels need to be updated every few years due to several reasons, including the change
in land use nearby the WIM locations, economic conditions resulting in the change
in traffic patterns. Equations were developed to identify these changes in traffic pat-
terns that would cause significant changes in design lives. Once these patterns are
identified, the traffic inputs can be updated so that the pavement sections would not
be over-designed or under-designed.

Keywords Pavement-ME · Traffic inputs · Pavement design

1 Introduction

In the AASHTO 93 pavement design procedure, the truck traffic is converted to
an equivalent number of 18-kip single-axle loads (ESALs) using the load equiva-
lency factors (LEFs) developed based on Present Serviceability Index (PSI) concept.
Several studies have found that the multiple failure modes of pavement structures
cannot be explained by this single value (Zhang et al. 2000; Carvalho et al. 2006).
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Themechanistic-empirical pavement design guide (AASHTOWAREPavement-ME)
addresses these limitations by incorporating mechanistic models to estimate stresses,
strains, and deformations in pavement layers using site-specific climatic, material,
and traffic characteristics (NCHRP Project 1-37A 2004). These structural responses
are used to predict different performance measures for each pavement type using
empirical models (i.e., transfer functions). Therefore, the use of ESALs to character-
ize traffic loadings is not compatible with the Pavement-ME. This new analysis and
design approach require several types of traffic data. These traffic inputs include:

• Annual average daily truck traffic (AADTT),
• Vehicle class distribution (VCD),
• Monthly adjustment factors by vehicle class (MAF),
• Hourly truck volume distribution factors (HDF),
• Number of axle groups per vehicle (AGPV), and
• Axle load distributions by vehicle class and axle group.

The Pavement-ME addresses the unavailability of detailed traffic data over the
years; the hierarchical input levels are used depending on the level of detail of the
available traffic data (NCHRP Project 1-37A 2004). These input levels range from
site-specific input values to “best-estimate” or default values and are classified as
follows:

• Level 1 – There is a very good knowledge of past and future traffic characteristics.
At this level, it is assumed that the past traffic volume and weight data have been
collected along or near the roadway segment to be designed.

• Level 2 – There is a modest knowledge of past and future traffic characteristics.
At this level, only regional truck volume and weight data may be available for the
roadway in question.

• Level 3 – There is inadequate knowledge of past and future traffic characteristics.
At this level, the designer will have little truck volume information. In this case,
a statewide or some other default value must be used.

In the State of Michigan, the traffic inputs listed above were developed for use in
the Pavement-ME by analyzing the permanent traffic recorder (PTR) traffic volumes
andWIM axle load data in the year 2009. Axle weight and vehicle classification data
were obtained from 44 WIM and classification stations located throughout the State
of Michigan to develop Level 1 (site-specific) traffic inputs. Cluster analyses were
conducted to group sites with similar characteristics to develop Level 2 (regional)
inputs. Finally, data from all sites were averaged to establish the statewide Level 3
inputs. The traffic characterization was based on data collected from 2005 to 2007.
However, the developed traffic inputs at all levels need to be updated every few years
due to the following reasons (Buch et al. 2009; Haider et al. 2011):

a. Addition of new classification and WIM sites at different geographical locations
or changes in the status of the existing site (e.g., down- or up-grading fromWIM
to classification or vice versa).

b. Significant changes in land use near the existing WIM locations.
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Fig. 1 Temporal changes in vehicle class distribution at the selected sites

c. WIM technology improvements (e.g., less accurate piezo-polymer sensors are
replaced with more accurate piezo-quartz sensors).

During the last seven (7) years, new traffic data were collected, reflecting the
recent economic growth, additional, and downgraded WIM sites. Figure 1 shows
the changes in VCD traffic data between the years 2009 and 2016 for selected sites
in Michigan. Consequently, the current traffic inputs needed to be re-evaluated and
developed with the latest traffic data collected at all the PTR locations.

The current Level 2 methodology used inMichigan has some practical limitations
(freight data availability issues for cluster assignments). Hence, one of the goals of
the study was to develop an alternative, simplified methodology for the generation
of Level 2 inputs. One such method is to use available MDOT traffic inventory data
(AADTT, VCD, and road information) to group the PTR sites. Once the groups
are identified, the traffic inputs based on the averages of sites in each group are
established. The inputs developed using clustering methodology and the alternative
simplified methodology are termed as “Level 2A” and “Level 2B”, respectively.
Both these input levels were tested for pavement design accuracy. The methodology
that balances accuracy and practicality was recommended for adoption and future
updates.

2 Generation of Multiple Traffic Input Levels

Site-specific traffic inputs (Level 1) were generated for each of the 41 WIM sites
(a few WIM sites were eliminated from 2009 list) after extensive QC checks. The
development of regional inputs (Level 2) is crucial when site-specific data are not
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available. The averages fromnearby sites (regional)with similar traffic characteristics
(groups or clusters) can be used as Level 2 data. Two approaches were adopted for
developing Level 2 inputs (a) cluster analyses (Level 2A), and (b) grouping roads
with similar attributes (Level 2B). Level 3 data were further divided into Levels 3A
and 3B—3A represents an average of freeways and non-freeways, and 3B represents
the overall statewide average for traffic inputs.

2.1 Level 2A Traffic Inputs

Level 2A inputs were generated using cluster analysis, a data mining technique that
identifies homogeneous subsets of data (also known as clusters) within a dataset
using only the information found in the data. It uses a mathematical similarity of two
data objects to group them. The Euclidean distance andWard’s method were used as
the similarity measure and the linkage method, respectively. After evaluating several
criteria to find the optimal number of clusters in the dataset, the Calinski-Harbasz
criterion (Calinski and Harabasz 1974) and gap criterion methods (Tibshirani et al.
2001), and engineering judgment were used to determine the optimal number of
clusters for each traffic input. The detailed procedure used for obtaining the optimum
number of clusters for each traffic input in this paper can be found elsewhere (Haider
et al. 2018).

2.2 Level 2B Traffic Inputs

Grouping roads by attributes are more subjective and involve identifying roads that
are expected to behave similarly (i.e., similar traffic patterns). Attributes of the road-
ways (e.g., road class—freewayvs. non-freeway) are used to identify groups that have
similar traffic patterns. Such groups, based on these attributes, are easy to interpret
by the users. A minimum of three to six groups are required, but more groups may
be appropriate if significant regional differences exist (TMG 2016). The advantages
of this methodology are that the creation of groups is intuitive, and a new site can
be assigned to an existing group easily based on its attributes. The drawback of this
process is that it is not entirely objective (involves subjective decisions that may not
explain the variability of traffic patterns within a group). Also, the challenge lies in
identifying a combination of attributes that can be used to group the PTR locations.
The attributes used to classify groups need not necessarily be the same for all the
traffic inputs. The traffic patterns at the PTR locations should be similar within a
group and should be different between the groups. An algorithm was developed to
help identify an optimal attribute combination. Some of the attributes contained in
the MDOT’s sufficiency database for different PTR locations are as follows:

• Functional classification (freeway vs. nonfreeway)
• Development type (urban vs. rural)
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Table 1 Attributes used for
grouping PTR sites for Level
2B inputs

Input Attribute 1 Attribute 2

VCD VC9 levels Development type

HDF AADTT level Development type

MAF VC9 levels Development type

SALS COHS Development type

TALS Number of lanes Development type

TRALS COHS Development type

QALS COHS Development type

• AADTT level (<1,000, 1,000 to 3,000, >3,000)
• Corridors of highest significance (COHS) (national, regional, and statewide)
• Number of lanes (2, 3, and 4)
• Road type (non-freeway divided, non-freeway undivided, and freeway)
• Vehicle Class 9 (VC9) distribution levels (<45, 45 to 70, >70)

Several attributes can be chosen at a time to divide the PTR locations into groups.
Each attribute has sublevels (e.g., functional classification has two sublevels: free-
way and non-freeway), and hence a combination of attributes has different sublevel
combinations. The Level 1 traffic inputs of all PTR sites belonging to a combination
of sublevels were averaged to develop Level 2B inputs. Pairwise Euclidean distances
between each sublevel combinations were calculated to identify the combination of
attributes that show different traffic patterns. The higher the number of attributes used
for grouping, the lower the number of PTR locations in each sublevel combination.
Hence it was more appropriate to use only two attribute combinations to form road
groups for developing Level 2B inputs. After careful evaluation of the results, the
following attribute combinations (Table 1) were chosen based on the availability of
the sublevel combinations and the distances between them. The Level 1 traffic data
of all PTR sites in each of the sublevel combinations for the attributes chosen were
averaged to obtain the Level 2B inputs. The detailed procedure used to develop the
Level 2B traffic inputs can be found elsewhere (Haider et al. 2018).

3 Significant Traffic Inputs

The Pavement-ME traffic inputs were generated for Levels 1, 2A, 2B, 3A, and 3B.
Level 1 inputs should always be used for design purposes wherever possible as it is
the actual traffic data specific to the site. When Level 1 inputs are unavailable, either
Level 2 or Level 3 inputs should be used. The results of the sensitivity analyses
based on statistical and practical significance were used to decide on the appropriate
traffic input level. Subsequently, the appropriate input levels can be selected for
a site for which Level 1 traffic data are not available. Baseline flexible and rigid
pavement designs used for the sensitivity analyses were established as per MDOT
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guidance. Pavement-ME Version 2.3 was used for the sensitivity analysis. For both
the flexible and rigid pavement, locally calibrated performance models were used
(Haider et al. 2014, 2017). The pavement design life was assumed to be 20 years with
95% design reliability. For each of the 41WIM locations, the hot mix asphalt (HMA)
surface layer thickness was designed to achieve a 20-year design life for bottom-up
fatigue cracking threshold of 20% for flexible pavements for Level 1 inputs. For these
designs, the rut depth values at the end of 20 years were also recorded.

Similarly, the slab thickness was designed to achieve a 20-year design life for
the international roughness index (IRI) threshold of 172 in./mile (2.73 m/km) for
rigid pavements. Faulting and transverse cracking values were also recorded at the
end of 20 years. For both the flexible and rigid pavement designs, one traffic input
was changed at a time to appropriate cluster or road groups for the site of the PTR
(levels 2A and 2B) to determine the effect of that input on the design life. Levels
3A and 3B inputs for each design (one input at a time) were also evaluated in the
Pavement-ME to determine their impact on the design life. The time for the distress
values (for Levels 2 and 3) to reach the threshold values in the Level 1 designs
were documented. The differences in design lives between different input levels
were quantified for further analyses. Statistical analyses could detect differences in
the datasets, but the differences might not have much practical significance or vice
versa. Hence in addition to finding the likelihood of a value (significance value a)
outside the 95% confidence interval (CI), a life difference value of 2 years between
Level 1 and the level being evaluated was also adopted as an indicator of significant
difference. The life differences in pavements between Level 1, and Levels 2A and
2B for each WIM location were examined. If there was at least one WIM location in
any cluster or groups with a life difference of at least 2 years, then that cluster/group
was considered sensitive. Table 2 shows input levels recommended for each traffic
input for different pavement types.

Table 2 Recommended
traffic input levels

Input Flexible pavements Rigid pavements

VCD 2B 2B

HDF n/a 2B

MAF 3A 3A

SALS 3A 3A

TALS 2B 2B

TRALS 3A 3A

QALS 3A 3A
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4 Identifying the Changes in Traffic Patterns

In this study, 5 years of data (2011–2015) were averaged to obtain Level 1 inputs.
However, there will be inherent variability in traffic data from year to year due to the
change in economic growth, additional, and downgradedWIM sites. Therefore, there
is a need to identify the change in traffic patterns to update the traffic inputs so that
the pavement sections would not be over-designed or under-designed. To this effect,
the changes in design live data when the traffic inputs were changed from Level 1
to Level 2A or Level 2B or Level 3A tabulated as part of the sensitivity analyses
were used. The data were used to model the effect of change in VCD values on the
predicted design lives by the Pavement-ME. Figures 2 and 3 show the predicted life
differences using these models compared to the estimated life differences using the
Pavement-ME for flexible and rigid pavements. For example, for rutting in flexible
pavements, the relationship between change in VCD values and the estimated life
differences are as follows:

�Li f eRut = − 0.210− 0.087× VC8− 0.139× VC9− 0.204× VC10

− 0.141× VC11− 0.446× VC137 (1)

Bottom-up fatigue cracking in the flexible pavement:

ΔLi f eCrack = −0.273− 0.070× VC9− 0.084× VC10− 0.370× VC13
(2)

(a) Rutting (b) Fatigue cracking

R² = 0.9573
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Fig. 2 Predicted vs. measured life differences for flexible pavements
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(a) IRI (b) Faulting

(c) Transverse cracking
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Fig. 3 Predicted vs. measured life differences for rigid pavements

IRI in the rigid pavements:

ΔLi f eI RI = −0.022− 0.025× VC9− 0.016× VC10− 0.045× VC11− 0.050× VC13
(3)

Faulting in the rigid pavements:

ΔLi f eFault = 0.0220− 0.112× VC9− 0.071× VC10− 0.088× VC11− 0.219× VC13
(4)
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Table 3 Estimated life differences due to changes in traffic patterns

Site Flexible Rigid

Rutting Fatigue cracking IRI Faulting Transverse cracking

4129 4.64 1.90 0.78 3.47 4.54

9579 2.78 1.45 0.40 1.86 2.50

Note: Design lives in years

Transverse cracking in the rigid pavements:

ΔLi f eCrack = −0.224− 0.158× VC9− 0.224× VC10− 0.245× VC13
(5)

where, VC5, VC8, VC9, VC10, VC11, and VC13 are the change in their VCD
between the years.

The short-termcounts from thePTRsites can be used as inputs into these equations
to check if there are any substantial differences in design life predictions. If the life
differences are considered significant enough by the highway agencies at a PTR
location for at least 3 years, then the new 3 years traffic data should be used to update
the traffic inputs. Otherwise, the new data should be combined with the available
traffic database. The change in axle load spectra can also be included in the above
equations by converting the entire axle load spectra into a single factor called the load
spectra factor. Additional variables may be incorporated into the equations based on
the needs of the traffic agencies.

For illustration purposes, the changes in traffic patterns at the PTR sites shown in
Fig. 1 are used in the equations developed to estimate the design live changes. The
estimated change in design lives are listed in Table 3 for different distresses for both
flexible and rigid pavements. Since life differences are significant enough, and if it
continues for at least three years, then updating the traffic inputs is warranted.

5 Conclusions

The AASHTOWARE Pavement-ME uses traffic inputs including monthly adjust-
ment factors (MAF), hourly distribution factors (HDF), vehicle class distributions
(VCD), axle groups per vehicle (AGPV), and axle load distributions for different
axle configurations to estimate stresses, strains, and deformations in pavement lay-
ers. Site-specific traffic inputs (Level 1) were generated for each of the 41WIM sites
after extensive QC checks. Multiple approaches were used to develop Level 2 and
Level 3 traffic input levelswhich can be usedwhenLevel 1 inputs are unavailable. The
developed traffic inputs need to be updated frequently due to the inherent variability
in traffic data from year to year due to reflecting the change in economic growth,
additional and downgraded WIM sites. To this effect, the changes in design live data
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when the traffic inputs were changed from Level 1 to Level 2A or Level 2B or Level
3A were modeled to see the effect of change in vehicle class distribution values on
the predicted design lives by Pavement-ME. The equations developed can be used
to identify these changes in traffic patterns that would cause significant changes in
design lives. Once these patterns are identified, the traffic inputs can be updated so
that the pavement sections would not be over-designed or under-designed.
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Development of Road Maintenance
Management System for India’s National
Highway Network Using HDM-4
and Genetic Programming

Abhishek Sharma and Tanuj Chopra

Abstract With the increasing traffic loads on National highways of India, pave-
ments are deteriorating at a faster rate leading to premature failure. In addition to this
lack of scientific road management system leads to lower levels of serviceability and
unreliable road network in the long term. Therefore, in order to maintain the highway
network in good condition the road administration should focus on long lasting and
economical road maintenance solutions. The research study focuses on the develop-
ment of road management system for high volume roads using calibrated Highway
Development & Management (HDM-4) model. Long-term pavement performance
under various maintenance strategies has been measured in terms of roughness pro-
gression using HDMmodel. Genetic Programming (GP) system has been configured
to develop four distress predictionmodels i.e., roughness, ravelling, cracking and rut-
ting. Adequacy of GPmodels has beenmeasured using simple linear regression anal-
ysis. Statistical significance of roughness model has been evaluated using student’s
t-test. Variability in the output results of the two deterministic models i.e., HDM and
GP has been computed by comparing the difference between predicted and observed
roughness behaviour. Prediction models play a crucial role in development of Road
Maintenance and Management System (RMMS) for systematic technical as well as
economic appraisal of road projects. Futuremodelling of pavement behaviour related
to various maintenance activities will assist the highway planners and road agencies
in timely monitoring and conditioning of roads by adopting suitable management
framework.
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1 Introduction

India is a diverse country with second largest road network out of which national
highways holds a share of 1.80% (MORT&H). Road projects require large capital
investment and therefore timely allocation and utilization of funds is necessary for
conditioning of roads and providing safe passage at appropriate speed and optimized
road user cost. Due to lack of decentralisation of funds in India, the funds allocated for
maintenance does not exceed 60% of the normal requirements of roads (MORT&H
2001b). This gap between the requirements and allocation has been accumulating
over the years and is a concern for the long-term pavement performance.

To enhance the pavement performance, conditioning of road pavements needs to
be done at regular intervals. It has been observed that delay in maintenance and reha-
bilitation of roads leads to faster pavement deterioration, increase in vehicle operat-
ing costs and accident costs thereby reducing the reliability of road network. Further
if the pavement maintenance work is delayed even after noticeable deterioration,
there comes a break point after which only reconstruction or extensive rehabilita-
tion can be done costing many times more than routine maintenance works. Timely
implemented maintenance and rehabilitation strategies bags a remarkable service-
ability level for the road agencies. The main goal of highway engineers should be to
accomplish a healthy pavement condition index in terms of both functional as well as
structural condition keeping inmind other aspects such as economic, safety and envi-
ronment. Road maintenance and investment projects both require strategic planning
and enormous funding. Therefore, a decision support system needs to be adopted
by transportation agencies for selection of optimum maintenance works within the
budget constraint (Jorge 2012).

2 Development of RMMS Using HDM-4 Model

In this study RMMShas been developed usingHDM-4model for National Highways
road network across various geographical locations in India to analyze and prepare
road management scheme for analysis period of 20 years. Road condition data per-
taining to 29 road sections has been acquired from literature survey and government
publications (Deori 2016). Development of RMMS is a hierarchical process which
requires a systematic methodology and the modelling has been performed using
HDM-4 tool. The main concept behind implementing HDM-4 model in this study is
because it assists the road agencies and other concerned authorities involved in road
management and investment alternatives with smart effective pavement condition-
ing strategies along with optimized economic solutions for the entire pavement life
cycle. In the early sixties of 19th century, World Bank developed and tailored it as a
strategic pavement management analysis tool dedicated to road projects. Due to its
wide range of applicability on various geographical as well as climatic conditions
this model has been trending in many countries whenever there is a need of project
appraisal system.
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The fundamental concept behind an adequate and reliable RMMS is to calibrate
accurately the in-built distress models in HMD-4 to the existing local conditions.
If, the calibration factors related with distress models are not configured precisely
then due to large variation in predicted and observed distress behavior, deterioration
model obtainedwill be unable to simulatemore realistic local conditions. The default
values of calibration factors of in-built distressmodels inHDMequals to unity. In this
study, calibration factors have been carefully scrutinized from past research works
before development of RMMS for the selected National Highway (NH) network.
Chopra et al. (2018) determined calibration coefficients for NH road networks iden-
tical to physical attributes and environmental conditions of selected road sections and
therefore have been considered in the present study. Calibration coefficients adopted
in the research study are 2.4, 0.6, 0.4, 0.4 for cracking distress, ravelling distress,
rutting distress and roughness distress respectively. Validation of distress models
developed using HMD-4 has been performed by simply comparing the similarity
between the predicted values (given by HDM-4 model) and observed values (field
survey data) to check the applicability and adequacy of the model for the speci-
fied conditions. Table 1 depicts field data pertaining to identified NH road sections
showing various road physical characteristics such as pavement age, AADT (Annual
average daily traffic), in-service layers thickness, distresses and BBD (Benkelman
Beam Deflection).

2.1 Long Term Pavement Performance Analysis Using
HDM-4 Model

Roughness is a reliable and powerful index to assess average pavement condition of
road section at any instant (Chandra 2012).After assigning themaintenance strategies
for the candidate road sections, project analysis application has been run to analyse
the effect of these maintenance works on long-term pavement performance in terms
of variation in average roughness with time. Roughness progression graphs for each
section has been obtained and the work effects have been analysed. These graphs
serve as a tracker of work items and verify the intervention criteria at trigger points.

It can be observed from the Fig. 1 and Fig. 2 that maintenance alternatives (Alt
1, Alt 2, Alt 3 and Base alt corrospond to Resealing, Resealing and Thin Overlay,
Major Overlay and RoutineMaintenance, respectively) have been correctly triggered
corresponding to the intervention limits established for the entire NH road network
for the analysis period of 20years (Jain 2013). In someof the road sectionsAlternative
3 i.e., Major Overlay intervenes at roughness value much higher than the specified
critical limit (IRI > 6m/km) due to the ‘AND’ condition imposed as the total damaged
area limit of 20% has not been exceeded. Therefore, the maintenance work operation
will come into effect only when both the intervention criteria have been surpassed
at the same instance.
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Fig. 1 Average roughness trend of NE-1 GJ01 for maintenance standards

Fig. 2 Average roughness trend of NH-2UP 01 for maintenance standards

3 Development of Prediction Models Using Genetic
Programming System

Pavement deterioration prediction models have been developed in this study using
Genetic Programming (GP). Four distress models have been generated using GP
to predict pavement distresses viz. cracking, ravelling, rutting and roughness for
the National Highway road network. Development of this model will assist the road
agencies in planning a structured roadmanagement programwith cost effective solu-
tions for preservation of pavement service life and providing a reliable road network
to the users. Genetic programming has been performed using GP KERNEL software
program to develop prediction models for the specified NH network. Statistical eval-
uation of GP model has been done by regression analysis technique by checking the
goodness of fit between the predicted and observed roughness values.
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GP is a domain-independent method which on the Darwinian principles of ran-
domly occurring operations creates an automatic working computer program of new
generation to solve problems by genetic mutation of population of computer pro-
grams (Koza 1994). The whole process involves numerous iterations of input popu-
lation using the analogy of genetic operations such as mutation, crossover, reproduc-
tion, gene deletion and duplication. The five paramount steps required to generate
GP model are to (a) specify parameters of the various terminals of stem linked with
the program to be developed; (b) specify basic functions for stem of the program
to be developed; (c) specify the accuracy measure; (d) set the conditions required
prior to running the program; and (e) fix criteria for termination and classification of
results obtained from the run (Babovic 2000).

In the present study, four distress models linked to National Highway network
have been generated using genetic programming system. The input population to
the computer program consists of dataset pertaining to physical characteristics of
candidate road sections such as pavement condition, pavement age, traffic (AADT).
The dataset congregated is of two consecutive years i.e. 2011 and 2012 andmodelling
of this training dataset has been done using GP to predict pavement distresses for the
year 2012. GP gives numerous prediction equations depending upon the attributes
of framework in which it has run and based upon fitness measure (such as R2 and
RMSE) the best possible predictionmodel has been selected corresponding to various
distresses as shown in Table 2.

3.1 Validation of GP Model

Aggarwal et al. (2004) gathered pavement condition data for the identified National
Highway network in the states of Uttaranchal and Uttar Pradesh to develop pavement
management system. To check the adequacy and reliability of these distress models,
validation dataset of year 2012 has been used and goodness of fit of these models
measured simply by plotting scatter graphs between observed distress values and
predicted distress values. Validation is essential as it examines the applicability of
model for the particular conditions. It can be observed from post-regression results
that there is slight difference between the observed values and predicted values.
This difference is quiet rational due to the variation in physical characteristics such
as pavement history, traffic conditions, geographical locations of selected NH road
sections. Also due to the modelling technique adopted and certain assumptions like
normal construction quality of bituminous surfacing at optimum conditions has led
to noticeable deviation in this quantitative assessment of distress models. Table 3
depicts the post-regression results in terms of coefficient of determination (R2) and
root mean square error (RMSE) related to various distress models which indicate the
adequacy of GP models.
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Table 3 Post-regression results

S. No. Distresses models Linear regression model R2 RMSE

1 Cracking y = 0.7672x + 3.5187 0.8582 0.347

2 Ravelling y = 0.8133x + 1.2516 0.7558 0.148

3 Rutting y = 1.1442x − 0.5736 0.9386 0.054

4 Roughness y = 0.9704x − 0.0091 0.9722 0.024

x: represents observed distress values of given year
y: represents predicted distress values of same year

3.2 Comparative Analysis

A comparison has been done to analyse the capabilities of the two prediction models
i.e., HDM-4 and GP in terms of the roughness parameter for the candidate road sec-
tions. Table 4 represents average predicted roughness values using both HDM-4 and
GP models which have been compared with the observed field values for 18 identi-
fied road sections. It can be concluded that there is marginal variation in predicted

Table 4 Variability of HDM & GP models in terms of average roughness (IRI) prediction

Sections HDM model
(mm)

GP model
(mm)

Observed IRI
(mm)

HDM
variability
(%)

GP variability
(%)

NE-1GJ01 2.47 2.42 2.40 1.47 1.42

NE-1GJ02 2.54 2.63 2.60 1.54 1.63

NE-1GJ03 2.55 2.63 2.60 1.55 1.63

NE-1GJ04 2.55 2.63 2.71 1.55 1.63

NH-14GJ05 2.78 2.85 2.80 1.78 1.85

NH-2UP01 2.59 2.64 2.60 1.59 1.64

NH-2UP02 2.87 2.96 3.10 1.87 1.96

NH-37AS01 2.55 2.64 2.90 1.55 1.64

NH-4KA01 3.38 3.36 3.40 2.38 2.36

NH-4KA02 3.79 3.91 3.80 2.79 2.91

NH-4KA03 3.81 4.11 4.10 2.81 3.11

NH-4MH01 3.08 3.17 3.10 2.08 2.17

NH-5AP01 2.56 2.63 2.70 1.56 1.63

NH-5AP02 2.87 2.95 2.90 1.87 1.95

NH-5AP03 3.03 3.06 3.00 2.03 2.06

NH-5AP04 3.03 3.06 3.00 2.03 2.06

NH-7MH02 2.56 2.64 2.80 1.56 1.64

NH-7MH03 2.47 2.53 2.60 1.47 1.53
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roughness values mainly due to the difference in the architecture and working princi-
ples of these two software programs. Also it has been observed that the fitness of GP
model increases with incorporation of more control parameters affecting pavement
performance. Therefore, it shows that there is no such restriction on consideration
of significant input parameters for analysis in GP.

Comparison of predicted roughness values obtained fromHDM-4 and GPmodels
with the observed field values for all road sections has been done to check the
functional capabilities and adequacy of the models. Variations in roughness values
predicted by HDM model for all road sections vary in the range of 1.47% to 2.8%
whereas for GP model the variability range lies from 1.41% to 3.1%, which is very
much acceptable.

4 Conclusions

It has been concluded that a scientific approach system should be adopted before plan-
ning road maintenance strategy for providing long lasting management and invest-
ment solutions to concerned road agencies.HDM tool used in the study has developed
a distress prediction model for all the identified flexible pavement sections of NH
network for an analysis period of 20 years. The maintenance strategies assigned to
the road network has been traced out from graphical representations and results show
that the alternatives intervene precisely as per the defined critical limits of control
parameters i.e., roughness and total damaged area. Pavement performance in terms of
distress patterns and rate of deterioration is a function of the physical characteristics
of road such as structural condition, traffic loading, pavement age, climatic condi-
tions etc. and previous maintenance work records. Genetic programming system has
been tailored to generate distress prediction models which defines the quantitative
assessment of future pavement performance. Statistical evaluation results prove that
GP prediction models are highly accurate and applicable for National highway roads
havingflexible pavements and high traffic loading conditions.Validation ofGPmodel
has been done in terms of fitness measures such as R2 and RMSE. R2 obtained from
graphs are of the values 0.85, 0.75, 0.93 and 0.97 for cracking, ravelling, rutting,
Roughness models respectively which indicate high adequacy of these models.
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Sustainable Pavement Systems



SENSO JOINT—An Innovative Sensor
System for a Sustainable Joint Design
of Concrete Pavements

Ch. Recknagel, S. Spitzer, J. Hoppe, N. Wenzel, and S. Pirskawetz

Abstract Inacceptable capability and durability of joint sealing systems but also
inadequate traffic performance (noise emission; overrolling comfort) up to traffic
safety aspects reflect the still enormous demand for data-baseddescription of concrete
pavements performance under heavy loading conditions. Especially the deformation
behavior of concrete pavement slabs in the joint region in consideration of new
pavement construction types and improved concrete mixtures meanwhile established
but also under the steeply rising traffic loads is not sufficiently explored. To create
a data basis for advanced design rules, evaluation methods and product standards
- and with it to improve quality, durability and finally sustainability of pavements
- an innovative 3-D sensor system SENSO JOINT adapted to german roadworking
requirements and suitable for heavy-duty operating conditions was developed. The
contribution introduced describes the development of an extensive technical solution
based on the analysis of decisive loads, interactions and boundary conditions. Based
on calibration data, results of laboratory testing and finally field-testing on different
concrete pavement construction types the outcome of amulti-level evaluation process
shall introduce the potential of the new sensor system.

Keywords Concrete pavements · Sustainable joint sealing · Load quantification ·
Innovative measurement technology · Field validation · Performance design for
joint systems

1 Introduction

Current studies predict a further increase of heavy-goods vehicles (HGV) of up to
+39% over the next decade (BVWP 2030 2016) at simultaneously more difficult
climatic conditions (Wellner et al. 2017). Highly stressable concrete pavements may
be structural and technological answers to withstand higher axle loads, increased
amounts of overrunning and higher climatic loads. Therefore, improvements in con-
crete technology and new design concepts were already transferred in innovative
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concrete pavements with optimized static and surface performance. Unfortunately,
both the joint design as well as the materials improvement for sustainable joint seal-
ing systems doesn’t keep pace with these developments. Joint design rules as well as
materials and joint system validation criteria (EN 14188 2004) are still determined
by an empiric methodology reflecting the knowledge of the early 1970’s. Increasing
malfunction response regards to inadequate functionality and insufficient durability
are the practical expression of the outdated joint sealing technology. The essential
performance requirements on joint sealing systems under the changing use condi-
tions (pavement construction; traffic increase; climate change) cannot ensured by the
actual regulated methodology. Studies (Vater et al. 1997–2013) give indication for a
necessarilymethod change towards a performance-related investigation and approval
process to overcome insufficient performance. The identification of decisive climatic
and mechanical loading parameters and their real impact on joints in heavy-loaded
concrete pavements are of key importance to realize this approach (Fig. 1).

There is especially a gap of knowledge with regards to nature, size and amount
of relevant deformations in the joint region of carriageway slabs induced by external
impacts like climatic and/or traffic loads (Spitzer et al. 2019). The knowledge so far
is mainly determined by sporadic data of climatic-induced deformations in longitu-
dinal roll axis (x-axis) of elder concrete constructions. Measurement tools used were
often ordinary folding rules or steel scales with very limited technical resolution and
unsatisfying accuracy. After supersession by first digital extensometers the data basis
remains still restricted in their technical message by discontinuity of the measure-
ments. Correlation to the ambient climatic conditions and the temperature conditions
inside the concrete pavement are only inadequately considered. First assumptions

Fig. 1 Modern construction types for actual concrete pavements (e.g. exposed aggregate concrete)
in Germany and decisive external impacts on pavement joints
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Fig. 2 Application concept for an innovative sensor system

for an improved data acquisition especially with regards to traffic induced deforma-
tions were presented in (Hean and Partl 2004) but still restricted by reference points
outside the wheel tracks. That’s why there is still no significant knowledge about
traffic induced deformations in the joint region available. Indications for deforma-
tions in other main spatial axes (vertical and/or orthogonal to traffic direction) are
not investigated. To master these challenges within the SENSO JOINT project a new
application concept for the innovative sensors system was developed (see Fig. 2).

The significance of defined decisive load parameters to realize a performance
related investigation and evaluation methodology for joint sealing systems is moti-
vation for our innovative SENSO JOINT sensor system. To explore deformation
nature and size between adjacent slabs of modern concrete pavements a suitable
sensor system should realize these main service features (Spitzer et al. 2019) for an
improved approach try to reality:

• three-axial sensor system with axis-adapted measurement ranges and accurate
resolution of

• x-axis: ±5 mm with 0.01 mm
• y-axis: ±2 mm with 0.01 mm
• z-axis: ±2 mm with 0.01 mm

• continuous operation at adaptable measurement frequencies up to 1000 Hz and
automated data management

• direct link to ambient and pavement temperature distribution
• safe operating conditions:

• at temperatures: −20 °C ≤ T ≤ +50 °C
• at humidity: 20% r.h. ≤ H ≤ 95% r.h.
• water-resistant
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• pressure resistant up to compression stresses of 1.5 N/mm2 (overrunningwheel
loads)

• serviceable under basically as well as acidic environment

• reusable miniaturized construction
• simple, robust and fast installation technology.

2 Design of the Sensor System

The three-dimensional relative movement of two carriageway slabs and therefore the
deformation of the joint between these slabs is measured by a sensor system which
consists of three single sensors. These sensors are protected by a housing that is
embedded in one of the slabs near the joint under monitoring.

The measurement principle is shown in Fig. 3a. One sensor, a LVDT, measures
changes in distance of the slabs in x-axis. A spherical joint connects the core of
the LVDT to a stable rod that is fixed in the opposite concrete slab. The LVDT is
gimbal-mounted, allowing zero-backlash rotations of the LVDT around the y- and
z-axis. Two rotary encoders measure the inclination of the LVDT. The result is a
representation of the relative movement of the slabs in spherical coordinates that
is transferred in cartesian coordinates of x-axis, y-axis and z-axis acc. to Fig. 2.
All sensors measure absolute positions and therefore the relative position of the
adjacent slabs can be calculated anytime if the initial position in known, even if the
measurement was interrupted meanwhile.

The sealed, cylindrical housing of the sensor system has an outer diameter of
100 mm and a height of 100 mm. It is made of stainless steel and constructed to bear
the loads of directly overrunning wheels of heavy trucks. The system is designed
to be mounted in boreholes near the joint. After sensor installation the borehole is
grouted by a fast concrete repair system. Figure 3b–d shows the installation of a
3D-sensor system.

A monitoring station includes the 3D-Sensors, sensors for temperature distribu-
tion inside the concrete slabs, climate sensors, a data acquisition system and other
supporting technical equipment. All data are recorded with a sampling frequency of
2 kHz and sent to the operator via mobile communications network.
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Fig. 3 a Measurement principle, b Sensor system installation, c embedded Sensor System before
d after grouting

3 Validation of the Sensor System

3.1 Laboratory Validation

Prior to complex field tests the sensitivity and accuracy of the sensor system was
tested under laboratory conditions. After an individual calibration at room temper-
ature (validation step 1), all LVDT’s and rotary sensors were tested in a second
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Fig. 4 Setup for validation step 4

validation step separately in a temperature range of −20 °C to 50 °C to specify the
temperature dependencies. In a third step, every single sensor was calibrated in the
assembled sensor system. During this calibration it was ensured that only the sensor
under test wasmovedwhereas the other two sensors were on their zero positions. The
sensor system was mounted on a high precision 3D calibration device and moved to
predefined positions in the 3D measurement range. The positions in spherical coor-
dinates measured by the sensor system were converted to cartesian coordinates and
compared to the real position indicated by the calibration device. This test confirmed
the required three-dimensional accuracy and sensitivity under static conditions in a
temperature range of −20 °C to 50 °C.

For a dynamic validation six 3D-sensor systems were finally installed on a two-
axial servo hydraulic testing system (validation step 4—see Fig. 4). At temperatures
ranging from −20 °C to 50 °C the sensors were slowly displaced to predefined
positions. At these positions the sensors were additionally deflected dynamically
with a sine function of 5 Hz and an amplitude of ±0.1 mm. The test confirmed that
all sensor systems fulfill the requirements on functionality, accuracy and sensitivity
under realistic conditions as far as possible to simulate in laboratory scale.

3.2 Validation in Situ

In 2018 the sensor systems were tested on the “Demonstration, Investigation and
Reference Area” (duraBASt) of the German Federal Highway Research Institute
(BASt) near Cologne. The test included installation of the sensors and of the data
acquisition system under real conditions as well as the response to climatic and
traffic load. Six sensor systems were installed on joints between concrete slabs of a
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Fig. 5 Setup of the FWD-test in the joint region between two slabs a and the response of the BAM
sensor system in comparison to the deflection measured by the FWD system b

test track, directly in the wheel track as well as in the middle between the tracks as
schematically described in Fig. 2. The slabs have a dimension of 5 m × 4.25 m ×
0.23 m and are bedded on an asphalt base layer acc. to construction type 2 (Fig. 1).

The dynamic response of the Sensor systems was first practical validated by the
results of FallingWeightDeflectometer (FWD) test near the joint region (Fig. 5a). The
FWD-test is a standardized method for determining soil stiffness based on dynamic
deflection measurements (Březina et al. 2017). Figure 5b shows the relative move-
ment in vertical direction (Z–Axis) of two adjoining slabs during the test. The blue
curve, measured by the new BAM-Sensor system, is in good correlation with the
black curve which is the output of the FWD test (difference measurement signal
geophone at position −30 resp. −22 cm from load impact point FWD).

Secondly the sensor response to traffic load was tested with a 2 axis truck with
a total weight of around 20 t. The truck over-rolled the embedded sensors several
times under controlled uniform conditions with speeds of 2, 30 and 70 km/h. As an
example, Fig. 6 shows the deformation of a joint measured by BAM sensor “2 R” in
the wheel track. The truck rolled over the joint with a speed of 2 km/h. The crossing
of the front axle with a load of approximately 7.3 t causes an opening of the joint
(X–Axis) of about 17 µm. In vertical direction (Z–Axis) the sensor first detects a
deformation of about 17 µm, indicating a downward movement of the slab in front
of the joint. It is followed by a sudden deformation of −25 µm when the axle has
crossed the joint, indication a downward movement of the slab behind the joint. The
crossing of the rear axle with a load of 12.1 t caused similar but higher deformations.
The ratio of the deformation amplitudes caused by front and rear axles is about
1.7 and corresponds to the load ratio of the axles of 7.3:12.1 ≈ 1.7. No horizontal
deformation was detected orthogonal to the driving direction (Y–Axis). Similar joint
deformations were measured at higher speed. Peak amplitudes and time between
the peaks decrease with increasing speed of the truck. Before and after direct truck
over-rolling (see Fig. 6 course of BAM-Sensor 2R (X-Axis)), the sensor system also
detects relative slab movements indicating the interaction of the adjacent slabs. With
it the mechanical functionality of the pavement construction can be characterized.
For this pavement at duraBASt (not under regular traffic) no horizontal deformation
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Fig. 6 Deformation of adjacent concrete slabs while being over-rolled
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Fig. 7 Joint movements over a one year period with validating external measuring system (SDM)

in joint longitudinal axis (Y-axis) orthogonal to the driving direction was detected at
uniform and straight over-rolling conditions (see Fig. 6).

Thirdly the long-term field performance of the sensors was tested over a period of
12 months. During the first six month the local technical infrastructure was available
only temporary. The absolute opening of the joint (X–Axis) was measured addition-
ally five times in situ with a digital extensometer (SDM). The comparison of these
manual measurements with the results of the sensor system shows a good correla-
tion. Moreover, it was validated that shut down and restart of the system resulting
from interruption of technical logistics doesn’t influence the measurement results.
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The joint deformations measured on joint 2 (BAM sensor 2 M) show a strong cor-
relation to temperature. Starting from an initial joint width, within the monitoring
period March 2018 the joint was compressed by −3.3 mm in late summer in 2018
at a temperature of 34 °C inside the concrete pavement and expanded by +4.2 mm
at a temperature of −6 °C in the following winter. In contrast, nearly no deforma-
tion was detected on joint 1 (BAM sensor 1 R). FWD-results and visual observation
shows that this joint is not working correctly, and these two slabs are still connected.
Therefore, the pavement structure does not work as designed (Fig. 7).

4 Conclusions

An innovative sensor system tomeasure seasonal aswell as traffic-inducedmultiaxial
deformations also directly in heavy-loaded pavements was developed and approved
in various validation steps. The laboratory validation shows high accuracy at all use
scenario between −20 and+50 °C. The in situ validation approves the practicability
of the sensor system design, the developed field installation technology and the
sensor system performance under practical conditions. After one field trial the sensor
systems are easily removable and reusable for other field trials.

With the innovative sensor system, it is for the first time possible to measure
three-dimensional movements of adjacent slabs in real-time. First measurements
encourage the need for an improved exploration of joint as well as the pavement
performance in the joint region by innovative sensor solution. The sensor system
opens new opportunities for a scientifically exploration of the real performance of
pavement construction types and will support further improvements in evaluation
methodology as well as design of joint sealing systems, improved joint performance
and finally for more sustainability in concrete pavement design.
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Numerical Evaluation of Crushing
Resistance of Unbound Road Material

Erik Olsson, Denis Jelagin, and Manfred N. Partl

Abstract The service life of a road is to great extent controlled by the performance
of the unbound layers. Assessing the constitutive behavior of these layers is thus
imperative for a sustainable pavement design. Adequate description and measure-
ment of unbound materials resistance to aggregate crushing is an issue, in terms of
the measured response coupled to intrinsic properties of the aggregates and unbound
materials gradation. In this study, a new Discrete Element Method (DEM)—based
model is developed to investigate aggregate damage in unbound road materials. In
order to get better insight into micro-mechanics of aggregate crushing, the developed
model incorporates granular mechanics-based particle contact and damage laws. By
numerical analysis with the DEM, several unbound granular materials have been
examined investigating the effect of the materials gradation and aggregates tough-
ness properties on their performance in crushing tests. The capability of the model
to capture the effect of unbound material properties on its crushing performance, is
evaluated based on comparison with experimental findings.

Keywords Unbound road material · Particle behavior · Crushing resistance ·
Discrete element modelling

1 Introduction

Aggregate degradation in unbound road layers is known to affect significantly func-
tional performance and service life of roads. In particular, as discussed in e.g. (Saeed
et al. 2001) aggregate degradation in unbound layers may contribute to a higher rate
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of rutting, fatigue cracking and surface corrugation in flexible pavements. Accord-
ingly, ensuring adequate aggregate resistance to degradation through crushing and
abrasion is crucial for good pavement performance.

In order to address this issue, a number of empirical tests to characterize aggregates
toughness have been proposed, such as the Los Angeles abrasion test. Summaries of
the existing test methods for aggregate toughness/abrasion characterization may be
found in the literature (Bjarnason et al. 2000; Saeed et al. 2001).While the existing test
methods provide a relatively simple way for determining empirical indices capturing
aggregates crushing and/or abrasion resistance, their relationship with the aggregates
performance in road structures is not necessarily strong, cf. e.g. (Wu et al. 1998).
This study aims to contribute to establishing a stronger link between fundamental
mechanical properties of aggregates and their crushing performance in unbound road
layers.

In this study, a new Discrete Element Method (DEM) based model is developed
to investigate aggregate damage in aggregate crushing tests. The developed model
builds up on a DEM modelling approach developed by the authors (Celma Cervera
et al. 2017;Olsson et al. 2019a, b) and incorporating particle contact and damage laws
based on granular mechanics. It allows thus to capture unbound materials crushing
performance at arbitrary loading and geometries. Accordingly, the proposed DEM
model may provide a better quantitative insight into aggregate breakage in unbound
layers in roads and railways. Presently, models capability to quantitatively capture
the effects of aggregates gradation and fracture toughness on unbound materials
performance in aggregate crushing tests is evaluated, based on the experimental
findings reported in Bjarnason et al. (2000). Feasibility of using DEMmodelling for
establishing a quantitative link between aggregate performance in crushing tests and
aggregate degradation in unbound layers is illustrated and discussed.

2 Problem Formulation and Methodology

In unbound road layers, external forces applied to the layer are distributed in aggregate
skeleton through the stone-to-stone contact points.Aggregates in pavement structures
have to withstand a large number of load cycles during construction as well as under
repeated traffic loads. The magnitude of pressure applied to unbound layers during
their service life depends on the pavement structure and materials used as well as
traffic type and speed and may reach approximately 1.6 MPa for the cases of heavy
construction traffic travelling directly on unbound layer, cf. (Bjarnason et al. 2000).
Furthermore, even higher pressure pulses may be applied to unboundmaterial during
compaction (Holtz and Kovacs 1981). Aggregate propensity to breakage in unbound
layers will, in addition to aggregate properties, be controlled by the magnitude and
distribution of contact forces at stone-to-stone contact points. Accordingly, in order
to obtain the best computational insight into the aggregate crushing process, models
should explicitly account for stone-to-stone interactions, particle rearrangements
and discuss stone breakage as a function of fundamental materials properties. The
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Discrete Element Method (DEM), developed by Cundall and Strack (1979) is the
natural tool for investigating such conditions and hence the main goal of the present
paper is to develop such a modelling framework based on DEM.

TheDEMmodel used in this work is an extension of the granular mechanics based
DEM framework developed for studying deformation and damage of both unbound
and asphalt materials. The framework is implemented in an in-house C++ code and
uses a standard DEM formulation with explicit time integration. More details of the
framework and implementation can be found in Celma Cervera et al. (2017); Olsson
et al. (2019a, b); Olsson and Jelagin (2018).

In DEM, each physical particle (stone) is represented by one or more DEM par-
ticles and the movements of the particles are determined by explicit integration
of Newton’s second law given forces acting on the particles. In the present case,
with unbound stone materials, the contributing forces are gravity and contact forces
between the stones. Hence, in order to get reliable predictions from DEM models
the contact forces need to be accurately calculated.

The contact behavior of a particular material used in road construction, Arlanda
granite, was investigated experimentally using instrumented indentation testing in
Celma Cervera et al. (2017). A spherical indenter was used having a radius of
6.25 mm. In that work, two damage mechanisms were identified, cyclic damage
leading to energy dissipation and macroscopic cracking leading to a possible frag-
mentation of the stone. The latter damage mechanism will be used as a damage
criterion and will be discussed later in this section. To be able to transfer the results
from the indentation testing to contact between two spherical stone particles, the
effective contact radius of the contact pair, shown in Fig. 1 is defined according to
Eq. (1) as

1

R0
= 1

R1
+ 1

R2
(1)

Based on the results in (Celma Cervera et al. 2017), a model for the normal force,
FN , as function of the indentation depth, h, was derived by Olsson et al. (2019a)
and the resulting relationship is sketched in Fig. 2(a). It consists of three parts. Ini-

Fig. 1 Sketch of the two
particle contact problem with
quantities needed to define
the force-displacement
relationship
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Fig. 2 a The force displacement relationship at loading. b A magnification of the force-
displacement relation in b showing the cyclic behavior

tially, the force—indentation depth relation is linear accounting for crushing of small
asperities. In the indentation experiments where R0 = 6.25mm, this region occurs
for forces below 100 N and is scaled in the simulations with R2

0 . This region is visible
in the magnification in Fig. 2(a). At higher forces, the Hertz (1882) contact theory is
used assuming that the stones behave elastically. Due to shear driven damage below
the contact, deviation from the elastic Hertzian behavior is seen at large indenta-
tion depths. This is modelled by an additional linear region that in the indentation
experiments starting at h = 0.087mm which is scaled with R0 in the simulations.
Unloading of the contact is modelled to give a hysteresis leading to cyclic energy
dissipation by having different stiffnesses at loading and unloading. This is seen in
Fig. 2(b). The benefit with this rather complex force-displacement relationship is
that it results in energy dissipation without introducing any unphysical damping.
This model was further confirmed using FE simulations in Olsson et al. (2019a).

Another important mechanism for energy dissipation and for restricting themove-
ments of the stones is friction. Presently, the cyclic stick-slip model in Thornton et al.
(2011) is used. At full slip, a coefficient of friction of 0.7 is used both for stone-to-
stone contacts and for stone-surface contacts. This rather high value accounts for
surface irregularities.

The main focus of this paper is damage of the aggregates in the road material and
thus a suitable criterion for damage has to be used given the contact force between the
aggregates. For each contact a fracture force can be computed according to Eq. (2)

FC = σF R
2
0 (2)

where σF is the failure stress of the contact. As there is a larger probability of finding
a critical defect in a large loaded volume than in a small volume, a Weibull weakest-
link model is used for the probability distribution of the failure stress according to
Eq. (3).
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F = 1− exp

[
−

(
σF

σW

)m R3
0

VRef

]
(3)

where σW is the Weibull stress controlling the strength of the material and m is a
parameter controlling the scatter. For dimensional consistency, a reference volume
Vref is introduced, here defined being the radius of the indenter used in Celma
Cervera et al. (2017) cubed, Vref = (6.25mm)3. Using this model, a contact with a
large effective contact radius R0 will have a lower fracture stress than a contact with
small effective contact radius. If the contact force exceeds the fracture force Fc, it is
registered that the aggregate has fractured at the position of the contact and used for
post-processing of the number of cracks.

3 Computational Study

The focus of this paper is a numerical investigationof amodifiedversionof the proctor
test for studying aggregate damage. The experimental basis for the investigation is
found in Bjarnason et al. (2000). In their experiments, a cylinder having a radius
of 2 inches (50.8 mm) and height of 116.43 mm is used. The cylinder is filled with
five layers of stone material and a cylindrical hammer with radius 50 mm is released
25 times on each layer. The hammer has a weight of 4.54 kg and is released from
a height 457 mm above the stone layer. During testing, the cylinder containing the
stones is rotated so that the hammer impacts the stone surface evenly.

The gradations before and after the tests are determined and an index, themodified
Bg index, is calculated by using Eq. (4)

Bg =
sieves−1∑

i=1

〈
�Sia − �Sib

〉
(4)

where �Sia is the difference in volume of material passing sieve size i and sieve
size i + 1 after the test and �Sib is the corresponding quantity after the test. These
quantities are visualized in Fig. 3(a) and <> is the Macaulay brackets resulting
in that only positive differences are included in the summation. The larger the Bg
value, the more fragmentation of the stones during testing. This method was used
to investigate 4 materials, prepared with 4 different aggregate types from Icelandic
quarries, in Bjarnason et al. (2000) with results presented in Fig. 3(b).

Two different gradations have been the focus presently, presented in Fig. 4(a).
One contains only stones having sizes between 8 to 16 mm and one follows the
theoretical Fuller curve given by Eq. (4)

F =
(

d

dmax

)0.5

(5)
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Fig. 3 a Definition of quantities used for the Bg. index evaluation. b Bg. index values obtained
experimentally for 4 different materials

Fig. 4 a Gradations used in the experiments and in the simulations. bAWeibull model fitted to the
experimental results in Celma Cervera et al. (2017) together with predictions of a weaker material

where F is the cumulative mass distribution and dmax the maximum aggregate size.
A cut-off was used in experiments excluding fine material smaller than 0.063 mm.
To have a feasible number of particles in the DEM simulations, the cut-off is there
set to 2 mm, also included in Fig. 4(a). The number of particles in the simulations
for all five layers is 583 particles for the 8–16 mm gradation and 18,304 particles for
the Fuller curve.

The experimental results in Celma Cervera et al. (2017), presented in Fig. 4(b)
are used for determining parameters for the weakest-link fracture model in Eq. (2).
AWeibull distribution has been fitted to the experimental outcome giving the param-
eters σW = 386.5 MPa and k = 3.87 which matches the experiments well. To
investigate the effect of material properties, a weaker material is defined having the
same exponent k but with a Weibull stress of σW = 200 MPa. Its predicted behav-
ior at the fracture tests in Celma Cervera et al. (2017) is shown as a dotted line in
Fig. 4(b).
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4 Results

In Fig. 5(a) the computationally predicted number of fractured particles is shown
as a function of number punch impacts; vertical dashed lines in the Fig. 5(a) mark
momentswhen the next layer of particles is added to the specimen.Results in Fig. 5(a)
are presented for the two gradations and two aggregate qualities, and, as may be seen,
in all 4 cases examined, particle crushing curves have approximately the same form,
with number of fracturedparticles increasingmoreor less linearlywith blows.Asmay
also be noticed, tests performed on 8–16mmparticles result in approximately 3 times
higher number of fractured particles as compared to the correspondingmeasurements
for the gradation following the Fuller curve. Furthermore, reducing Weibull stress
386.5 MPa to 200 MPa increases particle crushing by approximately a factor of
2. Comparing the results with the ones reported in Fig. 3(b), it may be concluded
that the developed DEMmodel, captures at least qualitatively, the effect of unbound
material gradation on aggregate damage. Effect of aggregate toughness on the mate-
rial performance in crushing test may further be effectively captured by adjusting
material’s Weibull stress. Distribution of fractured particles at the end of the test, i.e.
after 125 blows, is shown in Fig. 5(b) for the case of 8–16 mm gradation.

In order to examine the effect of test parameters on materials performance further,
two additional simulations of crushing tests for 8–16 mm gradation are performed
as follows: (i) after the specimen is loaded according to the test procedure described
above, additional 75 blows are applied to the specimen surface; (ii) all the unbound
material is filled into the container as a single layer and complete specimen is loaded
with 125 blows. Number of fractured particles as function of blows is shown in
Fig. 6(a,b) for the simulation cases (i) and (ii) respectively. As may be seen in
Fig. 6(a), particle fracture rate decreases somewhat at the end of the simulations, in
particular for the case of weak aggregates (σW = 200 MPa). Single layer specimen
case reported in Fig. 6(b) results in somewhat smaller number of particle fractures
as compared to the results presented in Fig. 5(a). It is worth noting, however, that for

Fig. 5 aNumber of fractured particles as a function of number of blows; b distribution of fractured
particles (red) at the end of the test, 8–16 mm gradation
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Fig. 6 Number of fractured particles as a function of number of blows, 8–16 mm gradation,
a prolonged test; b single layer specimen

both cases in Fig. 6weaker aggregates accumulate approximately twice the number of
fractured particles as compared to the strong ones. The effect of aggregate properties
on material simulated crushing performance is thus more or less identical for the 3
loading scenarios, examined in Figs. 5(a) and 6(a,b).

To compare the Bg index value from the experimental data with the simulations
it is assumed that each crack in a stone divides it into two pieces of equal volume. A
modified gradation is then calculated by assuming that these pieces are themselves
spherical with a diameter used as size characteristics in the gradation curves. The
results of these calculations are shown in Fig. 7(a) where it is clearly seen that the
8-16 mm fraction leads to larger change of gradation after the testing than for the
Fuller curve gradation. For the case of Fuller curve gradation, it may also be noted
in Fig. 7(a), that, large aggregates of 8–16 mm in size are primarily damaged in the
crushing test.

From the calculated gradations it is possible to calculate the modified Bg index
in the same way as in the experimental results presented in Fig. 3(b); the result of
this calculation is shown in Fig. 7(b). As may be observed, the calculated values

Fig. 7 a Simulated gradations before and after the testing. b Calculated Bg. index values from the
simulations
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are in the same range as the experimental ones. Furthermore, computational results
obtained for σW = 386.5 MPa and σW = 200 MPa agree well quantitatively with
the experimental ones, in Figs. 3(b) for the materials 1 and 4 correspondingly.

Full quantitative agreement is not expected however, as the failure law parame-
ters used in DEM simulations are obtained from experiments performed by Celma
Cervera et al. (2017), performed on a different aggregate type. Presently, emphasis
lies on the evaluation of the ability of the model to capture relative effects of gra-
dation and aggregate properties on the unbound material performance in crushing
test. In this context, it seems to be instructive to compare the ratios between the Bg
values reported in Figs. 3(b) and 7(b), for the different gradations and material types.
Based on this comparison it may be concluded that both the effect of gradation and
of aggregate properties are captured well.

5 Conclusions

The newDEM-basedmodel is proposed to investigate unboundmaterial performance
with respect to aggregate crushing. The model is used to evaluate performance of
unbound materials in aggregate crushing test at two different gradations and two dif-
ferent aggregate qualities. Based on comparison with the experimental findings, it is
shown that the developed model captures successfully the effect of unbound materi-
als gradation and of aggregate fracture toughness onmaterials crushing performance.
It is also found numerically that, for both gradation examined, primarily the largest
aggregates get fractured during the test. Based on a brief parametric study, the mod-
els capability for examining the influence of testing parameters on the specimens
crushing is illustrated.

The model, developed in this study, relies on granular mechanics-based contact
and damage laws for aggregates and allows thus to quantify the effect of fundamen-
tal properties of unbound materials on their performance with respect to aggregate
crushing. Accordingly, the model can be used to evaluate unbound materials crush-
ing performance at arbitrary geometries and loading scenarios, such as e.g. the ones
arising in unbound layers in road and railway structures.

Acknowledgements The authors are indebted to Prof. Sigurdur Erlingsson for providing data and
details from the crushing experiments.
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Developing and Modeling a Piezoelectric
Energy Harvester (PEH) for Highway
Pavements

Mohamadreza Khalili, Sara Ahmed, and A. T. Papagiannakis

Abstract This paper describes a piezoelectric energy harvester (PEH) that uses PZT
or lead zirconate titanate (Pb[Zr(x)Ti(1 − x)]O3) elements to convert mechanical
energy from moving vehicles to electricity. The PEH consists of a rectangular metal
housing supported by four PZT stacks located at its corners. It is sized to capture the
rightwheel path of theweaving traffic. Each PZT stack consists of six PZT cylindrical
elements connected in parallel. Extensive laboratory testswere performed to properly
characterize and model the stacks. An electromechanical model of the stacks was
developed to translate its mechanical properties to electrical properties. This model
was implemented into Matlab/Simulink in order to optimize the power harvesting
circuitry. The output power depends on the applied stress and the loading frequency.
The power output of one of the PZT stacks is in the order of 10 mW and 1.4 W
for a car axle and a truck axle, respectively. In addition to generating power, the
PZT stacks can be used as axle load sensors by utilizing the output voltage to back
calculate the stress using the developed model.

Keywords Piezoelectric · Energy harvesting · Pavement · Electromechanical

1 Introduction

Energy harvesting consists of tapping into ambient energy and convert it into elec-
trical energy suitable to power electrical devices. Ambient energy can be in various
forms includingmechanical, thermal and solar. Depending on the energy source, har-
vester designs involve piezoelectric (Erturk and Inman2011), thermoelectric (Tahami
et al. 2019), electromagnetic (Gholikhani et al. 2019) or photoelectric (Guilar et al.
2009) technologies. Each technology has its pros and cons. Solar cells scavenge solar
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energy and have high efficiency. They are easy to use andmodular with no emissions,
noise or moving parts. Solar cells are ideal for certain applications, however their
cost and dependence on light and available space are their limitations. Thermoelectric
devices that harvest thermal energy need high temperature gradients (>10 °C) and
have efficiency limitations (Cook-Chennault et al. 2008). Piezoelectric harvesters are
currently the simplest method to harvest power from structural vibrations.

Piezoelectric ceramics are easy to use and modular with no emissions, noise and
moving parts. They are widely used as stress sensors as well. These materials are
produced synthetically for engineering applications. The most popular piezoelectric
ceramic is lead zirconate titanate (Pb[Zr(x)Ti(1− x)]O3) which is commonly known
as PZT. It was first developed at the Tokyo Institute of Technology in 1950s (Erturk
and Inman 2011). PZT crystals have high material strength and long service life.
They are also resistant to humidity and temperatures well over 100 °C. Moreover,
they can be fabricated easily into various shapes (Kour and Charif 2016).

Piezoelectric materials exhibit electric polarization when they are mechanically
strained. Their electric polarization is proportional to the applied strain so they can
be also used as sensors when properly characterized.

Piezoelectric materials has been used for power harvesting from human motions
in common wearables, like shoes and backpacks (Feenstra et al. 2008). There have
been studies that could harvest 1.3 mW at 3 V from embedded PZT wafers in shoes
when walking at a rate of 0.8 Hz (Platt et al. 2005a, b). Delivering sustainable electric
power to micro-electro-mechanical systems (MEMS) or a wireless network system
by harvesting ambient energy is valuable since it can remove batteries and thus
eliminating the need for replacing and maintaining the batteries especially in remote
and hard to reach sensor nodes, safety-monitoring devices and embedded sensors
in structures (Batra and Alomari 2017). These battery-less solutions will limit or
eliminate the battery disposal which is environmentally beneficial.

There are approximately fourmillion lane-miles in theUSA, experiencing over 3.2
trillion vehicle-miles of travel per year according to the Federal Highway Adminis-
tration (“Press Release: 3.2 TrillionMiles Driven OnU.S. Roads In 2016, 2/21/2017|
Federal Highway Administration”). This is a significant untapped source of energy.
There have been many recent efforts to harvest the mechanical energy generated
from vehicles passing over road pavements. Jung et al. developed a PEH module
measuring 15 cm by 15 cm that produced a power density of 8 W/m2 (Jung et al.
2017). A study at Virginia Tech evaluated nine different PEH designs and reported
an average output of 3.1 mW per vehicle pass. It was concluded that the parallel
electric connection between the piezoelectric disks is more efficient compared to
the series connection. This configuration allows for lower output voltage peaks and
more importantly, lowermatching impedance in order tomaximize power (Platt et al.
2005a, b); (Xiong 2014). Xiong et al. (Xiong and Wang 2016) developed and field
tested a PEH, which produced an average power of 3.106 mW. It was concluded
that this power was sufficient to operate roadside microelectronics. Sun et al. (2013)
modeled and compared PZT stacks in series and in parallel and suggested that par-
allel configuration produces higher electric current and power. Yang et al. (2017)
developed a PEH prototype casing made of MC Nylon® containing 9 PZT stacks
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which produced an open-circuit voltage of 280 V. Jiang et al. (2014) also used PZT
stacks made of 36 layers of piezoelectric disks connected in parallel. They generated
85 mWunder an excitation force amplitude of 1,360 N at 6 Hz. Roshani et al. (2016),
tested piezoelectricmaterial in the laboratory and concluded that the effect of ambient
temperature has no significant effect on the power output of a PEH prototype.

2 Objectives

The particular objectives of this paper are:

1. Design and fabricate a PEH
2. Characterize its electromechanical properties through laboratory testing
3. Quantify the amount of electrical power that can be generated under traffic.

3 Harvester Design and Fabrication

The PEH housing was conceived as a steel box (AISI 1018 steel having yield stress
of 53.7 ksi) with a top plate supported in each corner by a PZT stack (Fig. 1). Each
PZT stack was built from six individual piezoelectric disks with diameters of 25 mm
and a thickness of 6.8 mm which are connected electrically in parallel together. This
housing is to be embedded into the roadway pavement layers in a way that its top
plate is flush with the pavement surface (Fig. 2). Its dimensions and design were
dictated by the need to safely carry the entire load of half a truck axle (i.e., 1 wheel
path) and transmit it to the PZT stacks. Figure 1b shows the fabricated box, housing
the four PZT stacks. For each post special supports were designed to hold the PZT
stacks in place.

Fig. 1 a PEH Housing schematic stacks b Fabricated PEH box
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Fig. 2 PEH embedded in the pavement a top view b section view

4 Laboratory Testing

Themechanical loads were applied on the PZT stacks with a servo-hydraulic Univer-
sal Testing Machine (UTM) which is capable of applying dynamic loads with a wide
range of amplitudes and frequencies. The loading frequencies applied ranged from
2.5 to 62 Hz. The higher test frequency was close to the loading frequency expected
from vehicles moving at highway speeds, (e.g. at 96 km/h, a 0.2 m diameter circular
tire contact takes 0.015 s to traverse the 0.20 m width of the PEH housing, which
translates to a frequency of 66Hz). Loadmagnitudes ranged from4.45 kN to 44.5 kN,
representing a typical half-car axle and legally-loaded half-truck axle, respectively.
The corresponding stresses on each of the four PZT posts were 2.245 kPa (1.1 kN)
and 22.453 kPa (11 kN), respectively.

The voltage output measurements across a variable resistor connected to PZT
stack were recorded using an oscilloscope along with a voltage probe with a 500X
attenuation rate.

The output voltage of a PZT stack under a sinusoidal mechanical load is a sinu-
soidal signal recorded by the oscilloscope which its amplitude is a function of
both mechanical load amplitude and frequency and its frequency is the same as
the mechanical loading frequency. The root mean square power output of the PZT
stack is computed as P = V2

rms/RL where Vrms is the root mean square of the output
voltage signal and RL is the resistance connected to the PZT stack.

Figure 3a illustrates the effect ofmechanical load amplitude on the power output of
the PZT stacks. The harvested power increases significantly with higher mechanical
load levels. Figure 3b evaluated the effect of frequency on the harvested power.
Having the samemechanical load amplitude of 1.1 kN, the harvested power increases
drastically for higher frequencies. This shows more energy can be harvested from
vehicles with higher speeds.

According to the power-transfer theorem also known as “Jacobi’s law”, the max-
imum amount of power output from a source occurs when the external electrical
impedance matches the internal impedance of the source. Figure 3a shows that this
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Fig. 3 RMS power output of one PZT stack a effect of mechanical load amplitude b effect of
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matching impedance is not affected by themechanical load amplitude but it is largely
affected by the loading frequency as can be seen in Fig. 3b (power reaches to its
maximum in lower impedance or resistance values).

The four PZT stacks in the PEH can be connected with series or in a parallel
configuration. Figure 4 shows the experimental results for two stacks tested in the
UTMat the same timewith parallel and series connections. It can be seen that parallel
configuration wins both in terms of amount of harvested power and lower matching
impedance.

Fig. 4 Harvested RMS
power from two PZT stacks
for serial and parallel
connections
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5 Electromechanical Modelling

Khalili et al. 2019 gave a through explanation of the methodology for modelling the
PZT stacks used in this study.

For low frequencies, the PZT stack ismodeled as a voltage source (Xu et al. 2013).
The equivalent electrical circuit of the PZT is shown in Fig. 5.

As can be seen by Fig. 5, the model has five parameters: φ, Rem , Cem, Lem and
CP . These parameters were found through a calibration process in Excel solver by
comparing the experimental output voltage of the PZT and the analytical output
voltage of the equivalent circuit. The model was calibrated using laboratory data
obtained by subjecting the PZT stacks to a load amplitude of 1.1 kN and loading
frequencies ranging from 2.5 to 62 Hz. The fitted parameters are shown in Table 1.

Figure 7 suggests a very good agreement between model predictions and labora-
tory data. It is concluded that the electro-mechanical model fitted can reliably predict
the electrical output from load input and vice versa.

As discussed earlier, the corresponding force from a car and a truck on each of
the four PZT posts is 1.1 and 11 kN respectively. Using the equivalent circuit, The
maximum RMS power harvested from each PZT stack is 9 and 1400 mW for 1.1

Fig. 5 The equivalent electrical circuit of the PZT. Fin is applied mechanical force amplitude

Fig. 6 Frequency dependent parameters of the model
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Table 1 Fitted parameters of
the model (equivalent PZT
circuit)

Parameter Values

Rem [�] 13.009

Lem [H] 0.033

CP [F] Refer to Fig. 6a

Cem [F] Refer to Fig. 6b

φ[V/N] 0.55

Fig. 7 Model verification using experimental data

and 11 kN, respectively for 66 Hz (which represents a vehicle speed of 96 km/h).
It is noted that the power output from four of these stacks connected in parallel, as
envisioned for the PEH, will be at least four times as large.

6 PEH Circuit Design and Testing

Apreliminary energy harvesting circuit was designed based on computer simulations
in Matlab using the electromechanical model. Figure 8 shows the lab setup for the
initial power harvesting circuitry with one piezo-stack under testing connected to
diode rectifier feeding a Wolfspeed/CREE CRD-15DD17P flyback dc/dc converter
and a linear regulator (LT1764ET-3.3) with a resistive load.

Figure 9 depicts the experimental testing result of one piezo-stack under a con-
tinuous sinusoidal loading of 3 kN force with a frequency of 62 Hz. The output of
the flyback is regulated between 5−10 V then a linear regulator is used to regulate
the voltage to a constant 3.3 V.
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Fig. 8 Experimental Setup of one PZT stack with diode rectifier, flyback DC/DC converter and
resistive load of 1.1 kΩ

Fig. 9 Experimental results of one PZT stack with diode rectifier, flyback DC/DC converter and
resistive load of 1.1 kΩ at 62 Hz and under continuous loading of 3 kN

7 Conclusions

This paper described the design and fabrication of a PEH consisting of four PZT
stacks. From the extensive experimental test results on each PZT stack, the proposed
electromechanical model was calibrated and then verified. Special emphasis should
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be given to the conditions that the PEH will experience under in-service traffic since
it will determine the external impedance (i.e. resistance) of the harvesting circuit in
order to maximize the harvesting power. Using the model, the PEH is estimated to
produce a RMS power as high as 5.6 W.

The equivalent circuit was then used in computer simulation in Simulink in order
to design a primary harvesting circuit. The circuit was tested in the lab and could
provide a stable 3.3 V, DC voltage.

The output power is enough to be used for powering low consumption micro-
processors which can be programmed to do the vehicle classification and counting.
This study builds the foundation of a self-powered low budget WIM (Weigh-In-
Motion) system alternatives. Having these cost-effective data collection systems are
not only crucial to MEPDG pavement design but also provides data for a more
efficient pavement management which eventually promote sustainability.

The harvested power can also be used for LED lightening promoting road safety.
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Performance Optimization of Warm
Recycled Mixtures

F. Cardone, F. Canestrari, X. Jiang, and G. Ferrotti

Abstract Warm Mix Asphalt (WMA) technologies are becoming popular due to
their ability to reduce mixing and compaction temperatures compared to the con-
ventional hot mix asphalts (HMAs), with remarkable advantages of environment
and costs. Moreover, WMA is considered as one of the most promising technology
for increasing the re-use of Reclaimed Asphalt (RA) within the mixture although
its effectiveness in recycling issues require more dedicated research activities. This
paper describes a laboratory investigation aimed at optimizing a dense graded asphalt
mixture for wearing course, produced with WMA technology and including up to
30% of RA. WMA mixtures were prepared by using two contents of a plain bitu-
men, two contents of RA and one chemical additive. A recycled HMA containing
lower RA content, according to technical specifications currently applied in Italy,
was selected as reference mixture. Strength and stiffness properties, water sensitiv-
ity, rutting and cracking resistance were investigated on shear gyratory compacted
specimens. The result analysis on stiffness, rutting and fracture properties indicated
the possibility to produce suitable WMA mixtures with higher RA contents without
penalizing their performance compared to the reference one.

Keywords Warm Mix Asphalt · Reclaimed Asphalt · Stiffness · Rutting

1 Introduction

Compared with conventional Hot Mix Asphalt (HMA), Warm Mix Asphalt (WMA)
allows the mixing and compaction temperature of mixture to be reduced by 20 to
40 °C (Rubio et al. 2012). In general, WMA are classified by the technique of pro-
duction (D’Angelo et al. 2008): foaming based WMA (by adding cold water during
the handling of hot binder) and additive based WMA (by adding organic additives
or chemical additives to the asphalt mixture components). The application of WMA
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technology could lead to both environmental and economic benefits. At lower tem-
perature, the asphalt plant significantly reduces gas emissions including CO, CO2,
NOx and So2 (Capitão et al. 2012; Stimilli et al. 2017a) and compared with HMA
production, a reduction in energy consumption by20 to 75%canbe gathered (Chowd-
hury and Button 2008). Moreover, it has been shown that, in particular conditions,
WMA technology can improvesworkability and enhance the compaction ofmixtures
pavement (Mogawer et al. 2013; Stimilli et al. 2017b).

In Europe, over 80% of road pavements are constructed with asphalt mixtures
(Antunes et al. 2019), therefore huge amounts of Reclaimed Asphalt (RA) material
are available after themilling of old bituminous pavements.Nowadays,RA is soundly
recognized as material for road construction and its use for the production of new
bituminous mixtures provides remarkable economic and environmentally-friendly
benefits. Because of these benefits, over recent years more andmore researches focus
on the performance of mixtures containing high RA contents (greater than 25%).
Indeed, while the addition of RA in asphalt mixture increases its stiffness, which
could increase its rutting resistance, the cracking resistance could be significantly
reduced. Thus, a balanced mix design is very crucial. Actually, the simultaneous
application of WMA technologies and recycling techniques constitutes a promising
construction solution in terms of environment and paving cost (Putman and Xiao
2012). Moreover, plentiful investigations were carried out suggesting that mixture
performance could significantly take advantage from the combination ofWMAmix-
ture and RA. In this regard, previous studies showed that high RA contents (up to
50%) could increase stiffness, improve rutting performance and moisture resistance
of WMAmixture (Vargas-Nordcbeck et al. 2012; Zhao et al. 2013; Moghadas Nejad
et al. 2014; Yin et al. 2014; Behbahani et al. 2017). When the WMA mixtures are
produced with proper RA content and WMA additive, the findings indicate that
recycled WMA mixtures have equivalent short-term and long-term performances to
HMA mixtures, or slightly better at high temperature (Choubane et al. 2014; Zheng
et al. 2013; Lopes et al. 2015).

Given this background, this research study aims at analyzing the mechanical
properties of WMA mixtures containing different percentages of RA. Since these
activities are preparatory to future works aimed at evaluating the feasibility of full-
scale production, the related in situ lay-down and the compaction operations, the RA
contents must be properly chosen. As the national/local specifications regarding hot
recycling of mixtures for wearing courses require RA contents lower than 15%, this
research study tries to extend this limit by using RA percentages up to 30%. The
performance of the WMA mixtures, prepared with a chemical additive and selected
RA and binder contents, were evaluated by an extensive laboratory testing aimed
at determining their stiffness, cracking and rutting properties as well as moisture
susceptibility.
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Fig. 1 a Virgin aggregates and RA gradations; b Design curves of asphalt mixtures

2 Materials

In this study, virgin (limestone, basalt, calcareous filler) andRAaggregateswere used
to produce the aggregate blends. The bitumen content of RA was 7.7% by aggregate
weight. The recovered bitumen had a penetration of 38 dmm and a softening point
of 54 °C. Figure 1.a shows the gradations of virgin and RA aggregates. A plain
bitumen pen 50/70 was selected as binder. A chemical WMA additive available on
the market, having an alkyl-amide polyamines-based composition and characterized
by a density at 25 °C of 0.94 g/cm3, flash point higher than 150 °C and viscosity at
25 °C of 150 cP, was chosen.

Three dense-graded mixtures for wearing courses were investigated: two WMAs
and one HMAmixture as reference. The grading curves of the three asphalt mixtures
are shown in Fig. 1b. All the mixes were characterized by a total bitumen content of
5.6% by the aggregate weight. The WMAmixture with 20% RA and 4.1% of added
binder was coded as WMA-20-4.1, the WMA mixture with 30% RA and 3.4% of
added binder was coded as WMA-30-3.4 and the reference mixture with 15% RA
and 4.5% of added binder was coded as HMA-15-4.5. For the WMA mixtures, the
mixing and compaction temperatures were 120 °C and 110 °C respectively, whereas
for the HMA mixture they were 160 °C and 150 °C, respectively.

After mixing, each mixture was kept for one hour in an oven at a temperature
equal to in situ compaction (i.e. 110 °C for WMA, 150 °C for reference mixture) in
order to simulate the aging effects due to the lay-down and transportation operations.
Afterwards, for each mixture a series of cylindrical specimens (D = 150 mm) were
prepared by means of a gyratory compactor.

3 Testing Program

For each mixture, the compacted cylindrical specimens were analyzed to perform
a mechanical characterization in terms of Indirect Tensile Strength (ITS), water
sensitivity (Indirect Tensile Strength Ratio – ITSR), stiffness (Dynamic Modulus
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Table 1 Testing program

Mixture Number of replicates

ITS (dry) ITS (wet) |E*| ITSM ITFT Rutting

HMA-15-4.5 3 3 2 6 6 2

WMA-20-4.1 3 3 2 6 6 2

WMA-30-3.4 3 3 2 6 6 2

|E*| and Indirect Tensile StiffnessModulus - ITSM), fatigue (Indirect Tensile Fatigue
Test – ITFT) and rutting resistance.

The summary of the testing program is reported in Table 1. The specimens used
for the mechanical study were characterized by the same target air voids content
(equal to 5%).

4 Results and Discussions

4.1 Indirect Tensile Strength and Water Sensitivity

ITS test was performed according to EN 12697-23 at a test temperature of 25 °C
on air-conditioned specimens (i.e. dry condition) by obtaining ITSdry. Moreover, the
ITS test was also performed on specimens which were first submerged in water at
20 °C for 15 days to simulate wet condition and then conditioned at the test tem-
perature of 25 °C, by obtaining ITSwet. The ITSR value was calculated according to
Eq. (1):

ITSR = ITSwet
ITSdry

× 100 (1)

Figure 2 shows the average ITS values in both dry andwet condition alongwith the
ITSR values for all the investigated mixtures. As expected, the comparison between
WMA mixtures showed an enhanced strength for a higher RA content, even if their
ITS values are lower compared to the referenceHMA, in both dry andwet conditions.
In terms of water sensitivity, WMA-20-4.1 showed an ITSR value comparable to the
reference mixture, whereas higher RA content (WMA-30-3.4) resulted in a lower
moisture resistance. However, it is worth noting that ITS and ITSR values for the
WMA mixtures satisfied the local technical specification requirements reported in
Fig. 2 (>0.6 MPa for ITS value and >75% for ITSR value).
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Fig. 2 ITS and ITSR results

4.2 Stiffness

Dynamic complex modulus was measured to evaluate the stiffness of mixtures over
a wide range of temperature and loading frequency. Dynamic modulus tests were
conducted at 4 temperatures (5, 20, 35 and 50 °C) and 6 frequencies (20, 10, 5, 1, 0.5
and 0.1 Hz) by means of Asphalt Mixture Performance Tester (AMPT), under haver-
sine loading in compression mode. The test specimens have dimensions of 130 mm
height and 94 mm diameter, cored from gyratory compacted 150 mm cylindrical
specimens.

In this study, the Huet–Sayegh (HS) model (Sayegh 1967) was used to fit
the frequency dependency of the dynamic modulus |E*| according to the equa-
tion shown in Fig. 3, where j is the imaginary unit, ω the pulsation (rad/s), t
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Table 2 HS and WLF model parameters

Eg
(MPa)

Ee
(MPa)

k
(−)

h (−) δ

(−)
t
(s)

C1
(−)

C2
(°C)

HMA-15-4.5 32056 119 0.169 0.435 1.884 1.011 53.7 412.9

WMA-20-4.1 28873 92 0.172 0.503 2.109 0.347 21.2 159.9

WMA-30-3.4 29184 78 0.182 0.518 2.510 0.793 32.1 232.7

the relaxation time (s), h and k the regression coefficients. The closed form shifting
(CFS) algorithm (Gergesova et al. 2011), which is based on the minimization of the
area between two successive isothermal curves, is used to translate the experimental
data and to estimate the temperature shift factors. TheWilliams-Landel-Ferry (WLF)
equation (Ferry 1961) was used to model the shift factor trend with temperature. The
dynamic modulus master curves of all mixtures at the reference temperature Tref

= 20 °C are shown in Fig. 3 and the parameters of HS and WLF model (C1 and
C2) are listed in Table 2. As can be observed, both WMA mixtures showed lower
dynamic moduli with respect to the reference HMA over the entire range of load-
ing frequency. This finding can be explained by the different short-term oxidation
undergone by the mixtures. Specifically, lower production temperatures (i.e. mixing
and compaction) induced less oxidation to the WMA mixtures and, consequently, a
significantly reduced stiffening effect due to aging, compared to the reference mix-
ture.Moreover, bothWMAmixtures (prepared with 20 and 30%RA) showed similar
trend for the master curves highlighting minor stiffening effects due to the RA con-
tent and, thus, confirming the prevalent role of aging on the development of stiffness
properties.

Stiffness properties were also measured in terms of ITSM at 20 °C according to
EN 12697-26. ITSM results are consistent with the dynamic modulus data obtained
through uniaxial compression test (Fig. 3) and confirmed the highest stiffness of
the reference mixture compared to both WMA mixtures. This similar trend can be
observed in Fig. 4, which reports the comparison between ITSM values and dynamic
moduli determined through the master curves at the same temperature (i.e. 20 °C)
and frequency of 2 Hz (comparable with the rise time of 124ms applied during ITSM
test).

Fig. 4 ITSM vs. |E*| @
2 Hz at 20 °C
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Table 3 The rutting parameter results

Mixture fc
(μ strain/cycle)

�fc
(%)

ε1000
(%)

�ε1000
(%)

HMA-15-4.5 0.157 − 0.726 −
WMA-20-4.1 0.044 −72.1 0.453 −37.6

WMA-30-3.4 0.051 −67.4 0.323 −55.5

4.3 Rutting Performance

The cyclic compression test was performed according to EN 12697-25 to determine
the resistance to permanent deformation of the investigated mixtures. The test was
carried out at 60 °C by applying a cyclic axial stress with an amplitude of 0.3 MPa
and a steady confining pressure of 0.2 MPa throughout 10,000 load cycles. During
the test, cumulative axial strain of the specimen was recorded and the creep curve
was built.

The creep rate fc and the calculated permanent deformation after 1000 load cycles
ε1000, selected according to EN 12697-25, were used to characterize the resistance to
permanent deformation of the mixtures under traffic loading. The parameter fc was
calculated as the slope of the least square linear fit of the (quasi) linear part of the
creep curve, while ε1000 was calculated from the least square power fit of the (quasi)
linear part at 1000th cycle. In particular, the lower the value of these parameters,
the higher the rutting resistance of the mixture. The average values of the rutting
parameters for all investigated mixtures are listed in Table 3.

Results clearly show that the values of both rutting parameters of WMAmixtures
are remarkably lower than those of the reference mixture, denoting their improved
resistance to permanent deformation. As expected, the increase in RA content within
the WMA could justify their capability to be less prone to accumulate permanent
deformation. The stiffness analysis previously discussed makes these results partic-
ularly interesting. Indeed, notwithstanding the mitigation stiffness due to the use of
WMA technologies (i.e. reduced production temperature), theWMAmixtureswould
not experience any permanent deformation accumulation risk in the early period of
their service life.

4.4 Fatigue Performance

Indirect Tensile Fatigue Test (ITFT) was selected to analyze cracking resistance
of the mixtures. The test was performed according to the British standard BS DD
ABF (1997) at a temperature of 20 °C in controlled-stress mode by applying a cyclic
haversine loadwith a rise timeof 124ms.During the test, the number of loading cycles
applied on the specimen was recorded until the complete fracture of the specimen
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was obtained (failure). The specimen was conditioned for at least 2 h prior the test
in the climatic chamber.

Three target initial strain levels (80, 100 and 125 με for the reference mixture
and 100, 125 and 150 με for the WMA mixtures) were selected for each mixture.
The corresponding stresses to be applied were calculated by using the stiffness of
the specimen in terms of ITSM (Fig. 4) measured before the fatigue tests. Thus, each
specimen was firstly subjected to ITSM test at 20 °C in order to measure its stiffness
modulus and then subjected to ITF test. Two specimens were tested for each strain
level. Figure 5 shows the ITFT results plotting the initial horizontal strain εh, initial
as a function of the number of loading cycles to failure Nf. Test data were analyzed
according to a power law regression and the fatigue curve (i.e. εh = a · N−b

f ) was
reported for eachmixture. The R2 value is 0.98 for all mixtures, which indicates good
reliability to predict fatigue life by this fitting model. The average ITSM values, used
to evaluate the stiffness of specimens before fatigue test, were also reported in Fig. 5.

From the comparison of fatigue curves, it is remarkable that at the same strain level
WMA mixtures can withstand higher numbers of loading cycles than the reference
one highlighting a better fatigue behavior for WMA mixtures. This finding is in
accordance with the stiffness results that suggests a more brittle tendency of the
reference mixture, due to higher stiffness. Moreover, as regards WMA mixtures
higher RA content resulted in a slightly higher fatigue resistance especially at higher
strain level.

Overall results highlight that lower production temperatures reduce short-term
aging effects, resulting in a stiffness mitigation as well as improved fatigue
performance compared to the reference mixture.
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5 Conclusions

The present paper deals with results gathered through the performance analysis of
dense graded warm recycled mixtures for wearing courses. Two WMA mixtures,
including different RA amount (20 and 30%) and a chemical WMA additive, and
a conventional reference mixture (HMA prepared with 15% RA) were selected for
investigation. The WMA and reference mixtures were analyzed in terms of strength
and stiffness properties,moisture susceptibility aswell as rutting and fatigue behavior
through a laboratory characterization performed on gyratory compacted cylindrical
specimens.

From the test results, the following conclusions can be drawn:

1. WMA mixtures showed strength properties (i.e. ITS) lower than the reference
one in both dry and wet conditions and a moisture susceptibility that tends to
increase with the increase in RA content;

2. WMA mixtures showed lower stiffness properties and higher fatigue resistance
compared to the reference HMA. This finding highlights that lower production
temperatures (i.e. WMA technologies) reduce short-term aging effects leading
to stiffness mitigation as well as improved fatigue performance. Specifically,
the increase in RA content did not affect the stiffness of WMA mixtures but it
allowed higher fatigue resistance to be pursued;

3. Despite the stiffness mitigation due to a reduced short-term aging effect, the
WMAmixtures showed significantly higher rutting resistance than the reference
one, thus excluding any permanent deformation accumulation risk in the early
period of service life. No RA content effect on the rutting behavior was observed.

Overall result analysis highlighted that WMA mixtures with higher RA content
with respect to a traditional recycled HMA are characterized by suitable and even
improvedperformance. This outcome strongly encourages the use ofWMAtechnolo-
gies in combination with higher amount of RA for the production of new bituminous
mixtures denoting a promising future of these environmentally friendly materials. It
is right to remark that future activities will involve the evaluation of the feasibility
of full-scale production and related trial sections construction.
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Development of Durable Pavement
in Japan

Shigeki Takahashi, Shouichi Kanno, Yu Shirai, and Tamotsu Yoshinaka

Abstract As the existing expressways age, structural damage including bottom-up
fatigue cracking occurs in the asphalt pavement of expressways in Japan. Therefore, a
detailed field studywas conducted to identify the damage status of the inner pavement
under heavy traffic, and the weaknesses of the existing pavement were revealed.
This paper proposes new ideas that can effectively contribute to the creation of
exceptionally durable pavement.

Keywords Fatigue crack · Field study · Asphalt treated subbase · High modulus
asphalt mixture · Long-term durability

1 Introduction

Approximately 9000 km of expressway has been constructed in Japan since 1963.
The length of these expressway networks is only 1% of the nationwide road assets,
but as shown in Fig. 1, they support 48% of domestic inland freight (ton-km basis),
and therefore make an even bigger contribution than railway cargo.

In addition, 40% of the existing expressway is now older than 30 years of age
(Fig. 2). Such heavy traffic load over many years severely damages the pavement,
not only the surface but also the layers underneath. This imposes higher cost and
longer closures of traffic lanes when the road operator conducts extensive repair of
the damaged pavement.

Under such circumstances, an expressway operator of Japan (RI-NEXCO:Nippon
Expressway Research Institute) has sought effective countermeasures against such
damage in order to prolong the durability and service life of pavement. The first
important step is to identify the real cause of the damage that has actually occurred
in the field.
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Fig. 1 Current status of
inland transport in Japan
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Fig. 2 Expressway network in Japan (As of 2012)

2 Field Study

The study was conducted by comparing the in situ status of damaged and non-
damaged sections after almost 20 years of exposure to traffic. Specimens for lab
tests were taken by block sampling of both asphalt layers and the granular subbase
course. Based on the field observation of the damaged part and various testing results,
several important key factors were revealed for the long-term durability of asphalt
pavement. Those points, such as total thickness of the asphalt layers, durability of the
asphalt treated subbase (third layer), and the bonding property of each layer are vitally
important to prevent fatigue cracking. Good compaction of the granular subbase and
subgrade are also key issues to support traffic over a long period without permanent
deformation of the base. Preventing water penetration through the pavement into its
base is another important factor to prevent severe deterioration in the field.
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These findings were described in detail in a previous research paper (Takahashi
2017), but this paper highlights one of the major types of damage observed in the
above field study projects.

This study focuses on the issue of fatigue cracking under wheel paths, which pass
through the entire asphalt layers.

Pavement engineers in Japan believed that most of the cracks on Japanese express-
ways thus far were recognized as top-down cracking (Matsuno and Nishizawa
1992).

Except for the poor structure of pavements in rural roads, it was believed that
bottom-up cracks rarely occur in the expressways because the pavement has sufficient
thickness to counteract even the heaviest of traffic.

However, our 20-year field survey reveals that at least the structure, which has a
thinner asphalt treated subbase (8–10 cm) with minimum thickness of the asphalt
mix (less than 40 cm), allows bottom-up cracking in an expressway (Figs. 3 and 4,
respectively). It is probably the first report of fatigue cracking observed in the field
in the entire 50-year history of expressways in Japan.

Fig. 3 Observed fatigue
cracking on an expressway
(Left & right are at the same
location)

Fig. 4 Cut section of asphalt
pavement (another
expressway)
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3 Countermeasures

3.1 Conventional Subbase

The first expressway of Japan was constructed in 1963 near Kyoto. At that time, the
pavement had only two layers of asphalt mixture on the granular base course. A few
years after its construction, severe cracks occurred, finally becoming alligator cracks
as the traffic increased (Fig. 5). Based on this negative experience, the second project
modified its structure by introducing an asphalt treated subbase (Fig. 6). This became
the standard structure for asphalt pavement after that, and no cracks occurred.

The asphalt treated base means it is not a proper asphalt mixture, in terms of
asphalt content and air voids (designed OAC is less than 4%). It is categorized as
stabilized materials, such as cement or lime soil treated materials and it is cheaper
than the asphalt mixture. Moreover, this asphalt treated subbase is allowed to use
local materials from the cut sections of construction sites. Some of those materials

Fig. 5 Severe alligator cracks on the Meishin Expressway

Fig. 6 Standard structure of asphalt pavement in Japan (Upper basewas initially granularmaterials,
but is now asphalt treated mixture)



Development of Durable Pavement in Japan 235

have relatively poor quality, and thus it is difficult to use as it is, without any stabilizer.
However, for the construction projects of expressways, it is a very beneficial way to
use such local materials to minimize the construction cost.

Under the economical construction policy, cement stabilized materials became
popular for the lower subbase and the asphalt treated type became widely common-
place for the upper subbase in Japan. Certain thicknesses of the pavement can support
even the heaviest traffic over decades, but eventually the third layer (asphalt treated
base) will succumb to the above mentioned bottom-up cracks. Currently, the struc-
tural life of the pavements is approaching its end. In fact, many of the site offices
are starting to consider, or have actually started to replace this third layer on our
expressways.

If time and budget permit, the existing layer can be replaced by the same material,
because the initial one has performed well for more than 20 years. However, in
depth repair work requires much more time to replace the layer (more than one
day), compared to the process of just scarifying and overlaying the surface layer
(one night work). On heavy trafficked routes, lane closure during busy hours creates
severe traffic jams that unfortunately test the patience of drivers.

Therefore, a more durable mixture should be developed and introduced to prevent
fatigue cracking, thus prolonging the structural life of pavements. It is thus effective
to reduce the maintenance cost and improve the road user satisfaction.

3.2 High Modulus Asphalt

We studied high modulus asphalt (HiMA) as a highly durable subbase alternative
mixture to that of the conventional asphalt treated subbase. HiMA was developed in
France in the 1990s (Corte 2001). It has since been used globally, including in theUK,
(Bankowski et al. 2009), (Nkgapel 2012) with widespread reports of use of HiMA
in Australia and South Africa. There have also been cases of its use in South Africa
to improve rutting resistance (Nkgapel 2012). The most significant characteristic of
HiMA is that asphalt with a penetration grade as low as 10 to 30 is used as the binder.

HiMA is a mixture with (1) high stiffness, (2) high stripping resistance, (3) high
water-tightness, and (4) high fatigue resistance. Compared to conventional mixtures,
it has an excellent ability to distribute load to the underlying layer. It also has high
fatigue resistance in the asphalt-concrete layer and high-water resistance. Compared
to conventional pavement, its use is expected to prolong the pavement service life and
significantly reduce the pavement’s thickness. In this study, we developed a Japanese
version of HiMA (HiMA (20)) based on the compositions of mixtures that have been
used overseas, as well as on the standard values.
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3.3 Concept of Japanese HiMA

Based on the results of the previous survey, stiffness, resistance to cracking, and
water resistance were selected as properties required for HiMA (20). Furthermore,
since the air temperature drops to about 10 °C below zero in some areas of Japan
during the winter, we determined the compositions of mixtures with consideration of
brittleness caused by low-temperature. In this study, we decided to use asphalt with
a mixture of straight asphalt 60/80 (STAS 60/80) and a hard additive as the binder
for HiMA (20). Here, a petroleum resin having a penetration of 1– 2 1/10 mm and
a softening point of 90–150 °C was used as the hard additive. The binder of HiMA
was adjusted to have a permeability of about 25–40 1/10 mm and a softening point
of about 45–60 °C.

The size of the sieve was determined up to 20 mm, referring to information from
other countries (Nkgapel 2012). The asphalt content was set to give a void of 2–3%
to ensure water tightness.

4 Mix Design in Lab

4.1 Method

The properties of mixtures for HiMA (20) were studied in the lab. In this study,
stiffness, fatigue resistance, separation resistance, and water resistance properties,
including water-tightness, of a dense graded asphalt mixture with a maximum sieve
size of 13 mm (DGM (13)), a coarse graded asphalt mixture with a maximum sieve
size of 20 mm (CGM (20)), an asphalt stabilized subbase with a maximum sieve size
of 30 mm (ASB (30)), and a large sieve-size asphalt mixture with a maximum sieve
size of 30 mm (LPS (30)), which are all commonly used in Japan, were compared.
Figure 7 shows the sieve size of HiMA (20) and the sieve sizes ofmixtures commonly
used in Japan.

0.0
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Fig. 7 Sieve sizes of HiMA (20)
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Table 1 shows the properties of the mixture and Table 2 shows a list of the eval-
uation requirements used in this study. As the evaluation method of stiffness and
fatigue resistance is a test method that can be used in Japan, the method used in
the United Kingdom (McHale et al. 2012) and Poland (Petho 2014) was followed.
Water resistance was evaluated using the peel rate and permeability provided in the
NEXCO design procedure. In Poland, the loading frequency in fatigue testing was
set to 10 Hz. However, in this study, it was set to 5 Hz due to testing equipment
restrictions.

4.2 Stiffness

The Indirect Tensile Stiffness Modulus (ITSM) test method, using the Nottingham
Asphalt Tester (NAT), was used to measure stiffness. This test method is compliant
with BS EN12697. In this method, stiffness is measured by repeating an indirect ten-
sile test of a cylindrical specimen. The test conditions were as follows: temperature:
20 °C; loading waveform: haversine; horizontal displacement: 5 × 10−6 m; Pois-
son’s ratio: 0.35; specimen: Marshall specimen diameter 100 mm. Figure 8 shows
the results of the measurement. The stiffness of HiMA (20) is 8,200 MPa, which is
1.9 times that of ASB (30), and meets the requirements shown in Table 2.

4.3 Fatigue

The number of cycles to fatigue failure for the mixtures was measured by the four-
point bending test. The test conditions were as follows: temperature: 10 °C; loading
waveform: sine; frequency: 5 Hz. The test results are shown in Fig. 9. The fatigue
resistance ofHiMA (20) is higher than that of othermixtures. On average, the number
of cycles to fatigue failure for HiMA (20), at a strain of 200 µ, is about 1.4 to 3 times
that of the comparative mixture. Figure 9 also shows that the number of cycles to
fatigue failure for HiMA (20), at a strain of 130 µ, is over 1,000,000 cycles, which
exceeds the requirement specified in Table 2.

4.4 Water Resistance

An immersed wheel tracking test was performed in accordance with the NEXCO
Test Method, and a high-pressure permeability test was performed in accordance
with the Pavement Survey and Test Method Handbook in Japan. Table 3a shows the
test conditions, and Table 3b shows the test results. It can be seen that the stripping
coefficient of HiMA (20) is less than the requirements in Table 2 and that other
mixtures exceed the requirements of 13.7–38.9%. The permeability coefficient is
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Table 2 Evaluation requirements for HiMA (20)

Item Method Requirement Reference source

Stiffness Indirect Tensile test
(20 °C, 124 ms)

�5,500 MPa UK

Fatigue 4 point bending
(10 °C, 10 Hz, strain
130 µ)

�1 × 106 Poland

Stripping coefficient Immersion wheel
tracking test (60 °C,
6 h)

�5.0% Nippon Expressway
Co., Ltd.

Permeability
coefficient

Pressurization
permeability test
(150 kPa, 10 min)

�1 × 10−7 cm/s Nippon Expressway
Co., Ltd.
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Fig. 8 Stiffness test result

100 100 1,000 10, 000 100,000 1,0 00,000 10, 000,000

St
ra

in
(1

10
-6

)

Cycles

HiMA(20)
DGM(13)
CGM(20)
ASB(30)
LPS(30)
Example EME(Australia)

500

400

300

200

130

1.0 102 1.0 103 1.0 104 1.0 105  1.0 106

Example EME (Petho et al, 2014)

Fig. 9 Fatigue test result



240 S. Takahashi et al.

Table 3 Water-resistance test condition (a) and results (b)
(a) Water-resistance test conditions

Condition
Temperature 60

Test time 6 hrs

Curing 60  ,12hrs to dry
          ,  1hrs to wet

Water level Under surface +5mm
Temperature Ordinary temperature
Pressure time 24hrs

Water
pressure

150KPa

Test time 10mins

Stripping
coefficient

(%)

Item

Permeability
coefficient

(cm/s)

(b) Water-resistance test results
HiMA(20) DGM(13) CGM(20) ASB(30) LPS(30)

4.8 13.7 26.0 38.9 30.9

Requirement

0 0

Requirement 1×10-7

Miture type
Stripping

coefficient
(%)

5.0
Permeability
coefficient

(cm/s)
Unmeasurable

below the requirement in Table 2 for HiMA (20) and for the DGM (13). The other
three mixtures exhibited poor water tightness. Based on the above results, it was
confirmed that HiMA (20) has a higher water resistance than that of other mixtures.

5 Trial Paving in the Field

In October 2018, trial paving was conducted on a highway to study the applicability
of HiMA (20) to roads in service. Table 4 shows the properties of the mixture used
in the trial paving. Recycled aggregate was not used in the trial paving. Figure 10a
shows the sectional divisions and the cross section of the pavement in the trial paving
site. An ordinary ASB was used for the upper subbase course in the comparison
section. Figure 10b shows the calculation results of the estimated stiffness of each
section, which was calculated by performing a dynamic back calculation of FWD
measurement data. The FWD measurements were taken at six points on the surface
of the upper subbase in each section to identify any difference in the performance
of the upper subbase course. Wave-BALM was used for the back calculation. The
analysis model consisted of three layers: the upper subbase course, the lower subbase
course, and the subgrade. Figure 10b shows that the estimated stiffness averaged over
the measurement points in the HiMA section is nearly twice that of the ASB section.

Table 4 Properties of the
mixture

Item Value Requirement

Optimum binder content (mass%) 5.3 4.5– 6.5

Additive amount (mass% of binder) 10.0 –

Density (g/mm3) 2.405 –

Air content (vol.%) 2.3 2–3

Stiffness (MPa) 10,020 �5,500

Stripping coefficient (%) 4.2 �5.0

Permeability coefficient (cm/s) 0 �1 × 10−7
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(a) Paving site plane view and cross-section (b) Stiffness estimated from FWD

Fig. 10 The trial paving cross-section a and stiffness estimated from FWD b

It can therefore be concluded that the estimated stiffness immediately after paving
is sufficiently high, and that HiMA exhibits the required performance. We plan to
evaluate the long-term durability of HiMA in the future.

6 Conclusion

The results of this study are summarized below:

(1) Field inspections have identified damage to the pavement, particularly bottom-
up fatigue cracks in the asphalt base course.

(2) We have developed a Japanese version of HiMA to act as a more durable asphalt
base, and proposed its use.

(3) In trial paving, we evaluated the ease of paving and its performance immediately
after paving. In the future, a follow-up surveywill be conducted at the trial paving
site to verify durability.

In the process of working on the development of HiMA from this survey, we
studied paving materials to further extend the pavement service life in Japan. We
hope that the knowledge and new technologies obtained through this study will help
improve paving technology in the future.
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Laboratory Evaluation of Recycled
Asphalt Pavement Material
in Warm-Mix Asphalt

Haritha Malladi, Abhilash Kusam, and Akhtarhusein A. Tayebali

Abstract This research study focuses on results from laboratory tests onWarm-Mix
Asphalt (WMA) mixtures prepared using two methods—Evotherm® 3G additive
and “The Foamer” device by Pavement Technology Inc.—with varying percentages
of Reclaimed Asphalt Pavement (RAP). The resulting mixture combinations were
evaluated in the laboratory for their performance characteristics and compared with
a control Hot Mix Asphalt (HMA) with the same amount of RAP. Tensile Strength
Ratio (TSR) was used to evaluate the moisture susceptibility. Dynamic modulus
(|E*|) tests were conducted to obtain master curves for all mixtures. They were also
used to compute the |E*| Stiffness Ratio, i.e. the ratio of dynamic modulus values
of moisture-conditioned specimens to that of unconditioned specimens, analogous
to the Tensile Strength Ratio. Only the Foamer mixture with the highest amount of
RAP did not pass the TSR test. No correlation was found between TSR and |E*|
Stiffness Ratio. Despite lower production temperatures, WMA-RAP mixtures show
similar |E*| behavior to HMA-RAP. Thus, WMA technologies can be used to help
incorporate higher amounts of RAP rather than using a softer virgin binder grade in
high-RAP HMA.
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1 Introduction

Warm-mix asphalt (WMA) and Reclaimed Asphalt Pavement (RAP) material are
popular green technologies used in the pavement industry. Recycling asphalt provides
considerable economic benefits, which is a great incentive for its continued use at
even higher percentages. Cost savings and environmental benefits from the use of
WMA depend on the type of technology that is used to achieve lower production
temperatures.

Material performance issues related to fatigue, thermal cracking and moisture-
susceptibility arise from the presence of stiff aged binder in RAP materials. The
economic benefits of using RAP can be offset by reduced workability and perfor-
mance issues if appropriate measures such as the use of softer binders or rejuvenat-
ing agents are not taken (West et al. 2009; Kaseer et al. 2019). Similarly, in WMA
mixtures, there are concerns with permanent deformation, fatigue, and moisture-
susceptibility, especially in mixtures produced with water-based technologies such
as foaming devices and additives (Chowdhury and Button 2008; Bower et al. 2012).
While the use of a softer binder grade is normally considered for high RAP mixtures
to overcome workability issues (McDaniel and Anderson 2001; Willis et al. 2012),
the use of WMA technologies may also help compensate for the deleterious effects
of stiff binder in RAP on workability (Copeland et al. 2010; Mallick et al. 2008).

Various studies by state highway agencies have observed similarworkability, stiff-
ness and in-place densities forWMA-RAP as compared toHMAmixtures (Copeland
et al. 2010; Hurley and Prowell 2005). In order to promote the use of RAP, it is nec-
essary to study WMA as a viable tool that can help incorporate higher amounts of
RAP. It is also important to ensure thatWMA-RAPmixtures are resistant to moisture
susceptibility.

2 Research Objectives

The scope of this studywas to evaluate thematerial characteristics ofWMAmixtures
produced using two different methods of WMA production—Evotherm 3G additive
and “The Foamer” device by Pavement Technology Inc. with varying percentages
of RAP. Mixture performance was compared with the corresponding HMA RAP
mixture in the laboratory. The specific research goals were to: (1) evaluate moisture
susceptibility using AASHTO T283 Tensile Strength Ratio (TSR) test; (2) compare
the stiffness of the mixtures using dynamic modulus master curves; and (3) assess
whether dynamic moduli of the mixtures can be used to evaluate moisture damage.
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3 Materials and Methods

All mixtures used in this study were designed with 9.5 mm (12.5 mm nominal
maximum aggregate size) surface course using granite aggregate (commonly used in
the state of North Carolina in USA) with the same aggregate gradation. In addition to
the aggregates, pond fines passing 75 µm sieve size at 1.5% by weight of aggregates
were incorporated into all the test mixtures. Anti-strip additive, AD-here® LOF
6500, was added at 0.75% by weight of binder for all mixtures.

RAP material was obtained from a single local source and stockpile to maintain
uniformity. RAP was incorporated at 0, 20 and 40% by weight of the mixture. To
control variability in RAP aggregate gradation in the test specimens, RAP material
used in the study was first separated into two size fractions using a 4.75 mm (US No.
4) sieve. Binder content and aggregate gradation were separately determined for each
fraction using ignition oven tests. A blend of one-third coarse fraction (retained on
4.75 mm sieve) and two-thirds fine fraction (passing 4.75 mm sieve) was found to be
ideal for mixing with the virgin aggregates to meet the design aggregate gradation.
The default virgin binder grade for all mixtures was PG 64-22. However, the test
samples for HMA mixtures containing 40% RAP were prepared using a softer PG
58-28 binder grade to account for workability concerns. The tests for workability of
the mixtures were elaborated in a previously published paper (Kusam et al. 2017).

Two WMA technologies were used in this study—MeadWestvaco’s Evotherm
3G (chemical additive) and The PTI Foamer device (water-based laboratory foaming
device). Evothermwas added to the asphalt binder at a rate of 0.5% byweight of total
binder in themixture. PTI Foamer device was set to use 2%water byweight of binder
for the foaming process. Mixing and compaction temperatures for all HMAmixtures
were fixed at 163 °C (325 °F) and 149 °C (300 °F), respectively. All WMAmixtures
were mixed and compacted at 135 °C (275 °F) and 120 °C (248 °F), respectively. The
production temperatures were not changed with varying RAP contents. The mixing
and compaction temperatures, and the additive dosages were chosen to reflect plant
production practices at the time of study.

A two-step RAP heating procedure as recommended by the Texas Transportation
Institute was followed (Zhou et al. 2011). Sample RAP fractions for each test speci-
men were weighed and heated at 60 °C for 12 h in individual trays. Then, they were
heated to the target mixing temperature for two hours. After the two hours of heating
at mixing temperature, the two fractions were mixed with the virgin aggregate and
binder to prepare the test specimens.

All mixtures were designed using 65 gyrations of the Superpave gyratory com-
pactor. Optimum asphalt content was determined for the HMA mixture at each of
the three RAP contents. The same asphalt content was used in the corresponding
WMA mixtures. For 0, 20 and 40% RAP mixtures, the design binder content was
determined to be 6, 5.9 and 5.8%, respectively; for each 20% increase in RAP con-
tent, the optimum binder content reduced by 0.1% (Kusam et al. 2017). The amount
of virgin binder was adjusted accordingly while preparing RAP mixtures.
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4 Tensile Strength Ratio

Modified AASHTO T 283 (2014), “Standard Method of Test for Resistance of Com-
pacted HotMix Asphalt (HMA) toMoisture-Induced Damage” as followed byNorth
CarolinaDepartment of Transportation (NCDOT)was used to determine the TSR.As
per standard specifications, specimens were compacted to a height of 95± 5mm and
a target air void content of 7± 0.5%. For each mixture, unconditioned and moisture-
conditioned sets with four replicates were prepared as per the standard specifications.
NCDOT does not specify freeze-thaw cycles for TSR tests. The tensile strength ratio
was determined for all mixtures as a percentage of the conditioned to unconditioned
Indirect Tensile Strength (IDT).

The required minimum passing ratio specified by NCDOT is 85%. The IDT and
TSR values for all mixtures are presented in Fig. 1. Figure 2 shows an interaction
plot between the effects of mixture type (HMA/Evotherm/Foamer), the amount of
RAP, and moisture conditioning on IDT values. Except for Foamer mixtures with
40% RAP, all mixtures pass the NCDOT acceptance criterion of 85% TSR. It should
be noted that all mixtures contain an LOF 6500 anti-strip additive.

The results indicate that the addition of RAPmaterial generally increases the IDT
values in both conditioned and unconditioned states (Figs. 1 and 2b). However, the
IDT values of 40% RAP HMA mixtures were slightly lower than the IDT values
of HMA mixtures with 20% RAP (Fig. 2f). This may be due to the use of a softer
virgin binder grade of PG 58-28 in 40% RAP HMA. TSR values for each mixture
type decreased with increasing RAP content. In Fig. 2e, the slopes of the plot lines
increase as the amount of RAP increases, showing a larger difference between IDT
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Fig. 2 Interaction plots showing relationships between mixture type, RAP content, and moisture
conditioning and their effect on average indirect tensile strength values

values in the unconditioned and moisture-conditioned states with the addition of
RAP.

Evothermmixtures with no RAP had the lowest IDT values of all mixtures—even
in the unconditioned state, its IDTvalueswere lower than allmeasured IDTvalues for
other mixtures (Figs. 1 and 2d, f). With 20%RAP, there was no significant difference
between the IDT values of HMA andWMAmixtures (Fig. 2d). However, 40% RAP
mixtures exhibited significant differences between allmixture types (Fig. 2e). Foamer
mixture with 40% RAP had the highest unconditioned IDT value of all mixtures.
Evotherm and Foamermixtureswith 40%RAP and PG64-22 binder exhibited higher
conditioned and unconditioned IDT values than the HMA mixture with 40% RAP
and softer binder PG 58-28.
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5 Dynamic Modulus

For all mixtures, dynamic modulus (|E*|) was measured at three temperatures: 4, 20
and 40 °C, and at six frequencies: 25, 10, 5, 1, 0.5 and 0.1 Hz, at each temperature,
respectively. Specimens test were prepared according to the procedure described in
AASHTO TP 79 (2015), “Standard Method of Test for Determining the Dynamic
Modulus and Flow Number for Hot Mix Asphalt (HMA) Using the Asphalt Mixture
Performance Tester (AMPT)”. The specimens were initially compacted to a height
of 178 mmwith a diameter of 150 mm and were then cut and cored to dimensions of
150 ± 2.5 mm height and 100 ± 1 mm diameter for testing. Three replicates were
tested for each mixture combination.

5.1 |E*| Stiffness Ratio

Since |E*| is a fundamentalmaterial property, some studies have focused on using |E*|
stiffness ratio (ESR) to evaluate moisture susceptibility (Hajj et al. 2013; Nadkarni
et al. 2013). To obtain ESR, samples were prepared with target air void content of
7 ± 0.5%. The ESR value is obtained from conditioned and unconditioned subsets
of dynamic modulus specimens, which are subjected to a conditioning procedure
similar to the TSR test. ESR is defined as the ratio of average dynamic modulus
of conditioned specimens to the average dynamic modulus of unconditioned speci-
mens. Since dynamic modulus is measured at different test temperatures and loading
frequencies, ESR values can be obtained as averages for each test temperature. How-
ever, for the purposes of comparing ESR with TSR results, the |E*| values at 20 °C
and 1 Hz loading frequency were used.

Since the dynamic modulus test is a non-destructive test unlike the AASHTO T
283 test for TSR, the same specimens were used for testing in both unconditioned
and conditioned states. First, the dynamic moduli of unconditioned specimens were
measured. Tests on conditioned specimens were conducted exactly one week later to
allow recovery of residual viscoelastic strains in specimens from the unconditioned
testing. Specimens were then vacuum-saturated to fill 35–45% of the air-voids with
water. The saturated specimens were placed in a water bath at 60 °C for 24 h. After
removal, the specimens were left to air-dry at room temperature for a period of 24 h
to facilitate proper mounting of LVDTs on a dried specimen surface.

Figure 3 shows the average dynamic moduli values of unconditioned and condi-
tioned specimens at a test temperature of 20 °C and 1 Hz loading frequency. The
error bars indicate the range of values. As in the case of IDT, 0% RAP mixtures had
the lowest |E*| values; and dynamic moduli values increased with the addition of
RAP.

The 40% RAP HMA mixture had the highest unconditioned dynamic modulus
value (as well as a high variability in the values), resulting in a low ESR. It can there-
fore be inferred that even with a softer binder grade, the HMA mixtures with higher
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amounts of RAP may have an undesirably high dynamic modulus value that could
exacerbate fatigue damage. Upon moisture conditioning, these mixtures experience
a large loss in dynamic modulus. WMA mixtures work well in this scenario where
the need for binder grade change is eliminated while simultaneously preventing loss
of stiffness in the presence of moisture.

5.2 Linear Viscoelastic Master Curves

To obtain the asphalt mixture master curves, specimens were prepared and tested at a
target air void content of 4± 0.5%. The dynamicmodulusmaster curves for theHMA
andWMAmixtures containing 0%, 20%, and 40%RAP are shown in Fig. 4.Without
the presence of RAP, HMA mixtures exhibited higher dynamic moduli values than
those produced with Evotherm and Foamer (Fig. 4a). With the addition of RAP, the
dynamic modulus master curves generally show the same trends for all three mixture
types. From the high degree of overlap between the |E*|master curves of all 40%RAP
mixtures, it can be inferred that the material performance of WMA-RAP mixtures is
similar to HMA-RAP even though they were produced at lower temperature without
the use of a softer binder grade.
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6 Comparison of TSR and ESR

While TSR values decreased with the addition of RAP, ESR values did not exhibit
such a trend. The results indicate that there is no correlation between ESR and TSR
values. TSR test measures properties in indirect tension, whereas the |E*| value is
measured in compression mode of loading in AMPT. The primary cause of moisture
damage is adhesive failure between aggregate and binder—subjecting their interface
to tensile stress is the appropriate test for adhesion (Lee et al. 2013). Therefore, the
|E*| ratio (ESR) may not be appropriate in evaluating the moisture sensitivity of mix-
tures, because compression testing measures more of aggregate structure properties
as opposed to the binder properties in tensile or flexural mode of loading. Further
investigation is needed with |E*| values obtained from tensile or flexural tests.

7 Summary and Conclusions

In this study, two WMA technologies, Evotherm 3G and PTI Foamer were used to
produce mixtures with varying amounts of RAP. The mixtures’ moisture suscepti-
bility was compared with that of corresponding HMA RAP mixtures using Tensile
Strength Ratio and |E*| Stiffness Ratio. The dynamic modulus master curves for
all mixtures were compared as an indicator of mixture performance. Based on the
results, the following conclusions can be made:

1. Non water-based WMA (additives like Evotherm) are more resistant to moisture
susceptibility, and thus, preferable over water-based foaming WMA technolo-
gies.

2. The dynamic modulus master curves for HMA and WMA RAP mixtures show
the same trend. Thus, WMA technologies can be used to incorporate higher
amounts of RAP at lower production temperatures in lieu of using a softer binder
grade in HMA RAP mixtures.

3. E* Stiffness Ratio (ESR) and Tensile Strength Ratio (TSR) do not show any
correlation as they test different aspects of material behavior vis-à-vis tensile
versus compressive properties.
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Assessing Self-healing Asphalt
by the Heating of Asphalt Mixtures

Caio Santos, Marina Cabette, Jorge Pais, Vitor Carvalho, and Paulo Pereira

Abstract Roads are the essential transport modal worldwide since it facilitates the
movement of people and goods. Therefore, it is a concern to reduce costs and be sus-
tainable for maintenance and rehabilitation. So self-healing has been studied. The
self-healing properties of the asphalt mixtures had already been studied. It is previ-
ously known that asphalt mixtures can recover its strength entirely autonomously, or
just with a small external stimulus such as heat. The main objective of this paper is to
study the recovery of asphalt mixtures only by heating them. After heating, the com-
plex modulus and fatigue resistance were assessed, and the capacity of recovering
each mixture was evaluated. AC14 asphalt mixtures (14-mm maximum aggregate
size) were produced with conventional bitumen, varying the asphalt content, namely
3.7, 4.0, 4.3, and 4.6%. Fatigued beams were heated from 90–150 °C after fatigue
failure. Fatigue resistance tests were conducted at 20 °C temperature and 10 Hz
frequency. It was verified that certain conditions of the heating process allow the
mixtures to recover some of the initial resistance. Also, it was noted that the higher
the temperature and the percentage of asphalt content, it was higher the values of
complex modulus and fatigue resistance as well.

Keywords Asphalt mixtures · Self-healing · Complex modulus · Fatigue
resistance · Recovery

C. Santos (B) · M. Cabette · J. Pais · V. Carvalho · P. Pereira
Universidade do Minho, Guimarães, Portugal
e-mail: caiorubens@maua.br

M. Cabette
e-mail: marinacabette@gmail.com

J. Pais
e-mail: jpais@civil.uminho.pt

P. Pereira
e-mail: ppereira@civil.uminho.pt

C. Santos
Mauá Institute of Technology, São Caetano do Sul, Brazil

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_25

253

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_25&domain=pdf
mailto:caiorubens@maua.br
mailto:marinacabette@gmail.com
mailto:jpais@civil.uminho.pt
mailto:ppereira@civil.uminho.pt
https://doi.org/10.1007/978-3-030-48679-2_25


254 C. Santos et al.

1 Introduction

Roads are the essential transport modal worldwide since it facilitates the movement
of people and goods. Therefore, there is a lot of effort and concern in the mainte-
nance and rehabilitation of pavements. These processes generally require significant
investments and demand considerable energy expenditure, even more for asphalt
pavements. Due to this fact, it is common to observe a large part of the road network
requiring maintenance interventions. Therefore, there is a concern to find cheaper
and more sustainable solutions than the conventional technique. The primary degra-
dation that affects the quality of the pavements is cracking, so, researchers have study
ways to eliminate the cracking of pavements in their initial phase.

It was noticed that asphalt mixtures have an intrinsic characteristic after defor-
mation. They can selfheal micro-cracks when subjected to rest periods (Xu et al.
2018a). Recovery does not occur only due to material characteristics, but it is also
influenced by temperature, curing time, degree of damage, load condition, among
others (Xu et al. 2018b). This ability was shown in laboratory tests and field since the
60s (Bazin and Saunier 1967; Van Dijk 1972). Although healing can restore material
properties, the recovery becomes quite limited if an additional process is not applied,
such as heating induction or capsules (Al-Mansoori et al. 2018).

In recent years, much research proved that when the temperature is increased, the
asphalt mixtures and mastics could have their strength recovered. Carvalho (2016)
investigated the self-healing only by heating fatigued asphaltic beams and concluded
that asphalticmixtures did not fully recover their strength, however as very reasonable
strength recovery was verified. Thus, the self-healing by heating can be a cheaper and
sustainable alternative to maintain and extend the life period of asphalt pavements.
Additionally, to make a conductive asphalt mixtures, materials such as graphite or
fibres (Brovelli et al. 2014, 2013) can be used to facilitate heating of the bituminous
mixture through two methods of heating, namely, electromagnetic induction heating
(Dai et al. 2013; García et al. 2013; Liu et al. 2012) and microwave induction heating
(Qiu 2012). However, merely heating the upper layers of the asphalt pavement as
a self-healing technique could be potentially used in damaged pavements (Minhoto
et al. 2005; Sousa et al. 2005).

Many laboratory and in situ tests have been used to characterize the healing of
bitumen, mortar, mastic, asphaltic mixtures and full road pavements. Overall, the
methods to assess the self-healing potential of bituminous materials differ on the
way the rest periods are introduced, and different properties and parameters of the
mixture can be taken to establish recovered performance. Accordingly, there have
been used different methods and properties to analyze the data of the healing tests,
such as stiffness recovery, dissipated energy approach, number of loads to failure on
fatigue tests, and others. (Carpenter and Shen 2006; Wistuba et al. 2017).

The main objective of this paper is to study the recovery of asphalt mixtures after
heating them. Stiffness and fatigue life of asphalt concrete beams were used to eval-
uate the performance of the mixtures using the four-point bending test. Additionally,
the effect of long resting periods was studied by performing the analysis after the
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production of the beam and after one year. The influence of heating temperature was
also considered. To evaluate the recovery, a potential healing index calculated by
measuring the stiffness and fatigue strength of the tested asphalt concrete beams.

2 Materials and Methods

The study carried out is based on four different asphalt mixtures. A dense-graded
asphalt mixture, AC14 (14-mm maximum aggregate size) and a 35/50 penetration
grade asphalt binder were used in all asphalt mixtures, but varying the binder content
in 3.7, 4.0, 4.3, and 4.6%. Table 1 presents the properties of the asphalt binder.

In order to verify the healing potential, the effects of heating in the complex
modulus and fatigue life varying the temperature of heat were investigated. A rest
period of one year was assured between the production of the beams and heating
procedure. Overall, 8 beams of each mixture of the four binder contents (3.7, 4.0,
4.3, and 4.6%) were produced, a total of 32 beams. The tests were conducts also on
the production year (Y0) and one year later (Y1).

At year Y0, the beamswere separated into two groups of 16 beams each (Groups 1
and 2). The complex modulus at temperatures of 0, 10, 20 and 30 °C was determined
for group 1, and the beams into group 2 conducted the complex modulus teste and
the fatigue test at 20 °C.

At year Y1, to determine the effects of the rest period of one year, the complex
modulus and fatigue life tests were carried out for all the 32 beams. Afterwards, the
heating procedure in the oven for 4 h was conducted in order to recovery the stiffness
of the fatigued beams. For a day the beams were rest after the heating and then they
were tested. The heating temperatures varied from 90–15 °C and were carried in up
3 phases, as presented in Table 2. Both complex modulus and fatigue tests at 20 °C
were conducted after each heating procedure.

The complex modulus tests were conducted according to the EN 12697-26 stan-
dard, testing prismatic specimens in four-point bending at 20 °C. However, for the
beams of group 1, the temperatures used in the tests were the following: 0, 10, 20, and
30 to produce master curves. The influence of the loading condition of the asphalt
mixtures was investigated. Thus, the tests were carried out using the following fre-
quencies: 0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 Hz. The phase angle was also determined in
the same range of frequency and temperature conditions.

The fatigue tests were carried out according to the EN 12697-24, at a temperature
of 20 °C with a frequency of 10 Hz in a controlled strain mode of loading. Since

Table 1 Properties of 35/50
penetration grade asphalt (EN
1426; EN 1427; EN 13302)

Properties Units Limit Test results

Penetration at 25 °C 0.1 mm 35–50 41.03

Softening point °C 50–58 50.10

Complex viscosity at 135 °C Pa s – 0.49
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Table 2 Heating temperatures for the beams

Beams Tests conducted at Y0 Heating temperatures at Y1 in
phase

1st 2nd 3rd

Group 1a (8 beams) Complex modulus 90 °Ca 110 °Ca 110 °Ca

Group 1b (8 beams) 130 °Ca 150 °Ca –

Group 2a (8 beams) Complex modulus and fatigue
resistance

90 °Ca 110 °Ca 110 °Ca

Group 2b (8 beams) 130 °Ca 150 °Ca –

aComplex modulus and fatigue (strain levels for the fatigue tests were 200E-6 to 800E-6)

the breaking of the specimens is not visible, a 50% reduction of its initial complex
modulus was considered to determine fatigue life.

3 Results Analysis

3.1 Complex Modulus

The complex modulus of the beams of group 1 was measured before (Y0) and after
(Y1) the rest period of one year, which they were stored at room temperature. The
master curves for the asphalt mixtures are presented in Fig. 1 (37 means 3.7% of
asphalt content, and so on for 4.0, 4.3 and 4.6%). It was verified that, after the rest
period of one year, the complex modulus was increased for all asphaltic mixtures
tested.

After that, the complex modulus tests at 20 °C and 10 Hz were conducted for all
specimens at year 0 and year 1 before and after the heating procedures. Figure 2 on
the left presents the average of the complex modulus obtained for the specimens into

Fig. 1 Complex modulus at
year 0 (Y0) and year 1(Y1)
after the rest period for
beams of group 1
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Fig. 2 Complex modulus at 20 °C and 10 Hz of Group 1 (left) and Group 2 (right), |E*| in MPa

group 1 for each asphalt content. Fatigue tests were conducted only after complex
modulus testing in year 1.

Therefore, comparing the values obtained at year 0 and year 1, an increase in
complex modulus of approximately 20% was verified due to the rest period.

After that, the fatigue tests were conducted, and after each heating procedure of
the fatigued specimens, the complex modulus was carried out. It was verified an
average recovery of about 92% on the complex modulus values when the beams
were heated at 90 °C and about 98% when the heating procedure was conducted
at 130 °C. Two additional proceedings of heating and fatigue tests were conducted.
Finally, the total recovery from 92 to 106% was observed in the complex modulus
of group 1 specimens.

Figure 2 on the right presents the results of complex modulus for beams in group
2. The group 2 beam fatigue tests were conducted in all stages of the experiment,
including before the rest period of one year. Therefore, the observed increase was
lower than the observed in beams of group 1. The verified increase was about 6% for
4.0, 4.3 and 4.6% asphalt content beams. For 3.7% asphalt content beams an increase
yup to 20% was observed.

It was conducted the heating procedures as same as conducted to group 1 spec-
imens. At the first heating procedure, the complex modulus of all specimens was
recovered, and the specimens become stiffer as the following heating procedures
were conducted. Finally, a stiffening of approximately 15% in relation to the complex
modules of year Y0 was observed for group 2 beams.

3.2 Fatigue Life

The fatigue tests of the beams of group 2 were carried out at year 0 (Y0) and year
1 (Y1), after the rest period of one year. The four points bending test was used in a
control strain mode of loading at 20 °C. Figure 3 presents the results for the fatigue
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Fig. 3 Fatigue life year 0
(Y0) and year 1 (Y1) after
the rest period for beams of
group 2
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life for beams at year 0 and year 1. It was verified that after the rest period of one
year, the fatigue life of the beams for all mixtures decreased.

In order to assess the healing potential of the asphalt mixtures by heating the spec-
imens, the fatigue tests were carried out varying the heating temperature. Figure 4

a. Mixtures with 3.7% asphalt content b. Mixtures with 4.0% asphalt content

c. Mixtures with 4.3% asphalt content d. Mixtures with 4.6% asphalt content
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presents the fatigue test results. Two heating procedures, considering different tem-
peratures, were conducted for both groups of beams. One heating procedure consid-
ered the first heating of 90 °C followed by 110 °C and the other used the first heating
of 130 °C and then 150 °C.

A decrease in fatigue life is observed in the mixtures. Since the mixtures became
stiffer and the fatigue life became lower, the recovery is not verified. In the fatigue
tests, the dissipated energy was recorded, making it possible to analyze the problem
under the dissipated energy approach, as presented in the next section.

3.3 Healing Potential Index (HPI)

It was verified that the rest period and the heating procedures affect the performance
of the mixtures, turning them stiffer and reducing fatigue life. Therefore, to better
understand the recovery capacity of mixtures, it is proposed to use an index, the HPI
(Healing Potential Index). This index is defined by Eq. 1.

HP I = DE

a.Nb
(1)

where DE represents the dissipated energy at the failure of the tested sample, a
(intercept) and b (slope) are the coefficients of the dissipated energy law of the
bituminous mixture of each beam and N is the fatigue life of the tested sample.
Figure 5 show the average of the HPI for each mixture (3.7, 4.0, 4.3, and 4.6%
asphalt content). On the left are represented the results of the first heating procedure
(90 and 110 °C) and on the right are the results for the other heating procedure (130
and 150°C).

The beams of group 1 were submitted to fatigue tests only after the one-year rest
period, while group 2 beams were tested to fatigue at year 0 (right after production)
and after the one-year rest period. Despite this, the average initial HPI resulted in
about 1.0 to all mixtures.

Regarding group 1 tests, it was observed that the lower the heating temperatures
are, the lower resulted in the HPI. After heating the beams at 90 °C, a decrease of the
HPI was observed, and partial recovery was verified after the last heating procedure
of 110 °C. The recovery was more pronounced as the asphalt content in the mixture
is increased. In the specimens of group 1, where the heating temperatures were 130
and 150 °C, the highest values of HPI were observed.

The beams of group 2 were subjected to fatigue tests before and after the one-year
rest period. Therefore, the HPI calculated at Y0 + Y1 is only due to the rest period.
After the last heating procedure of 110 °C, a partial recovery was observed. For the
specimens subjected to the higher temperatures, a higher recovery was observed.

Regardless of the heating procedures and the two groups of tests, it was observed
that the higher the asphalt content in the mixture is the higher is the HPI. Thus,
mixtures with 4.3 and 4.6% of asphalt content present a better response after heating.
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a. HPI for mixtures of group 1a b. HPI for mixtures of group 1b

c. HPI for mixtures of group 2a d. HPI for mixtures of group 2b

Fig. 5 Healing Potential Index (HPI) for mixtures of group 1 and 2 for both heating procedures

4 Conclusions

In the present study, laboratory tests were carried out to evaluate the healing potential
of four asphaltic mixtures. The results obtained showed that the tested beams did
not fully recover their load capacity, but achieved a very reasonable load capacity
recovery, as the only treatment used in the fatigued beams was to heat them.

The stiffness and fatigue life of the specimens were evaluated after the one-year
rest period. It was verified that the mixtures became stiffer and fatigue life decreased
after the rest period even heating the beams. However, it was noted that the higher
the temperature and the percentage of asphalt content, it was higher the values of
complex modulus and fatigue resistance as well.

It should also be noted that there were beams tested to fatigue five times, and even
in the fifth test, the results showed that the beams recovered some load capacity. It
should also be noted that the temperature at which the beams were heated increased
according to the tests, and the higher the temperature was, the higher the HPI.
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Overall, the tests carried out in this study have presented entirely satisfactory
results, showing that it was possible to recover load capacity in fatigued beams until
the end of life, by only heating them, which in theory demonstrates that it is possible
to recover end-of-life pavements by merely heating the surface layer.
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Ultrasound Monitoring and Microwave
Self-healing of Top-Down Cracks
in Asphalt Pavements

Miguel A. Franesqui, Jorge Yepes, and Juan Gallego

Abstract Surface-initiated cracking with top-down propagation (TDC) is one of the
most frequent and important failure modes of asphalt pavements. In order to achieve
long-lasting pavements, it is necessary to control the evolution of these cracks and so
repair them before they become deeper and deteriorate the lower layers. Self-healing
of asphalt mixtures is possible if the temperature is raised near the softening point
of the binder, thus allowing the fusion of the cracks. For this purpose, conductive
additions can be used to promote induction heating when applying electromagnetic
fields. This laboratory work shows the self-healing results of TDC on bituminous
mixtures aftermicrowaves exposure.Differentmixtures (semi-dense asphalt concrete
AC-S, gap-graded asphalt concrete for very thin layers AC-VTL and porous asphalt
PA) with diverse types, sizes and proportions of metallic additions from industrial
waste were tested. Three aspects were studied: (a) analysis of the type, particle size
and content of each addition on the heating speed; (b) temperature increase with
the specific energy; (c) monitoring of the healing process by using ultrasounds.
Microwave exposure allowed the total closure of cracks using an industrial waste,
with reduced exposure times and applied energies. The results validate themicrowave
healing capacity, as well as the use of ultrasounds for tracking the crack depth.
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1 Introduction

Adequate monitoring and timely treatment of partial-depth top-down cracks (TDC)
are essential to prolonging the life cycle of long-lasting pavement structures. This is
one of the most frequent failure modes and cause of deterioration in asphalt pave-
ments. Therefore, in order to achieve perpetual pavements, it is necessary to track
the evolution of these cracks and so repair them before they become deeper and
deteriorate the lower layers (Franesqui et al. 2017).

Self-healing of bituminous mixtures is possible if the temperature is raised high
enough to reduce the binder viscosity, allowing the fusion of the crack faces. A pos-
sible technique is the electromagnetic induction heating of mixtures with inductive
additions that raise electric conductivity. Decisive factors to ensure the efficiency of
this method are the type, size and proportion of the additions. Studying the electrical
conductivity of PA mixtures with steel wool, some researchers concluded that short
length fibres provide optimal performance in comparison to longer fibres (Liu et al.
2010, 2011).

Some laboratory studies determined that it is also possible to raise the temperature
of AC mixtures with steel wool by using microwaves with brief exposure times
(Gallego et al. 2013). Consequently, microwaves seem to be promising for the self-
healing of cracks in asphalt pavements (Norambuena-Contreras and García 2016).

However, the main limitations of the previous studies have been:

(a) Self-healing of dense asphalt concrete (AC) and porous asphalt (PA) have been
studied, but up until now other common types such as asphalt concrete for very
thin layers (AC-VTL)—also known in European Standards as BBTM “Béton
bitumineux très mince”—have not been analysed. This is usually employed in
wearing courses of only 2–3 cm thick.

(b) Due to the formation of clusters during mixing, the steel wool fibres are difficult
to homogenize in order to reach a uniform heating (Gallego et al. 2013) and
thus, increasing the air void content (Yang et al. 2016).

(c) The induction devices are difficult to use for field applications and require
certain safety measures. Furthermore, the time required in order to heat the
asphalt mixes by induction still remains excessive (García et al. 2015). Hence,
microwave devices could be more manageable and risk free for this application.

(d) The evolution of the crack depth after microwave radiation and how the macro-
cracks heal has yet to be experimentally examined.

Consequently, this research focused on the evolution of the crack depth with the
specific energy applied by microwave equipment. At the same time, this laboratory
study sought after an optimal addition in reduced proportions from industrial waste
(Norambuena-Contreras et al. 2018) that would allow significant energy saving and
achieve a complete self-healing of TDC.
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Table 1 Percentages of steel addition (by total weight of mixture)

Type of
mixture (HMA)

Type of metallic addition

Ref SW10 SW5 SF1-2 SF0.5-1 SPC0.063-0.5 SPC<0.063

AC 16 surf
50/70 S

0.0 0.6 0.4 1.0 2.0 – 5.37

BBTM 11B
PMB 25/55-65

0.0 0.6 0.4 1.0 2.0 15.51 5.5

PA 11 PMB
25/55-65

0.0 0.6 0.4 1.0 2.0 9.63 4.5

(Ref) Reference mixture without additions; (SW10) Steel wool of length 10 mm; (SW5) Steel wool
of 5 mm; (SF1-2) Steel filing of size 1–2 mm; (SF0.5-1) Steel filing 0.5–1 mm; (SPC0.063-0.5)
Steel filingwith corundum powder of size 0.063–0.5mm; (SPC<0.063) Steel and corundum powder
less than 0.063 mm [metallic filler]

2 Materials

Cylindrical and slab specimens of the three different types of hot mix asphalt (HMA)
were compacted in the laboratory: AC 16 surf 50/70 S (semi-dense) with 4.5% (by
wt. of mixture) of conventional penetration bitumen (50/70 indicates the penetration
grade in 10−1 mm); BBTM 11B PMB 25/55-65 with a bitumen content of 5%; and
PA 11 PMB 25/55-65 with 4.5% of the same type of polymer-modified bitumen
(25/55 indicates the penetration grade in 10−1 mm, and 65 is the softening point
in °C). All the aggregate fractions came from massive phonolite of high density (a
type of volcanic rock) with a bulk density of 2.62 g/cm3.

Six types of steel additions were used to speed up the microwave heating. These
varied in size, composition and proportion (Table 1). The additions were prepared
from low-carbon steel profiles and sheets, all cut manually by the same operator:
(a) steel wool fibre (5 and 10 mm long, 0.3–0.4 mm diameter approximately); (b)
steel filing (1–2 mm and 0.5–1 mm) obtained from metal profiles cut with a metal
lathe machine; (c) steel filing (90%) with corundum powder (10%, approximately)
obtained from radial saw grindings (0.063–0.5 mm and #<0.063 mm). The steel
filing with corundum powder was used to substitute either the finest aggregate or the
mineral filler (#<0.063 mm), in this last case acting as a metallic filler. Thus, the mix
design depended on the aggregate gradation of each type of mixture (Fig. 1) and the
corresponding fractions. The mixtures were produced following the Spanish road
specifications [PG-3] (Spanish Ministry of Infrastructures 2014).

3 Methodology

The cylindrical specimens (D = 101.6 mm; h = 63.5 mm) were compacted using
a Marshall hammer according to EN 12697-30 with 50 blows/side. The prismatic
specimens were obtained from slab specimens (300× 300× 60 mm), compacted by
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Fig. 1 Aggregate gradation and specified grading envelope for the three types of mixtures: a AC
16 surf 50/70 S; b BBTM 11B PMB 25/55-65; c PA 11 PMB 25/55-65

rolling according to EN 12697-33. The cylindrical specimens underwent basic char-
acterization tests: maximum specific gravity (EN 12697-5; volumetric procedure),
bulk specific gravity using the hydrostatic method (EN 12697-6; SSD procedure),
air voids (EN 12697-8), moisture sensitivity (EN 12697-12) and particle loss (EN
12697-17).

Once characterized, each cylindrical specimen was cut into two halves in order
to measure the temperatures inside of each compacted specimen after microwave
exposure. The slab specimens were divided into three prismatic samples. A total of
110 test samples were obtained: 92 from cylindrical specimens and 18 from slab
specimens.

The different test samples were initially conditioned in a heater-refrigerator at
15 °C (±0.1 °C) during 4 h, thus making this the starting temperature (T0) from
which the microwave exposure began. Exposure in the microwave oven (at 800 W
and 2.45 GHz) lasted long enough to surmount the softening point of each binder
(52 °C for 50/70 pen bitumen) and 67 °C for PMB 25/55-65). Using an infrared
thermometer (resolution ±0.1 °C; precision ±1.5 °C) several measurements were
carried out at 10 or 20 s intervals; these measurements were made at three points on
the cut surface of each halved cylindrical specimen.

By cutting the slab specimens (300 × 300 × 60 mm), different prismatic beam
samples were obtained to measure the evolution of the crack depth after microwave
exposure (300 × 110 × 60 mm and 300 × 80 × 60 mm). With this partition of
the slab specimens, a height safeguard of 50% at least was achieved for the deeper
cracks studied in the laboratory in order to ensure that the notches and cracks will
not fracture the samples.

The prismatic beams underwent cracking by means of three-point bending test
at a low temperature (−20 °C) and deformation rate (0.5 mm/min). A notch was
previously made in the centre of each beam using a radial saw in order to ensure the
initiation of cracking at this point. The minimum notch depth was 20± 1 mm for the
AC-S and 10 ± 1 mm for the BBTM and PA mixtures (according to the maximum
size of each aggregate), and with a 4–5 mm slot between notch faces (Fig. 3b). The
net initial crack depths (subtracting the notch depth) ranged between 11± 1 mm and
40 ± 5 mm.
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Measurements of the initial crack depth as well as measurements of the same
crack at different intervals of microwave exposure were carried out using the non-
destructivemethod postulated by Franesqui et al. (2017), where the analyticalmodels
are founded upon a self-calibration technique based on ultrasound measurements on
a single surface. This method allows the immediate determination of the depth of
surface-initiated cracks in asphalt mixtures, is economically feasible and provides
errors below 13% (at 95% statistical confidence level), even with micro-cracks unob-
servable to the naked eye. The ultrasound device was utilized with cylindrical CPC
(couplant plate contact) piezoelectric transducers (26 mm diameter, 54 kHz).

In order to use the proposed models of this methodology, the mathematical func-
tions should be previously calibrated on each specificmaterial andwith the ultrasonic
equipment to be employed (see Franesqui et al. 2017). For this calibration, ultrasound
propagation time measurements were carried out on the cracked surface of the beam
samples at 20 °C. Figure 2 shows the functions of the calibrated models for the three
types of HMA, at T= 20 °Cwithmeasurement baseline (B= linear distance between
transducers) 70, 120 and 150 mm.

Before exposure, all the prismatic samples were placed in an oven for acclimati-
zation (4 h at 20 °C). From this temperature the samples were radiated until the crack
healed (total maximum exposure time of 110–210 s). The process was carried out
during several cycles of microwave exposure between 20–40 s each. The ultrasound
measurement of the crack depth after each gradual microwave exposure interval has
allowed the assessment of the depth evolution with the exposure time and therefore,
the effectiveness of the self-healing technique (Fig. 3).

(a)  (b) (c)

Fig. 2 Calibrated functions used to predict crack depth using ultrasounds at 20 °C: a For cracks up
to 30 mm depth (B = 70 mm); b For cracks from 30 to 40 mm (B = 120 mm); c For cracks from 40
to 50 mm (B = 150 mm). [(t0/tz) transmission time ratio on the non-cracked HMA surface (z = 0)
and on the same specimen with crack depth (z); (λ) Ultrasound wavelength; (B) distance between
transducers]
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(a)  (b)

Fig. 3 Prismatic sample of BBTM 11B PMB 25/55-65 with metallic filler (SPC<0.063 mm) and
height 80 mm: a Net initial crack depth of 19 ± 1 mm, excluding the notch; b Detail of the same
crack, completely closed in its entire depth, after an exposure time to microwaves of 110 s (starting
temperature 20 °C)

4 Results and Discussion

4.1 Engineering Properties of the Mixtures

The mixtures with steel additions complied with the specifications for roads (4≤Vm

≤ 6%, for AC-S; Vm ≥ 12%, for BBTM; Vm ≥ 20%, for PA; ITSR≥ 85%, for AC-S;
ITSR ≥ 90%, for BBTM; PL ≤ 20-25%, for PA). However, the AC-S mixtures with
steel wool fibres caused some problems during compaction which led to an increase
in air voids (see Table 2).

4.2 Effect of Different Steel Additions on the Heating Speed

In order to determine the most efficient addition for each HMA, the average temper-
atures were calculated for each microwave exposure time. These points were fitted
by linear regression functions, which allowed the assessment of the performance
differences among the different metallic additions (Fig. 4). The coefficient of deter-
mination (R2) of the fitting varied between 0.953–0.992 for AC-S; 0.958–0.997 for
BBTM; and 0.907–0.998 for PA mixtures.

After examining the results, the following observations are presented:

• The filler used to substitute the mineral powder (SPC<0.063 mm) offered good
results with AC-S and BBTM mixtures: exposure time reduction by 18.6% in
the AC-S (with 5.4% addition) and 7.6% in the BBTM (with 5.5% addition).
Nevertheless, the performance was irregular in the case of porous mixtures (PA)
[4.5%of addition], being less efficient than the control specimens.On the contrary,
the PA mixtures showed a good performance with the short steel wool fibres
(5 mm) [0.4% of fibres], which produced a 5.6% of time reduction (González
et al. 2019).

• The addition of short steel wool fibres (5mm) [at 0.4%] proved to bemore efficient
than the 10 mm fibres [at 0.6%].
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Table 2 Characterization properties of the mixtures (EN 12697 Standards)

Type of
mixture
(HMA)

Property Type of metallic addition

Ref SW10 SW5 SF1-2 SF0.5-1 SPC
0.063-0.5

SPC<0.063

AC 16
surf
50/70 S

Db,SSD
(g/cm3)

2.39 2.16 2.18 2.28 2.13 2.40

Vm (%) 4.57 13.05 10.78 5.75 6.46 5.75

ITSR
(%)

85.37

BBTM
11B
PMB
25/55-65

Db,SSD
(g/cm3)

2.19 2.14 2.07 2.20 2.13 2.19 2.06

Vm (%) 11.99 15.58 18.59 13.26 16.36 13.69 18.63

ITSR
(%)

92.36

PA 11
PMB
25/55-65

Db,SSD
(g/cm3)

1.94 1.72 1.99 1.94 1.96 1.90 1.94

Vm (%) 24.15 32.75 22.20 24.37 23.59 25.63 24.32

PL (%) 22.0

(Ref) Reference mixture without additions; (SW10) Steel wool of length 10 mm; (SW5) Steel wool
of 5 mm; (SF1-2) Steel filing of size 1–2 mm; (SF0.5-1) Steel filing 0.5–1 mm; (SPC0.063-0.5)
Steel filingwith corundum powder of size 0.063–0.5mm; (SPC<0.063) Steel and corundum powder
less than 0.063 mm (metallic filler); (Db,SSD) Bulk density [saturated surface dry]; (Vm) Air void
content in the mixture; (ITSR) Indirect tensile strength ratio; (PL) Particle loss
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Fig. 4 Comparison of the effect of the type and size of the metallic addition on the heating speed:
a AC 16 surf 50/70 S; b BBTM 11B PMB 25/55-65; c PA 11 PMB 25/55-65
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• The intermediate size additions (steel filings 0.5<#<2 mm) offer an intermediate
thermal efficiency between steel wool fibres and the finest filings, which is due to
the fact that they were also used with intermediate proportions.

To summarize, the optimal addition for AC-S and BBTM, considering both prac-
tical applications (easier mix formulation and mixing) and thermal efficiency, is the
metallic filler (SPC<0.063 mm) because distribution is far more homogeneous and
avoids clump formation as occurs in the case of steel wool fibres, making com-
paction difficult. The addition of metallic filler implies significant benefits: simple
production and dosage control of the mixtures; excellent homogenization and com-
paction with the habitual production formula used for each mixture type with similar
final properties; it offers greater energy efficiency to microwaves as the smaller par-
ticles facilitate heat generated by Joule effect; furthermore, the powdery particles
prevent the accumulation of charges that ionize the air, avoiding electric arcs when
microwaves are applied; and finally, this filler yields environmental advantages by
using up waste metal produced in the industry.

However, the best addition for PAmixtures is 5mm steel fibres. This is because the
fibres increase electric connectivity between aggregates, which counters the isolation
effect produced by the high levels of porosity of PA.

4.3 Effect of Microwave Energy on Temperature

With the aim of comparing the results obtained from the different specimens (cylin-
drical and prismatic), the temperature was indicated as a function of the energy
supplied per unit of mass (specific energy, E/m). The fitted functions were estimated
by linear regressionwith the experimental values (Fig. 5) and can therefore be applied
regardless of the mass of the mixture and the power output of the microwave device.

The analysis of these models show that the rate of temperature increase vs. the
specific energy may be considered roughly constant in each HMA (Fig. 5), being
0.9 °C/(J/g) for AC-S mixtures; 1.1 (°C g)/J for BBTM; and 1.2 (°C g)/J for PA.
The model obtained with BBTM offers better fit (R2 = 0.96) compared to the other
materials (R2 = 0.74 for AC-S; R2 = 0.88 for PA 11).

4.4 Monitoring of the Crack Depth

The last phase of the study made it possible to systematically study the reduction
in depth of the cracks generated in the laboratory on the prismatic samples after
microwave exposure. This enabled verification of the practical effectiveness of the
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Fig. 5 Temperatures vs. specific energy supplied by microwaves on each type of HMA with steel
filler (SPC<0.063mm): aAC 16 surf 50/70 S; bBBTM11B PMB25/55-65; c PA 11 PMB 25/55-65

method and the chosen addition. In order to monitor the cracks, the previously men-
tioned ultrasound technique was employed. The crack depth (z) following each inter-
val of microwave treatment was expressed according to the specific energy (E/m)
supplied.

The ultrasound results show a reduction of the crack depth with the applied spe-
cific energy. This proves that the healing begins at the crack tip, where the opening
is smaller, and spreads towards the surface until self-healing completion. As the
experimental points demonstrate in Fig. 6, effective and complete closure was ver-
ified throughout the macro-cracks previously produced in the laboratory, including
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Fig. 6 Evolution of the crack depth with the microwaves specific energy on prismatic beams with
steel filler (SPC<0.063 mm) from an initial temperature of 20 °C and different initial crack depths
(z0): a AC 16 surf 50/70 S; b BBTM 11B PMB 25/55-65; c PA 11 PMB 25/55-65
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the deepest cracks (40 mm). In no event was the initial notch closed, confirming
that this methodology is ineffective with wide cracks (>4–5 mm), with crack faces
excessively polished and with severed aggregates. This suggests that the pavement
maintenance must be periodical in order to avoid excessive deterioration.

In the laboratory, cracks up to 40 mm deep were completely self-healed after a
briefmicrowave exposure (between 110 and 210 s), starting off at a room temperature
of 20 °C. These times are equivalent to a specific energy between 17.2 and 35.0 J/g
(depending on the type of HMA and crack depth). This fact demonstrates the effec-
tiveness of microwaves for self-healing of surface-initiated macro-cracks with both
types of mixtures with metallic filler. Furthermore, the crack depth measurement
method by ultrasounds proved to be efficient, reasonably precise, cost effective and
manageable.

5 Conclusions

Based on the results of this experimental research, the following conclusions can be
drawn:

• Microwaves have proved to be an efficient way of controlled, quick heating for
the three types of asphalt mixtures with metallic additions and requiring simple,
safe, compact, affordable and low power equipment.

• The smaller particles (steel filings #<0.063 mm) proved to be the optimal addi-
tion for AC-S and BBTM, taking into account practical use and thermal efficiency
(heating speed with lower energy consumption). Furthermore, mixing and pro-
portioning control proves easier and the mixture is more homogeneous and com-
pactable. Standard formulations may be used, final characteristics of the mixtures
are similar, heating energy efficiency is improved and electric arcs are avoided.

• On the contrary, the PA mixtures have shown better performance with short steel
fibres (5mm) because the fibres increase electric connectivity between aggregates
in these high-porosity mixtures.

• The temperature increase rate with regard to the specific energy is approximately
linear and proved to be approximately 1.0 (°C g)/J.

• In the laboratory complete self-healing of surface-initiated cracks of up to 40 mm
in prismatic specimens with metallic filler was achieved. The energy per unit of
mass required is low (between 17 and 35 J/g, depending on the HMA type and
starting at room temperature of 20 °C), and consequently a short exposure time
is necessary (between 110 and 210 s with the laboratory prismatic specimens).

• The experimental results proved that healing starts at the crack tip and spreads
towards the pavement surface till healing completion, providing the cracks are
not excessively wide (<4–5 mm), and that the sides are not too polished nor the
aggregates severed. This suggests that pavement maintenance must be periodical
in order to avoid excessive deterioration.
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• The use of ultrasounds for depth measurement of top-down cracks has proved to
be efficient, relatively precise, cost effective and manageable.

• The proposed self-sealing technique allows not only longer service life of the
pavement but also reduces rehabilitation costs. Furthermore, there are numerous
environmental advantages: recovery and reuse of metal waste from industry; and
prevention of new waste from milling of cracked surface layers. The time saving
aspect of these procedures is noteworthywhen compared to the standard pavement
rehabilitation methods, allowing quick re-opening of traffic and reduced energy
consumption and emissions.
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Effects of Moisture and Aging on Asphalt
Binder Adhesion Failure Using Pull-Off
Tension Test

Muhammad Rafiq Kakar, Meor Othman Hamzah, and Christiane Raab

Abstract Moisture damage is mainly characterized by the loss of adhesion between
asphalt binder and aggregate and the loss of cohesion within the asphalt binder.
The binder holds the aggregates firmly together and acts as a sealant against mois-
ture ingress. Additives are added to enhance the performance-related properties of
asphalt mixtures under different climatic and environmental conditions. In this study,
warm mix additive was used to modify the asphalt binder PG-64. The asphalt binder
modified with chemical surfactant based additive was tested against pull-off tension
force using limestone aggregate substrates. The specimens were conditioned using
accelerated laboratory vacuum saturator (ALVS). The results showed that the percent
adhesion failure increased when specimens were subjected to moisture conditioning.
Furthermore, adhesion failure also increased with binder aging and enhanced further
when the binders were long term aged.

Keywords Moisture damage ·Warm mix asphalt · Adhesion failure · Bitumen
bond strength

1 Introduction

Moisture damage hasmajor concern among asphalt pavement technologists formany
years. It is one of the most common causes of pavement distress that results in loss of
strength, stripping, raveling, fatigue damage and permanent deformation (Hamzah
et al. 2015). Moisture damage results in asphalt pavement loss of strength or durabil-
ity due to the effects of moisture and can be evaluated based on the loss of mechanical
properties (Little and Jones 2003). Since the 1920s, researchers have been looking
for a test that can differentiate between good and poor performing stripping potential
of asphalt mixtures (Kakar et al. 2015). The identification of test procedures that can
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well predictmixturemoisture susceptibility is still required (Solaimanian et al. 2003).
Moisture damage is mainly characterized by the loss of adhesion between asphalt
and aggregate and the loss of cohesion within the asphalt binder (Kakar et al. 2019;
Fromm 1974). The early form of removing binder coatings from aggregate surfaces
is referred to as stripping. Themoisture infiltrates into the asphalt-aggregate interface
and diffuses into the binder, resulting in asphalt and aggregate bond failure. Strip-
ping is a complex phenomenon that involves the physical and chemical properties
of asphalt mixtures such as chemical composition of binder/mastic and aggregate,
aggregate mineralogy and surface characteristics (Kakar et al. 2017).

The bond strength of asphalt binder and aggregate is a critical parameter in eval-
uating a binder’s ability to resist moisture damage. Bhasin et al. (2006) evaluated
the adhesion between asphalt binder and aggregate using the adhesive bond energy.
A test method that can effectively evaluate the influence of water in both cohesive
and adhesive failure types in an asphalt–aggregate system can lead to a better under-
standing of the moisture sensitivity of asphalt mixtures (Kanitpong and Bahia 2003).
The aim of this study is assess the adhesion failure at the asphalt-aggregate interface
using pull-off tension test (setup shown in Fig. 1) under different aging and mois-
ture conditions. The mode of failure is assessed based on image classification. A
new laboratory based accelerated moisture conditioning protocol was developed to
condition the asphalt-aggregate substrate specimens.

Fig. 1 Pneumatic adhesion tensile testing instrument
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2 Materials and Methods

In this study, limestone aggregate substrates were prepared by cutting cores from
aggregate boulders. The cores were then cut into slices using a diamond cutter.
PG-64 binders was used as control adhesive materials and Table 1 summarizes the
rheological properties of the binders used. Only one set of specimen was used for the
test. However, all specimens were prepared using a new set of aggregate substrates.
The chemical based surfactant as warm mix additive is consumed in a very limited
amount of 0.2–0.5% by weight of the binder (Oliveira et al. 2013). The physical and
chemical properties are given in Table 2. To assess the effects of warm mix additive,
binders were blended with 0.3% additive (as per the suppliers recommendations)
by mass of the binder (Hamzah et al. 2014). This additive, which is liquid at room
temperature, can be easily mixed with the hot asphalt binder before the asphalt mix-
ture production (Kakar et al. 2016). Initially, the binders were heated to the blending
temperature. The mechanical overhead blender was used to blend the additive with
binder. Table 4 presents the blending parameters used to blend the additive with
PG-64 binder. The test sample designations are given in Table 3.

2.1 Asphalt Binder Aging

The modified and unmodified asphalt binders were artificially short-term and long-
term aged in the laboratory. The rolling thin-film oven (RTFO) and pressure aging
vessel (PAV) were used for this purpose. The short-term binder aging was performed
at 163 °C for 85 min, while for the long-term aging, the binders were kept under

Table 1 Properties of PG-64 binder

Property Penetration
at 25 °C,
100 g, 5 s,
(0.1 mm)

Softening
point (°C)

Ductility at
25 °C (cm)

Flash
and fire
point
(°C)

Solubility
(%)

Specific
gravity

Test
method

ASTM D5 ASTM D36 ASTM
D113

ASTM
D92

ASTM
D2042

ASTM
D70

PG-64 86 45 <160 331 &
340

99.52 1.03

Table 2 Physical and chemical properties of WMA additive (Xiao et al. 2012)

Properties Ingredients Physical
state

Color Specific
gravity

Flash
point

Solubility
in water

Cecabase
RT® 975

Polymer: >45%
Fatty acid amine: <50%
1,2-Ethanediamine: >1%

Liquid Light
yellow

1 >100 °C Insoluble
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Table 3 Sample designation Binder type Aging
condition

Additive
content (%)

Designation

PG-64 Unaged 0.0 AC0.0

0.3 AC0.3

PG-64 RTFO 0.0 RAC0.0

0.3 RAC0.3

PG-64 PAV 0.0 PAC0.0

0.3 PAC0.3

Table 4 Dosage, blending time and temperature of additive

Additive Dosage by weight of
binder (%)

Blending time (min) Blending temperature
(oC)

Cecabase RT® 975 0.3 15 130

2.1 MPa at 100 °C for 20 h. The tests were conducted in accordance with ASTM
D2872 (ASTM2006a) andASTMD6521 (ASTM2006b) procedures for both RTFO
and PAV, respectively.

2.2 Preparation of Aggregate Substrates

Aggregate substrates were prepared in 100 mm diameter and 15 mm thickness. The
aggregate was first cored from boulder supplied by Kuad Quarry Penang using a
100 mm core cutter. Later, the cores were cut into 15 mm thicknesses slices using
a diamond cutter. To minimize the discrepancy and inaccuracy of the test results,
especially in terms of the uniformity, and also to avoid the loose particles on the
surface of aggregate substrates these aggregate substrates were polished using a
stone polishing machine. After polishing, the aggregate substrates were cleaned with
distilled water to further ensure that no foreign materials were left on the surface.

2.3 Accelerated Laboratory Moisture Damage Conditioning
Process

The laboratorymoisture conditioning of asphaltmixtures has becomemore important
over the past several years. The development of a quick and responsive technique
that can predict the field moisture damage of an asphalt mixture is utmost important.
A newly developed conditioning method for the binder aggregate substrates bond
strength was used (Kakar, 2015). The device was designed to control the level of
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vacuum, temperature, vacuum holding time and the number of conditioning cycles.
The accelerated laboratory vacuum saturator (ALVS) was used to condition the test
samples. The samples were placed inside an ALVS chamber in the water, where the
interface of the aggregate binder was placed at least 25mmbelow surfacewater level.
As suggested by Sulamanian (2003), the conditioning water incorporated sodium
carbonate Na2CO3 at a concentration of 6.62 gm per liter to enhance the stripping
rate. The conditioning time was set for 30 min at 35 °C.

2.4 Pull-Off Tension Test

An improved method for moisture damage performance based on the fundamental
evaluation of moisture damage mechanisms remains a challenge, especially in terms
of the adhesion of the asphalt mixtures. Copeland et al. (2007) and Kanitpong and
Bahia (2003, 2004, and 2005) developed test techniques and procedures to measure
directly the adhesive bond strength between bitumen and aggregates. The adhesion
between asphalt binder or mastic and aggregates is considered as one of the key
fundamental properties that influence asphalt mixtures performance. However, there
are no established test procedures that can be used to evaluate the adhesive bond
strength of the asphalt-aggregate interface. Currently, the pull-off tension test failure
modes are evaluated based on visual observations, which is not precise. To overcome
this, the current study applies an image analysis technique on the failed surfaces of
pull-off tension test specimens to precisely quantify the percent adhesion failure.
The test setup is shown in Fig. 1.

Modified pull-off tension stubs disc shapes 314.15 mm2 surface contacts were
fabricated for the test, as shown in Fig. 2. The pull-off tension test stub diameter
was 20 mm. The asphalt binder was poured directly onto the substrate to develop
the bonding between the stub and aggregate substrates. The thickness of asphalt film
for each sample was approximately 8 mm. The excess binder from the gap in the
stub after pressing the stub over the binder poured on the aggregate substrate, was
trimmed. Then, one set of the specimen was exposed to moisture conditioning using
ALVS. The pull-off tension test was carried out at 15 °C.

3 Results and Discussion

3.1 Image Analysis on Binder-Aggregate Substrates Using
Direct Tensile Test

Figure 3 show the original images of PG-64 binder over limestone aggregate cap-
tured after testing the specimens using pull-off tension tests in unaged and long term
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Fig. 2 Limestone aggregate substrates prepared for pull-off tension test

(a) AC0.0 (b) AC0.3                       (c) AC0.0                        (d) AC0.3             
Unconditioned Unconditioned      Conditioned                  Conditioned       

Fig. 3 Original images of PG-64 binders on limestone aggregate substrate

aged conditions. The images obtained after the pull-off tension test were then pro-
cessed by means of Matlab Image Processing Toolbox™ (Matlab documentation)
andEnvironment forVisualizing Images (ENVI) software (ExelisVisual Information
Solutions). As described by Hamzah et al. (2014), image processing functionality
can create the color transformation structure based on Color Look Up Table (CLUT)
(Matlab documentation). Figure 4 present the transformed images that clearly show
the adhesion failure over the aggregate substrate.
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(a) AC0.0 (b) AC0.3                       (c) AC0.0                        (d) AC0.3             
Unconditioned Unconditioned      Conditioned                  Conditioned       

Fig. 4 Transformed images of PG-64 binders on limestone aggregate substrate

3.2 Effects of Moisture Conditioning and Binder Aging
on Adhesion Failure Using Image Analysis Technique

Figure 5 shows the percent adhesion failure of asphalt binder sandwiched between
limestone substrates subjected to different aging conditions using the pull-off tension
tests. The percent adhesion failure on the aggregate substrates was quantified using
image analysis method as described by Hamzah et al. (2014). The results in Fig. 5
show that both aging and conditioning increases adhesion failure. The addition of
chemical surfactant additive reduces the percent adhesion failure compared to the
base binder irrespective of aging type and moisture conditioning. Specimen PAC0.0
subjected to conditioning exhibits (89.8%) highest percent adhesion failure. The
lowest adhesion failure (7.3%) was observed for unconditioned specimen AC0.3.
Hence, the results of percent adhesion failure obtained from image analysis illustrates
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Fig. 6 Bitumen bond strength of PG-64 modified and unmodified binders on limestone substrate

that the chemical surfactant warm mix additive improves the adhesion property of
PG-64 binder under moisture damage at difference aging conditions.

3.3 Effects of Moisture Conditioning and Binder Aging
on Bitumen Bond Strength

Figure 6 shows the bitumen bond strength of PG-64 binder sandwiched between
limestone aggregate substrates. The results indicate that the bond strength decreases
when the specimens are exposed to moisture conditioning. The effects of aging also
reduce the bitumen bond strength. The bond strength of 0.26 MPa and 1.3 MPa
are obtained for conditioned specimen PAC0.0 and unconditioned specimen AC0.3,
respectively. This indicates that the specimens PAC0.0 when exposed to condition-
ing exhibit the lowest bitumen bond strength. However, the unconditioned speci-
mens AC0.3 registered the highest bitumen bond strength. This shows that specimen
AC0.3 when exposed to moisture will have more resistance compared to specimen
PAC0.0. Therefore, from the viewpoint of resistance and susceptibility to moisture
damage, specimens incorporatingWMAadditive comparatively performs better than
speicmens without WMA additives.

Overall, the pull-off tension tests results showed that adhesion failure increased
with binder aging and enhanced further when the binders were long term aged.
Moisture conditioning also increased the percent adhesion failure irrespective of
the aging method used. The results further showed that compared to modified binder
the unmodified PG-64 binder is more susceptible to moisture damage in terms of the
percent adhesion failure.
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4 Conclusions

The moisture damage in asphalt aggregate constituents was evaluated in terms of
adhesion failure. The adhesion failure was quantified using image analysis process.
Based on the results of this study the following conclusions are drawn:

1. Binder-aggregate substrate tests showed that the short term aging and long term
aging of asphalt binder increased the percent adhesion failure.

2. The percent adhesion failure increased when specimens were subjected to
moisture conditioning (ALVS) and binder aging.

3. Specimens PAC0.0 subjected to conditioning and the unconditioned speci-
mens AC0.3 exhibited the maximum and minimum percent adhesion failures,
respectively.

4. From the test results, it is appropriate to analyze the adhesion failure at the asphalt
binder and aggregate interface. However, there are some factors that should be
considered while selecting pull-off tension test method. The aggregate source,
core cutting machine, diamond cutter, polishing machine and testing facility
(Pull-Off tension machine) must be available.

5. Pull-off tension test is more quick and easy to test more number of specimens.
However, the duration for specimen conditioning depends on the type of condi-
tioning process. The pull-off tension test specimens are easy to prepare and test, as
themodified pull stubs are used to control the film thickness of the asphalt binder.
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Effect of Addition of Plastic Fibres
on Strength Characteristics of Subgrade
Soil

Ashutosh Kaushal, Rajesh Pathak, and Tanuj Chopra

Abstract In today’s time, plastic materials (which otherwise pose great threat to
environment), can be alternatively and smartly utilized in civil engineering as a soil
stabilizing material (apart from the more traditional cement and lime) to achieve
economy and reduce waste impact on environment. In present study, effect of addi-
tion of plastic fibres (shredded wrappers) on the strength characteristics of flexible
pavements have been studied. Available literature after been reviewed, and then
experiments were performed to compute the liquid limit, plastic limit and plastic-
ity index of soil to categorize type of soil. OMC (Optimum moisture content) and
MDD (Maximum dry density) were computed at various plastic contents (by % of
dry weight of soil). The CBR (California bearing ratio) test has been performed at
different percentage plastic contents. The maximum value of CBR was obtained as
4.01% at 1.5% plastic content. The design of pavement section have been carried out
for different traffic volumes to find the most efficient and economical traffic condi-
tion for which this method could be most advantageous. Thickness of pavement for
each layer (as per CBR corresponding to 0 and 1.5% plastic content) was determined
using IRC-37:2018 design plates. The theoretical values of vertical compressive and
horizontal tensile strains at critical locations have been determined. The theoretical
value of modulus of elasticity (with 0 and 1.5% optimum plastic addition) were cal-
culated using IRC 37:2018. Trial sections filled with virgin soil and reinforced soil
at various percentages of waste plastic content were compacted manually to 250 mm
thickness and the subgrade modulus were determined experimentally by using a
Light Weight Deflectometer. The theoretical and experimental modulus values were
compared, and the most optimized pavement thickness has been designed with IIT
PAVE.
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1 Introduction

In the past decade, plastic waste management has developed into a serious issue all
across the world. With the ever rise in population there has been a growing demand
of commodities manufactured using various types of plastics. Many plastics are non-
biodegradable. There have been reported cases in India of animals unknowingly
consuming them and dying as plastic bags cause blockage in their food pipes. In
rural areas, waste plastics are still burnt today that releases harmful smoky gases that
in turn cause hazardous environmental effects like smog, cancer etc. An estimated
100,000 marine mammals and up to 1 million sea birds die every year after ingesting
or being tangled in plastic marine litter Soil stabilizers such as geosynthetics, fly
ash, cement kiln dust, jute, blast furnace slag, high density polyethylene, copper
slag, GGSB (Ground Granulated Blast-furnace Slag) etc. can be used to engineer
the soil properties. From a geotechnical point of view, it was realized that waste
plastic could prove beneficial if it was kept away from direct environmental contact.
Especially in civil engineering, such types of plastics can be utilized as engineering
materials instead of the more conventional ones. Plastics alone do not possess good
engineering properties, therefore even partial replacement of standard construction
materials with waste plastic will not only have really beneficial and positive impact
on the environment, but also will go way forward in reducing construction costs
by significant margins. This addition of waste plastic to enhance the engineering
soil properties comes under a broader category, called soil stabilization. It could be
defined as any process which helps improving the engineering properties of the soil,
such as its shear strength, bearing capacity etc. Since plastic as a waste is available
in abundance, hence it is economical to use plastic as a soil stabilizer. Also being
non-biodegradable in nature it has serious impact on environment. Therefore, it can
work as an ideal admixture for the subgrade.

Sobhan and Mashnad (2003) experimented with the use of recycled aggregate
and waste HDPE strips for the pavement foundations using fatigue behaviour anal-
ysis. The main objective being the evaluation of a material that containing 90%
recycled materials for foundation layer below the flexible or rigid pavement. Fol-
lowing materials were used—around 90% of recycled aggregate and cement and fly
ash in very low quantity of about 4% each, and about 2% of 50 mm waste HDPE
(High Density Polyethylene) strips. Different trial specimens were casted by varying
the proportion of different materials. Experiments that were performed are—UCS,
split tension, and static flexural tests. S–N curve is used to express the connection
among stress ratio & number of cycles of failure. They reported fatigue and damage
behaviour of an alternate pavement foundation material which incorporates recycled
aggregate, fly ash, and waste HDPE strips.

Kolias et al. (2005) studied usefulness of high calcium fly ash and cement in the
stabilisation of fine-grained clayey soil (CL, CH). While varying the percentages of
fly ash (FA) and cement, various strength tests were carried out in uniaxial compres-
sion. Three type of clayey soils were used for the analysis. Cylindrical specimens
were used for indirect tensile (splitting) and unconfines compressive strength tests.
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Compaction for different percentages of FA shows that with increase in FA content
from 5 to 20% OMC is increased while the MDD decreases. The results show that
there is a advantage of stabilising clayey soil with calcium FA but it is subjected to
type of soil and stabilising agent.

Choudhary et al. (2010) experimented with HDPE to be used as reinforcement in
soil by improving its properties. HDPE strips were obtained from plastic waste, then
mixed thoroughly with soil along with varying percentages of HDPE proportions.
Lengths of strips were also varied. Large quantity of CBR tests were performed on
reinforced soil ultimately concluding the beneficial effect of using HDPE strips as a
soil reinforcement agent.

Hejazi et al. (2012) did a comprehensive review of the type of soil reinforcements
that are being used to improve the soil characteristics by using both types of natural
and synthetic fibres through referencing already published data and found out that
fibers, typically at a dosage rate of 0.2–4% by weight were found to be optimum
to be mixed into silt, clay, sand, or lime and cement stabilized soil. Based on the
review they concluded the effect of fibre reinforcement by studying parameters like
compressive and tensile strength, UCS (Unconfined Compressive Strength), shear
strength, flexural strength, CBR etc. on various types of soils.

Manso et al. (2013) investigated on the use of ladle furnace slag in soil stabiliza-
tion. Clayey soils have often been stabilized by addition of materials like cement,
lime etc. So as to gain desirable properties for clay to be used in civil engineering
projects. By-products of various industries can also be used for this objective. The
properties of Ladle Furnace Slag (LFS) and the properties of different clayey soils
with the addition of this slag to improve its properties have been studied. The behav-
ior of the different soil and slag mixes were almost like that of the mixture of soil and
lime. The results of the tests performed for the improvements of soil with respect to
the various soil properties, like the plasticity index, expansiveness, bearing capacity
and durability have been studied.

Dhatrak andKonmare (2016) studied the effect of plastic waste whenmixedwith
soil. It was observed that inclusion of plastic bottles chips is effective in constructing
improved strength subgrade of flexible pavement. In his paper author made use of
various experiments predominantly CBR on soil hand blended with various propor-
tions of plastic content. Final outcome being that usage of plastic waste strips will
enhance the soil compressive strength parameter and is recommended to be used as
subgrade.
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Table 1 Engineering properties of soil

S. No. Property Result IS code

1 % finer than 75 microns 73.22 IS: 2720 (Part 4)—1985

2 Liquid limit (%) 34.00 IS: 2720 (Part 5)—1985

3 Plastic limit (%) 16.67 IS: 2720 (Part 5)—1985

4 Plasticity index (%) 17.33 IS: 2720 (Part 5)—1985

5 Classification CL
A-6

IS: 1498—2007
AASHTO

6 Unconfined compressive strength, qu
(kN/m2)

83.26 IS: 2720 (Part 10)—1991

2 Experimental Programme

2.1 Materials

2.1.1 Soil

The soil chosen for studying the effect of plastic on the strength characteristics of soil
used for pavement subgrade falls in the category of fines grained soil having a 73%
passing from a 75-micron sieve. Soil has been procured from Noorkhrian village
located in the outskirts of the Patiala city, Punjab (India). The soil investigation was
done by Indian Standard Code. Engineering properties are shown in the Table 1.

2.1.2 Waste Plastic

Plastic selected for the study was collected as form of waste shredded wrappers of
fast food eatables such as chocolates, potato chips, candies etc. as shown in Fig. 1.

These plastics are made from aluminium laminated with polypropylene or low-
density polyethylene film which forms an aluminium and hot plastic mass forming a
multi layered type of plastic. Keeping the complex recyclable nature of the plastic in
mind it was selected for the study to simultaneously reduce the waste plastic heap as
well as making its sustainable use. The general specifications are provided in Table 2.

2.2 Compaction Test

The reduction of air voids existing in soil mass by means of applying dynamic forces
(by using weights) is known as compaction test. In present study compaction test
is done to compute the OMC (Optimum Moisture Content) and MDD (Maximum
Dry Density) in conformity with the codal provisions of IS: 2720 (Part 7)—1980.
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Fig. 1 Shredded plastic
wrappers

Table 2 Waste plastic
properties

Type of plastic Shredded plastic wrappers (lays, chocolate
etc.)

Length 5–10 mm

Thickness Up to 60 µm

Table 3 Standard proctor
test results

Plastic content (%) OMC (%) MDD (kN/m3)

0 17.8 17.16

0.25 19 16.87

0.50 17.8 16.97

1.00 17.9 16.97

1.50 17.8 16.8

Compaction test was performed for plastic content of 0, 0.25, 0.5, 1 and 1.5%. There
was a very slight change in the OMCwhile increasing the plastic content percentage.
Due to larger size of plastic its addition in soil does not cause any reduction in voids
present in between soil particles. Hence, not affecting interactions between water
and soil. Therefore, there is no significant change in OMC and MDD as listed in
Table 3.

2.3 California Bearing Ratio Test

California Bearing Ratio (CBR) is an empirical test method. CBR is known to be a
measure of resistance offered to soil mass by the penetrating load, in this test a force
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per unit area is applied to the soil sample under controlled test conditions. From
Fig. 2 it is evident that with increased waste plastic content there is an increase in the
CBR of soil. It reaches its maximum value at waste plastic content of 1.5% and after
that decreases with further increase in plastic content. The maximum CBR obtained
was 4.01%. A maximum increase of 31% in CBR was observed for reinforced soil.

2.4 Light Weight Deflectometer

LightWeightDeflectometer (LWD) is a handheldminiature version of FallingWeight
Deflectometer (FWD) which is also known as the light FWD which was developed
for themeasurement of dynamicmodulus of in situ soil. LWD can be used on directly
unbound sub base and subgrade surfaces. LWD test was performed on constructed
trial sections (60*45*25 cm dimensions) to determine the practical field values of the
subgrade modulus of soil, it was done to simulate actual field conditions on a small
scale. Figure 3 shows that the subgrade modulus determined from the empirical
relations provided in the IRC:37-2018 which incorporates CBR values overstates
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the modulus when compared to the modulus attained by LWD though the difference
being very small. There is a difference of 6% for 0% plastic content and 4% for 1.5%
(optimum) plastic content.

3 Analysis and Design of Flexible Pavement

The pavement is designed and compared for three cases with the traffic of 30, 75
and 125 MSA (Million Standard Axle) to study its effect on different volume roads.
The maximum permissible strains are calculated for 90% reliability equations from
IRC:37-2018 and actual strains are calculated from IITPAVE. Subgrade resilient
modulus was calculated using equation from the IRC:37-2018 and by performing
LWD test on a constructed trial section in the field. For preliminary estimate of
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thickness of the pavement Design Plate 1 and 2 of IRC:37-2012were used because of
the lowCBRof the soil samples. The pavement thicknesswas designed and compared
using both subgrade moduli (from CBR and LWD). The results of design as shown
in Fig. 4a and b validates that pavement thickness was reduced to a considerable
extent when subgrade is reinforced with waste plastic fibres.

There is a reduction of total pavement thickness of 7.4% for 30 MSA traffic,
reduction of 10.58% for 75 MSA traffic and 9.77% for 125 MSA traffic. The max-
imum reduction was observed for 75 MSA traffic. For the pavement designed by
using experimentally determined moduli using LWD the pavement thickness yield
similar results but on a slightly higher side. It can be attributed to lower subgrade
modulus value derived from LWD when compared to IRC:37-2018.

4 Conclusions

In the present study the objective was to determine the influence of plastic addi-
tion on strength characteristics of fine-grained subgrade soil. From the conducted
experiments following conclusions can be made:

• With the increase in plastic content (up to 1.5%) there is no significant change
observed in either the OMC or the MDD.

• Themaximum improvement in CBR is obtainedwhile using 1.5% plastics content
i.e. 4.01%.

• The CBR value at 2 and 3% plastic content were found to be even less than the
CBR of base soil.

• The maximumCBR value of modified soil is approximately 1.3 times that of base
soil.

• The difference between theoretical value of subgrade resilient modulus and LWD
modulus derived from the trial sections in the field is 4% for base virgin soil and
6% for reinforced soil.

• Subgrademodulus fromLWDis slightly lesswhen compared to subgrademodulus
derived from codal provisions.

• The pavement thickness is optimized by maximum of 10.58% for traffic of 75
MSA, 9.77% for traffic of 125 MSA and least for the traffic of 30 MSA by 7.4%.

• Total cost of 7.89% was reduced for the traffic of 75 MSA which was observed
to be more when compared to 30 MSA and 125 MSA traffic.
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Modeling Rutting Behavior of Crumb
Rubber Modified Binders Using Design
of Experiments

Reza Azadedel, Nader Solatifar, and Maghsoud Rahbarnia

Abstract In recent decades,modifying the binderwith various additives for improv-
ing its behavior has been very noticeable by researchers. Crumb rubber is one of the
additives which increases the rutting resistance of binder. The main objective of
this study is to identify the factors affecting the resistance characteristics of binder
regarding rutting and modeling its behavior at 64 °C using crumb rubber. For this
purpose, one of the Design of Experiments (DoE) methods, i.e. Response Surface
Methodology (RSM) was utilized taking into account four factors, including mixing
temperature,mixing time,mixing speed and content percentage (byweight) of crumb
rubber, as well as one response, rutting parameter. As a result, 30 modified binder
samples were produced and Dynamic Shear Rheometer (DSR) test was conducted
on the samples. Modeling was done and performance of the model was evaluated.
Results show that developed model has a good prediction accuracy and the content
of crumb rubber is more effective factor rather than other factors and the interaction
of them. In addition, in a certain content percentage of crumb rubber, considering
the mixing temperature and mixing speed at a low level and mixing time at a high
level, the maximum rutting parameter could be achieved.

Keywords Crumb Rubber Modified Binder (CRMB) · Binder rheology · Rutting ·
Design of Experiments (DoE) · Response Surface Methodology (RSM)

1 Introduction

In the recent years, due to increased traffic loads, modifying binders has drawn
researchers’ attention towards enhancing the performance of them. The main objec-
tive to use additives in modifying binders has been also increasing resistance of
asphalt pavements against permanent deformation (rutting), fatigue cracking, as well
as low-temperature cracking (Subhy 2017).
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To improve the mechanical and rheological behavior of binders, researchers have
used various additives such as polymers, nano-materials, etc. Crumb Rubber, known
as one of the polymer additives, is produced from car tire wastes and can improve the
properties of the binder and consequently help in protecting the environment. Tire
waste is formed up of three major components including rubber, steel, and fibers.
So, the rubber component forming about 60% of weight of the tire can be used to
modify the binders (Thodesen et al. 2009).

The results of different performance tests on the Crumb Rubber Modified Binder
(CRMB) have similarly shown its improved properties; for example, the findings of
Dynamic Shear Rheometer (DSR) test for adding crumb rubber to binders showed an
increase in complex modulus (G*) and a reduction in phase angle (δ). Moreover, the
complex modulus increased and the phase angle diminished via adding to the crumb
rubber modifier content. Increasing the parameter of G*/sinδ also resulted in more
CRMB resistance against rutting. In addition, this parameter increased via adding to
the crumb rubber modifier content (Aflaki and Tabatabaee 2009; Al-Khateeb et al.
2014; Behnood and Olek 2017; Fini et al. 2017; Venudharan and Biligiri 2017;
Venudharan et al. 2018; Liu et al. 2018; Kim et al. 2010; Chen et al. 2019; Wang
et al. 2018). On the other hand, decreasing the parameter of G*.sinδ at moderate
temperatures could lead to a rising trend in modified binder resistance against fatigue
cracking (Behnood and Olek 2017; Aflaki and Tabatabaee 2009; Fini et al. 2017; Liu
et al. 2018).

The results of the Bending Beam Rheometer (BBR) test also showed that the
stiffness of the CRMB was less than the neat binder, which could be concluded that
the improved modified binder resistance to low-temperature cracking was higher
than the neat binder (Aflaki and Tabatabaee 2009; Hajikarimi et al. 2013; Behnood
and Olek 2017; Fini et al. 2017; Wang et al. 2012). In general, it could be observed
that the addition of crumb rubber could increase the viscosity, improve the rutting
resistance, enhance the fatigue resistance, and reduce the stiffness of the binder.

Rutting in asphalt pavement is the result of the combination of irreversible defor-
mations of the asphalt layers under repeated loading at high temperatures. In order
to account for the binder response to these repetitive loads, the ratio G*/sinδ, the rut-
ting parameter is used as a measure of the hardness of binder at high temperatures or
binder resistance to permanent deformation. Increasing the rutting parameter ofmod-
ified binder compared to the neat binder, indicates increased resistance of modified
binder against permanent deformation.

In order to investigate the behavior of CRMB against performance parameters
and failures due to loading and environmental conditions, it is necessary to conduct
various experiments on samples containing different amounts of additives as well
as in different testing conditions. In this study, the effect of each of the quantitative
factors including mixing temperature, mixing speed, mixing time, and crumb rubber
modifier content on rutting parameter was investigated. The well-known Design of
Experiments (DoE) technique, i.e. Response SurfaceMethodology (RSM) utilized in
this regard using Design-Expert software (Stat-Ease 2018); and at the end, the effect
of each of the mentioned factors on the response was analyzed and the optimum
rutting parameter was achieved.
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2 Design of Experiments (DoE)

According to Montgomery (2017), a DoE includes a series of experiments con-
sciously made some changes in process input variables as well as it can identify and
observe the variations to be caused in the process output responses. In this method,
the experiments are designed in such a way that the factors can be tested together in
order to achieve the responses. The DoE model in this study was developed based on
the Central Composite Design (CCD) method, which is one of the most widely used
RSMs. RSM is also used to optimize the experiments. The main purpose of RSM
optimization is to find levels of effective factors that cause the response of the exper-
iment to be maximum or minimum (depending on the purpose of the experiment).
The RSM can also determine factors in terms of their interactions using two meth-
ods including CCD and Box-Behnken Design (BBD) (Bezerra et al. 2008; Myers
et al. 2016). In this respect; the number of required experiments could be determined
according to Eq. (1).

N = 2 f + (2 f + 1) + r (1)

where N is the number of required experiments; f is the number of factors; and, r
shows the replicate number of the central point. All the factors can be studied in five
levels (−α, −1, 0, +1, +α). The α value depends on the number of variables and it
can be calculated as α = ±2 f/4. For two, three, and four variables; these values are
±1.41, ±1.68, and ±2.00; respectively (Bezerra et al. 2008).

To evaluate the behavior of CRMB in terms of the four factors including mixing
temperature, mixing time, mixing speed and crumb rubber modifier content, five
replicates at upper and lower levels were used as illustrated in Table 1. Hence,
according to Eq. (1) the number of required experiments is equal to 30.

Table 1 The factors of design of experiments

Factor Unit Level +α High-level
(+1)

Center level Low-level
(−1)

Level −α

A: Mixing
temperature

°C 190 180 170 160 150

B: Mixing
time

min 40 35 30 25 20

C: Modifier
content

% 10 8 6 4 2

D: Mixing
speed

Hz 100 86 71 57 42
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3 Materials and Methods

In this study, a total number of 30 CRMB samples of 500 gr were prepared in
accordance with the design specifications of the test using a CCD method. The
neat binder used in this research was 85/100 pen bitumen. Classical tests includ-
ing penetration point, flash point, tensile strength, softening point, and solubility in
tetrachloroethylene were conducted on this binder and the results are presented in
Table 2.

Crumb rubber as a polymer additive was used in this study. The characteristics of
this additive including polymer and thermal analysis, ash content, as well as volatiles
content are reported in Table 3. It should be noted that the crumb rubber particle size
of 30 mesh (0.595 mm) was used in this study.

For mixing the binder with crumb rubber modifier, a high shear mixer was used.
For this purpose, the binder in the oven was first heated up to the desired temperature,
and then the modifier was added. After the required temperature of the resulting
sample was obtained, the mixing was done at the desired speed and time. All the
sampleswere produced in a temperature tolerance of±3 °C. Some ofCRMBsamples
produced in this study are shown in Fig. 1. For determination of rutting parameters

Table 2 Conventional
characteristics of the neat
binder

Parameter Test standard Result

Penetration point
(0.1 mm)

ASTM D5 (ASTM 2013) 87

Flash point (°C) ASTM D92 (ASTM
2018)

294

Tensile strength (cm) ASTM D113 (ASTM
2017)

>100

Softening point (°C) ASTM D36 (ASTM
2014a)

47.5

Solubility in
tetrachloroethylene (%)

ASTM D2042 (ASTM
2015a)

99.92

Table 3 Analysis results of
crumb rubber used as the
binder modifier

Test Standard Result

Polymer analysis ASTM D3677
(ASTM 2015b)

Natural rubber

Thermal analysis
(%)

ASTM E1131
(ASTM 2014b)

Natural rubber:
52.16 ± 2
Soot: 45.36 ± 2
Ash: 2.30 ± 2

Ash (%) – 4 ± 2

Volatiles @105 °C
(%)

– 0.3
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Fig. 1 Some of CRMB samples produced in this research

including G* and δ, DSR test was conducted on unaged CRMB at the temperatures
of 52, 58, 64 and 70 °C according to AASHTO T315 (AASHTO 2012) standard.

4 Results and Discussion

4.1 Developing the Rutting Model

In order to predict and select the effective factors on the rutting parameter (mixing
temperature, mixing time,mixing speed, and crumb rubbermodifier content); Linear,
2 Function Interaction (2FI), and Quadratic regression models were developed for
responses (rutting at the temperature of 64 °C) obtained from 30 tests using Design-
Expert software version 11. In Table 4, the accuracy of the developed models is
presented.

Among the developed models, both linear and quadratic regression models with
the p-values less than 0.05 are considered significant. The quadratic model with
higher coefficient of determination (R2) is also reported to be more accurate rather
than the linear model. The general form of quadratic regression model is expressed
as Eq. (2).

Table 4 Accuracy evaluation of the developed models

Model p-value R2 Adjusted R2 Predicted R2

Linear <0.0001 0.8699 0.8491 0.8053

2FI 0.1050 0.9214 0.88 0.7475

Quadratic 0.0077 0.9672 0.9365 0.8109
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y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x
2
i +

k∑

i=1≤i≤ j

βi j xi x j + ε (2)

where y is the response; xi is the factor i ; βi , βi i and βi j are the coefficients; k is the
number of the factors; and, ε is the model error (Bezerra et al. 2008).

Stepwise regression method has been used for final modeling. In this study, the
results of the 64 °C testing have been discussed and analyzed. Equation (3) reflects
the final stepwise quadratic regression model that was developed for modeling the
rutting behavior of CRMB.

G∗/sinδ = (0.006208 − 0.000046 × A − 0.000156 × B−
0.000160 × C + 0.00003 × D + 5.55878E − 07 × A × B−
2.12043E − 07 × A × D + 2.50122E − 07 × B × D + 1.31909E

− 07 × A2 + 7.25063E − 07 × B2 + 6.93734E − 06 × C2)−1 (3)

whereG∗/ sin δ is the rutting parameter of CRMB, kPa; A is the mixing temperature,
°C; B is the mixing time, min; C is the crumb rubber modifier content, wt.%; and,
D is the mixing speed (frequency), Hz. It should be noted that increasing the rut-
ting parameter (G*/sinδ), indicates increasing in binder resistance against permanent
deformation.

4.2 Performance Evaluation of the Model

To evaluate the performance of the developed model, results of the analysis of vari-
ance (ANOVA) of the rutting parameter, the adequacy assessment of the model and
also its coefficient of determination (R2) were utilized. The results of the ANOVA
statistical analysis for model parameters are shown in Table 5, in which the p-value
in the model is at 95% confidence level.

The normal plot of the residuals is shown in Fig. 2(a). As it can be seen in this
figure, the straight line drawn from these points covers almost all the data, and the
approximate normalization of the data is verified. The residuals versus predicted

Table 5 ANOVA results of the rutting parameter for the final developed model

Source Sum of squares df Mean square F-value p-value

Model 6.301E−07 10 6.301E−08 52.99 <0.0001 Significant

Residual 2.259E−08 19 1.189E−09

Lack of fit 2.259E−08 14 1.614E−09

Pure error 0.0000 5 0.0000

Cor total 6.527E−07 29
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a b

c

Fig. 2 Evaluation of the developed model: a normal plot of residuals, b residuals vs. predicted
values, and c predicted vs. actual values

rutting values were also used to check the stability of the variance of the data as
presented in Fig. 2(b). This figure shows that the data have not followed a particular
trend and the distribution is irregular. In addition, Fig. 2(c) displays the predicted
rutting versus the actual values. The data is predominantly on a straight line. This
figure also indicates that the model has good accuracy despite some errors; therefore,
it could be used for qualitative analysis as well as prediction of rutting parameter.

According to the adjusted R2 value for the response variable (the rutting param-
eter), the whole input variables in the developed regression model could validate
94.72% of the variation of the response variable which is reported in Table 6.
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Table 6 Coefficient of
determination values for the
final model

R2 Adjusted R2 Predicted R2

0.9654 0.9472 0.9029

4.3 Sensitivity Analysis of the Effective Factors

Figure 3 shows the effect of variation of the four factors on the rutting parameter of
the CRMB. As it can be seen in this figure, the most effective factor on the model
is the crumb rubber modifier content. On the other hand, the rutting parameter is
directly related to the modifier content and the interaction of the mixing temperature
and the mixing speed. In addition, the relationship between the rutting parameter
with the other factors, their interactions, and their quadratic order is inverse.

a b

c d

Fig. 3 Effect of variations of factors on the rutting parameter: a mixing temperature, b mixing
time, c modifier content, and d mixing speed
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Fig. 4 Cubic diagram for analyzing effective factors on the optimum rutting parameter

4.4 Model Validation

To validate the model, the comparison between the value of the rutting parameter
obtained from the test and the predicted value based on the developed model were
used. For this purpose, an additional CRMB sample was produced in different condi-
tions from that of proposed DoE. The production conditions of new sample together
with the test results (responses) are shown in Table 7. Accordingly, it is found that the
developed model had been able to predict the rutting parameter value for validation
sample with an error of 0.43%.

Table 7 Comparison of predicted and measured rutting parameters for model validation

Sample mixing method Response
value

Rutting
parameter (Pa)

Error
(%)Temperature

(°C)
Time
(min)

Modifier
content (%)

Speed
(Hz)

170 25 8 86 Measured 2771 0.43

Predicted 2782.86
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4.5 Optimization of Rutting Parameter

The cubic diagramof the effect of three factors includingmixing temperature,mixing
time and mixing speed at 8 wt.% of crumb rubber on the response, i.e. the rutting
parameter is shown in Fig. 4. As it can be seen, the optimum rutting is considered
as the highest response wherein in the mixing temperature is low, the mixing time is
high, and the mixing speed is low.

5 Conclusions

In this study, the design of experiments was utilized to analyze the rutting behavior
of the crumb rubber modified binder. Effective factors includingmixing temperature,
mixing time, mixing speed and crumb rubber modifier content were considered and
the following results were derived:

• Stepwise regression model was found more accurate than the other models and
it was selected as the final model. The developed model (Eq. (3)) can be used
to predict and determine the optimum rutting parameter for the binder grade and
crumb rubber type used in this study.

• Crumb rubber modifier content was the most important factor affecting the value
of rutting parameter. This factor had a direct relationship with the rutting. The
other factors and their interaction as well as quadratic factors could also contribute
somewhat to the rutting parameter.

• The results of the sensitivity analysis showed that the crumb rubber modifier
content was directly correlated with the rutting parameter. Mixing speed and
mixing temperature were inversely correlated with this parameter.

• The developed model was validated to predict the rutting parameter with an error
of 0.43%.

• And, considering the mixing speed and mixing temperature at a low level and the
mixing time at a high level, the response value, i.e. the optimum rutting parameter,
was considered as the highest level in a certain modifier content.
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Self-healing Asphalt for Road Pavements

A. Tabaković and E. Schlangen

Abstract This paper presents a unique self-healing system for asphalt pavement
which employs compartmented calcium-alginate fibres encapsulating an asphalt
binder healing agent (rejuvenator). This system presents a novel method of incorpo-
rating rejuvenators into asphalt pavement mixtures. The compartmented fibres are
used to distribute the rejuvenator throughout the pavement mixture, thereby over-
coming some of the problems associated with alternate asphalt pavement healing
methods, i.e., spherical capsules and hollow fibres. The healing system performance,
when embedded in Porous Asphalt (PA) mix was tested by employing: (i) Indirect
Tensile Stiffness and Strength test (ii) 4 Point Bending Fatigue test. The Semi Circu-
lar Bend (SCB) test was adopted to study crack propagation and its closure (healing)
in an asphalt mix. The findings demonstrate that compartmented alginate fibres have
capacity to survive asphalt mixing and compaction process. The fibres can effi-
ciently repair damage (close the cracks), increase asphalt mix stiffness and strength.
However, when the asphalt mix is subjected to fatigue loading the system does not
significantly improve healing properties of the asphalt mix. Nevertheless, the find-
ings indicate that, with further enhancement, compartmented calcium alginate fibres
may present a promising new approach for the development of self-healing asphalt
pavement systems.
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1 Introduction

For past decade self-healing technology has been advancing asphalt pavement design
(Tabaković and Schlangen 2016, Xu et al. 2018). Self-healing technology offers
an alternative method for road maintenance, where the damage is repaired by an
internal (implanted) healing system. The objective of self-healing technology is to
enable/assist material systems to heal after damage on a local or global scale. It aims
to reduce the local or global level of damage and to extend or to renew the func-
tionality and life-time of the damaged part, system or device. To date, researchers
have tested three self-healing methods for asphalt pavements as follows (Xu et al.
2018), they are: (i) induction heating, (ii) microwave heating and (iii) rejuvenator
encapsulation. The rejuvenator encapsulation approach represents a more favourable
method of self-healing as it allows for the rejuvenation of aged binder, i.e., enables it
to return it to its original chemical, physical and mechanical properties. Researchers
have demonstrated that various types of capsules containing rejuvenator can be pro-
duced and that these capsules are sufficiently thermally and mechanically stable to
survive the asphalt production process (Xu et al. 2018). However, a difficulty with
this approach is that large amounts of microcapsules are needed to make the pro-
cess effective. The addition of large quantities of microcapsules into the asphalt mix
can reduce the quality of the pavement which itself may cause premature pavement
failure. Garcia et al. (2016) and Sun et al. (2015) reported that asphalt stiffness was
reduced when microcapsules were added. They explained that softening of asphalt
binder (viscosity reduction)was caused by the rejuvenator release. However, it is well
documented (Gibney 2004) that deformation in the asphalt mix is caused by sand
granulates. It is possible that the inclusion of microcapsules, sand like particles, has
also contributed to increased asphalt mix deformation, i.e., rutting. Furthermore, the
chemical compounds used in the production of microcapsules, such as melamine–
formaldehyde (Anderson 1995), in large quantities could pose an environmental
threat via leaching.

The encapsulation of rejuvenator in alginate-based compartmented fibres is
explored here as a solution to these problems in asphalt mixtures. The study showed
that alginate fibres have great potential as self-healing technique for asphalt pave-
ments, i.e. they can be inserted into the asphalt mastic mix (fibres can survive asphalt
mixing and compaction process) and can increase asphalt mastic mix strength by
36%. The results demonstrate that optimum rejuvenator content in the alginate fibre
is of 70:30 rejuvenator/alginate ratio. The results also show that Porous Asphalt
(PA) mix containing 5% of 70:30 rejuvenator/alginate ratio compartmented alginate
fibres has higher strength, stiffness and better healing properties in comparison to
the control asphalt mix, i.e., mix without fibres. However, 4PB fatigue test showed
that self healing system does not significantly improve the healing properties of the
asphalt pavement. Nevertheless, the findings indicate that, with further enhancement,
compartmented calcium alginate fibres may present a promising new approach for
the development of self-healing asphalt pavement systems.
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2 Materials and Methods

2.1 Compartmented Alginate Fibres Production

The compartmented fibres were spun from an emulsion of rejuvenator suspended in a
water solution of sodium alginate. A 6 wt% solution of sodium alginate in de-ionized
water was prepared for this purpose. At the same time, a 2.5 wt% poly (ethylene-
alt-maleic-anhydride) (PEMA) polymeric surfactant solution was prepared by dis-
solving the copolymer in water at 70 °C and mixing it for 60 min. After the PEMA
has been dissolved in the water, it was allowed to cool to room temperature (20 ±
2 °C) and was combined with the rejuvenator, forming a healing agent solution, in
PEMA/rejuvenator 1/1.5 proportion. Sodium alginate and PEMA/rejuvenator solu-
tions were then combined in accordance with Tabaković et al. (2017a) with a 70/30
rejuvenator/alginate proportion, found to be optimal for the compartmented alginate
fibres. Figure 1 illustrates compartmented alginate fibre encapsulating bitumen reju-
venator. All of the solutions were mixed at 200 rpm for 60 s. It is important to note
that the stirring rate and stirring time can be used to control the size of the rejuvena-
tor droplets in the solution and thus the size of the rejuvenator compartments (Prajer
et al. 2015; Tabaković et al. 2016). The emulsions were spun with a plunger-based
lab scale wet spinning line in a conventional wet spinning process (Mookhoek et al.
2012) to form the rejuvenator-filled compartmented fibres. More details on the fibre
preparation and spinning process can be found elsewhere (Mookhoek et al. 2012).
All chemicals used in the process were purchased from Sigma Aldrich, The Nether-
lands, except for the rejuvenator, Modesel R20, which was provided by Latexfalt
B.V., Hoogewaard 183, 2396 AP Koudekerk aan den Rijn, The Netherlands.

Fig. 1 Compartmented Alginate fibre, (a) compartmented alginate fibre encapsulating rejuvenator
(Tabaković et al. 2016), (b) ESEM image of fibre cross section (Tabaković et al. 2017a)
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2.2 Porous Asphalt Mastic Mix Design and Mixing
Procedure

In an effort to evaluate the efficiency of the rejuvenator encapsulated in compart-
mented calcium alginate fibres, a Porous Asphalt (PA) mix was designed. The grad-
ing envelopeRationalisatie enAutomatiseringGrond-,Water-enWegenbouw (RAW)
2005 was used to produce a PA asphalt mix typical of those used for road design (Liu
2012). The limestone used originated from a quarry in Norway, the filler material
was hydrated lime (Wigro 60 K), and pen 70/100 of bitumen was used. Figure 2
illustrates the mix grading curve and illustrates how the mix compares well with the
grading envelope. Table 1 summarises mix constituents and shows their proportions
in the mix with and without fibres. The fibres are added in amount of 5% and 10%

Fig. 2 Porous asphalt mix grading, grading envelope RAW 2005 (Liu 2012)

Table 1 Porous Asphalt mix design (percentage of constituent content is given by weight)

Mix constituent Constituent size (mm) Content in mix (%)

Without fibre 5% fibres 10% fibres

Gravel 22.4 20.1 20.1 20.1

16.0 25.6 25.6 25.6

11.2 34.8 34.8 34.8

8.0 7.4 7.4 7.4

6.0 6.7 6.7 6.7

Sand 2.0 0.5 0.5 0.5

Filler <0.063 0.5 0.5 0.5

Bitumen – 4.5 4.3 4.1

Fibre – 0 0.23 0.45
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of total bitumen content in the mix, which in total mix volume it represents 0.23%
and 0.45% respectively. The aggregate mix constituent content was not changed with
insertion of the fibres in the mix.

The porous asphalt mixing is described elsewhere (Tabaković et al. 2017a). In
order to account for the asphalt ageing, an aging programme was developed. The
ageing protocol was adopted from Kliewer et al. (1995), as follows: Long term;
15 years field ageing 4 h at 135 °C followed by 4 days at 85 °C in a forced air draft
oven. Following the asphalt aging procedure, the mix was preheated to the standard
asphalt mixing/compaction temperature of 160 °C and the fibres were gradually
added to the mix to avoid conglomeration of the fibres within the mix. After the
fibres were included in the mix, the test specimens were prepared. The air void
content in the mix design was 20%, with a target density of 2.05,124 kg/cm3 for the
control mix and 2.05088 kg/cm3 for the mix containing the fibres.

The cylindrical test specimens were compacted in accordance with IS EN 12697-
31:2007 using a SERVOPAC gyratory compactor and beam test specimens were
machined form an asphalt slab which was produced by using a shear box compactor
in dimensions: 450 × 50 × 50 mm.

2.3 Porous Asphalt (PA) Mix Optimisation

The non-destructive Indirect Tensile Stiffness Modulus (ITSM) test is conducted, in
accordance with EN 12697-26: 2012 and the Indirect Tensile Strength (ITS) test, in
accordance with EN 12697-23: 2003 were employed in order to investigate effect
of the fibres on mechanical properties of the asphalt mix and evaluate the healing
efficiency of the compartmented fibres encapsulating the rejuvenator.

Healing programme is as follows:

(1) Three mixtures: control mix (0% fibre) and two mixtures containing 5% and
10% fibres.

(2) Tests: ITSM and ITS.
(3) Test temperature: 20 °C.
(4) Healing temperature: 20 °C.
(5) Healing time: 20 h and 40 h after initial test.

Testing protocol was as follows:

(1) Test samples pre-conditioning at testing temperature (20 °C).
(2) ITSM test diameter I followed by diameter II.
(3) Test specimen relaxation 2 h, followed by 1st ITS test.
(4) Positioning test specimen into healing ring and healing for 2 h.
(5) ITSM repeat–post ITS test.
(6) Positioning test specimen into healing ring and healing for additional 18 h.
(7) ITSM test-pre 2nd ITS test.
(8) 2nd ITS test.
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(9) Positioning test specimen into healing ring and healing for additional 20 h.
(10) ITSM test-pre 3rd ITS test.
(11) 3rd ITS test.

2.4 SCB Test—Crack Propagation and Healing

For the SCB test, a modified NCHRP09-46 procedure was adopted. The load was
applied at the centre line, above the ‘V’ notch, at a loading rate of 0.1 mm/s and at a
temperature of 20 ± 2 °C. The support span ‘S’ = 80 mm, included 80% of the test
specimen diameter, leaving 10mmon each side. Figure 3 shows a schematic diagram
and an actual view of the SCB test-setup. Several modifications to the test were made
in the specimen geometry. The diameter of the specimen was reduced from 150 mm
to 100 mm and the thickness from 50 mm to 20 mm, whereas the notch shape was
changed from a straight line to the V-notch shape. These changes were employed
in order to achieve full depth crack propagation throughout the depth of the test
specimen, with the onset at the tip of the notch. Test samples were loaded until the
crack has propagated to 25 mm or when the samples started to deform considerably.
The crack propagation was measured in order to calculate the crack propagation
speed. The crack propagation velocity was measured manually, by observing the
crack propagation during the test, from the tip of the crack (0 mm) to the max
(25 mm). For this procedure, a measuring scale was painted along the centerline
of the specimen. The progression of the crack propagation was measured against
the load and crosshead displacement. A special testing programme was designed,
including:

• two mixtures: control mix and mix containing fibres (5%),
• test temperature of 20 ± 3 °C,
• healing temperature of 20 ± 3 °C,
• healing time of 20 and 40 h after the initial test.

Fig. 3 Left: schematic of a SCB test specimen; right: the SCB test system set up
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2.5 Four Point Bend (4PB) Test—PA Mix Fatigue Loading
Performance

The Four Point Bend (4PB) Fatigue test was employed as a third test in order to eval-
uate of asphalt mix healing and asphalt healing system efficiency. The 4PB Fatigue
test system is considered the most reliable means of evaluating asphalt pavement
performance (Hartman and Gilchrist 2004). The authors believe that the healing sys-
tem for an asphalt pavement is only effective for micro cracks, because large cracks,
even if closed, will still deform the test specimen, thus rendering it useless and chal-
lenging the results. Hartman and Gilchrist (2004) found that microcracks result in
the creation of large cracks, leading to full pavement failure. Thus, a focus of the
self healing system should be the prevention of large cracks and a test system able
to insert fatigue loading, simulating repetitive wheel loading, with a deflection strain
control allowing small deformations and small crack formation in the test specimen
is most suitable for studying the asphalt mix healing and asphalt healing system
efficiency. The 4PB Fatigue test system set up is described elsewhere (Tabaković
et al. 2017b). Same testing programme as for SCB test was used, except that only
one healing stage was performed, 20 h after the initial test.

3 Results

3.1 Porous Asphalt Mix Fibre Content Optimisation

Figure 4a, b show the effect of fibres on the stiffness, strength and their healing
(strength and stiffness recovery) abilities. The results from the test support authors
statement in their previous publication (Tabaković et al. 2016) “fibres increase the
asphalt mix strength and stiffness”. However, the results from this study show that
higher fibre content does not necessarily improve asphalt mix healing properties.
From the test results is clear that mixtures with lower amount of fibres (5%) and
higher rejuvenator/alginate ratio (70:30) have best ability to recover its original stiff-
ness and strength. The asphalt mixtures with higher fibre content (10%) had lower
stiffness and strength recovery, between 10% and 20%. This could be simply due
to the fact that fibres once broken cannot be repaired and thus the strength is not
recovered. Therefore, samples with higher fibre content experience higher stiffness
and strength loss. However, the test sample (asphalt mix) recovery efficiency might
have depended on the test sample damage. During the test it was observed that some
samples were damaged more than others perhaps this played a role in asphalt mix
strength recovery. Therefore, further studies are needed in order to optimise asphalt
mix design containing the compartmented alginate fibres encapsulating the bitumen
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Fig. 4 Effect of fibres on: a asphalt mix stiffness and b on asphalt mix strength

rejuvenator. Nevertheless, these results confirm that compartmented fibres encap-
sulating the bitumen rejuvenator is viable self-healing technology for asphalt mix
crack/damage repair.

3.2 SCB Test—Crack Speed

The SCB test was specifically employed in order to study crack propagation and
its closure (healing) in an asphalt mix. Figure 5 illustrates successful crack closure
(healing) in an asphalt test specimen containing 5% compartmented alginate fibres
encapsulating the rejuvenator after 20 h of healing.
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Fig. 5 SCB test specimen crack closure/healing

Fig. 6 Crack speed

Figure 6 shows the crack propagation speedwithin the test sample at the initial test
and after two healing stages. It is clear from the graph that the fibre mix experiences
slower crack propagation. This could be due to the softened binder and reduced frac-
ture energy available for crack propagation. This result illustrates the benefits of the
compartmented fibre encapsulating a rejuvenator mix in terms of crack propagation,
where the rejuvenation (softening) of aged binder can reduce the brittleness of the
aged binder, thereby reducing the energy available for crack propagation.

3.3 4PB Test-Healing Efficiency

Figure 7 shows the healing efficiency of the PA control mix and fibre mix flexural
stiffness (Smix). The results show a very close initial test performance (Fig. 7a).
However, Fig. 7b shows a higher stiffness recovery for the PA fibre mix after 20 h
healing at 20 °C. These results demonstrate the potential benefits of the PA mix
containing compartmented alginate fibres encapsulating the rejuvenator.
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Fig. 7 4PBT results—healing efficiency of the fibre asphalt mix vs. control asphalt mix, a initial
test results; b test results after 20 h healing at 20 °C

4 Conclusion

This study presents a unique concept self-healing system for asphalt pavement, where
compartmented alginate fibres encapsulating rejuvenator (asphalt binder healing
material) are employed to locally distribute the rejuvenator and to overcome the
problems associated with spherical capsules and hollow fibres. The work presents
proof of concept of the encapsulation process which involved embedding the fibres
into the asphalt PA mixture and the survival rate of fibres in the asphalt mixture. The
test results demonstrated that fibres have suitable thermal and mechanical strength
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to survive the asphalt mixing and compaction process. Furthermore, fibre optimi-
sation process showed that PA mix containing 5% of 70:30 rejuvenator/alginate
ratio compartmented alginate fibres has higher strength, stiffness and better healing
properties in comparison to the control asphalt mix, i.e. mix without fibres. SCB
test demonstrated that system has capacity to close (heal) crack and also to reduce
crack propagation speed after the healing period. However, 4PB fatigue test showed
that self-healing system does not significantly improve the healing properties of the
asphalt pavement. Nevertheless, the findings indicate that, with further enhancement,
compartmented calcium alginate fibres may present a promising new approach for
the development of self-healing asphalt pavement systems.
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Experimental Investigation on the Effect
of Rejuvenator on the Use of a High
Amount of Recycled Asphalt Binder

Di Wang, Maximilian Koziel, Augusto Cannone Falchetto, Chiara Riccardi,
Martin Hugener, Laurent Porot, Yun Su Kim, Goshtasp Cheraghian,
and Michael P. Wistuba

Abstract Due to economic and environmental benefits, RecycledAsphalt Pavement
(RAP) has been commonly used in the asphalt pavement construction. However, the
capability of existed mixing plants to incorporate a high percentage of RAP restrict
the use of a high RA content. In this study, the possibility of recycling a RA binder
content of 80% is experimentally investigated. First, an unmodified 50/70 binder is
selected as the reference material; then, an extracted RA binder was blended with the
optimal rejuvenator, and the rejuvenator content determined based on the penetration
test to restore the original penetration value close to the referencematerial. Next, both
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materials are artificially aged to short- and long-term aging conditions. Rheological
tests are performed with the Dynamic Shear Rheometer (DSR) and the Bending
Beam Rheometer (BBR). Finally, the experimental results are used to evaluate the
performance property of virgin and rejuvenated asphalt binders under different aging
levels. Results indicate that the properties of the blend of RA and virgin binder can
be only partially restored by the action of the rejuvenator.

Keywords Asphalt binder · Reclaimed Asphalt (RA) · Rejuvenator · Rheological
properties · Performance tests

1 Introduction

In view of both economic and environmental factors, recycled materials such as
Reclaimed Asphalt pavement (RA) (EAPA 2008; Dinis-Almeida et al. 2016) con-
structions and demolitionwaste (CDW) (Ossa et al. 2016), RecycledAsphalt Shingle
(RAS) (Williams et al. 2019), fly ash and wasted tire rubber (Farina et al. 2017), and
industrial by-product, steel slags (Grönniger et al. 2017), have been more and more
commonly used in the construction of asphalt pavement (Cannone Falchetto et al.
2018a; Wang et al. 2019b).

According to several reports and researches from Europe, northern America and
East Asia (McDaniel and Anderson 2001; Wei et al. 2007; EAPA 2017; KOSIS
2018), more than 200 million tons of RA are produced annually in the aforemen-
tioned regions. Hence, the reuse of these materials is not only a problem for the
pavement industry but also a social issue. In the U.S. and Europe (including Turkey),
approximately 120 million tons of RA are reclaimed each year (EAPA 2017), while
more than 90% are directly reused for the asphalt pavement construction. For exam-
ple, inGermany, the use ofRAdates back 1980s (GermanAsphalt Association 2014);
nowadays, the application of RA is enforced by the national standard (TL Asphalt-
StB 2013), with the amount varying between 25 and 50%RA for different layers (TL
Asphalt-StB 2013). In the case of South Korea and China (Wei et al. 2007; KOSIS
2018), the use of RA has found a substantial increase only in the recent past, with a
limit between 15 and 21%. And in Japan the use of rejuvenators enables successfully
to achieve up to 80% RA into new asphalt mix for more than 20 years (West et al.
2015).

While the reuse of RA can bring economic and environmental benefits, the appli-
cation of RA may lead to negative effects on the mechanical properties of asphalt
mixtures due to the oxidized and aged asphalt binder with higher stiffness and brit-
tleness (Hansen and Newcomb 2011). Therefore, even though similar performance
properties were experimentally observed in comparison with conventional Hot Mix
Asphalt (HMA) when incorporating 100% of RA (Dinis-Almeida et al. 2016), only
the use of 30% RA or lower is commonly accepted (Planche 2008). The use of reju-
venators together with RA material is an alternative method to potentially increase
the amount of RA content. Several studies have already successfully investigated the
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idea of using rejuvenators in combinationwith amaximum amount of 100% recycled
materials, such as RA and RAS (Mogawer et al. 2013; Zaumanis et al. 2014).

In this study, the idea of using a rejuvenator to improve the rheological properties
of a blend of virgin and 80% RA binder is experimentally investigated. This work is
part of the interlaboratory activity proposed by the International Union of Laborato-
ries and Experts in ConstructionMaterials Systems and Structures (RILEM) Techni-
cal Committee 264—Asphalt Pavement Recycling (RAP) project. For this purpose,
one fresh unmodified reference asphalt binder, one extracted RA binder and a reju-
venator were selected. Then, the optimal content of the rejuvenator was determined
based on the conventional penetration value test so that the blend of binders presented
similar grading compared to the reference binder. This approach is the commonly
adopted approach in Europe to fast determine suitable dosage of rejuvenator (EAPA
2018). Next, both materials were artificially aged to short- and long-term aging con-
ditions. Temperature-frequency-sweep, Binder-Fast-Characterization-Test (Bitumen
Typisierungs Schnell Verfahren) BTSV (ALBTSV2017;Alisov et al. 2018), and low
temperature creep tests were performed with DSR and BBR, respectively. Finally,
the experimental results were used to evaluate the performance properties of different
materials at different aging levels.

2 Materials and Testing

2.1 Materials

A single fresh unmodified 50/70 pen-graded (EN 12591, 2015) asphalt binder is used
as the reference material in this study. The RA binder is extracted and recovered
(EN 12697-3, 2013) from the RA material by one single laboratory. The selected
rejuvenator is a bio-based rejuvenating additive. It is a liquid additive, which, with its
specific amphipathic chemical structure, disperses the highly polar fractions limiting
the agglomeration of asphaltenes; more detailed information on the latter can be
found elsewhere (Zaumanis et al. 2013; Koudelka et al. 2018; Porot et al. 2020).

In the present work, a mixing ratio of 20% fresh unmodified binder together
to 80% recycled material, RA binder and rejuvenator, was adopted to prepare the
asphalt binder blend. Based on the commonly used penetration grading system (EN
12591, 2015), an optimal rejuvenator content of 9%was determined to add to the RA
binder in a preliminary study (Cannone Falchetto et al. 2018b). This percentage was
determined as the optimum dosage to recover the penetration value at 25 °C without
harming the softening point temperature. The methodology and results are described
in another publication, more detailed information can be found in the authors’ pre-
vious study (Cannone Falchetto et al. 2018b). To better evaluate the aging effect
on the performance properties of fresh binder and blended binder, both materials
are artificially short-term and long-term aging using the Rolling Thin Film Oven
(RTFOT) (EN 12607-1, 2014) and Pressure Aging Vessel (PAV) (EN 14769, 2012)
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Table 1 Basic properties of the asphalt binder

Fresh RTFOT RTFOT + PAV RA binder

50/70 Blend 50/70 Blend 50/70 Blend

Softening point (°C) 52.2 49.1 57.6 55.2 63.7 63.4 69.9

Penetration
(0.1 mm)

56 63 41 40 28 24 16

procedure, respectively. Then, penetration value at 25 °C (EN 1426, 2015) and soft-
ening point temperature (EN 1427, 2015) tests are performed to characterize the
fresh and the aged binders according to the pen grading system (EN 12591, 2015),
the results are listed in Table 1.

It can be seen that comparable penetration value and softening point temperature
can be found between the reference material and the binder blend under the three
different aging conditions. Additional rheological tests and parameters are further
used to address the characteristics of asphalt binders as described in the next section.

2.2 Dynamic Shear Rheometer (DSR) Test

Temperature-frequency-sweep (T-f-sweep) tests are performed on both fresh and
blend asphalt binders under different aging conditions (see Table 1)with theDynamic
Shear Rheometer (DSR) (EN 14770, 2012). The testing temperature ranges between
−30 and+82 °C with an incremental step over a frequency sweep from 0.1 to 10 Hz
(0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.59, 2, 3, 4, 5, 6, 7, 8, 9, 10 Hz). The
parallel-plate configuration with three different plate geometries (25, 8, and 4 mm)
is used. At high temperatures, between +28 and +82 °C, an increasing step of 6 °C
and a plate diameter of 25 mm with a gap of 1 mm was adopted. At intermediate
temperatures,−6, 0, 4, 10, 16, 22, 28, 34 and 40 °C, the diameter of 8 mmwith a gap
of 2 mm was applied; while at low temperatures,−30,−24,−18,−12,−6, 0, 4 and
10 °C, an experimental procedure proposed by the Braunschweig Pavement Centre
(Wang et al. 2019a) with a 4 mm diameter and the gap of 3 mm was selected. The
wide range of temperature window is selected to generate master curves based on
the CAM model (Christensen and Anderson 1992; Marasteanu and Anderson 1999;
Zeng et al. 2001).

Amplitude sweep tests are initially performed to identify the Linear Viscoelastic
(LVE) range and the suitable strain/stress levels to be adopted and next used for
the T-f-sweep tests. Based on the capability of the available DSR, a mixed-mode
approach was used to obtain more reliable results. Only at high temperatures, the test
is performed in strain-controlled mode, while the stress-controlled mode is applied
to both intermediate and low temperatures. This experimental procedure has been
successfully validated by the authors’ previouswork (Riccardi et al. 2017;Wang et al.
2019a).At least two replicates are performed for each binder typewith different aging
conditions and for each plate.
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Besides the conventional T-f-sweep test, the ‘Binder-Fast-Characterization-Test
BTSV’ (ALBTSV2017; Alisov et al. 2018), was used to characterize the binder with
the DSR in place of the conventional softening point. Two rheological parameters,
temperature (TBTSV ) and the corresponding phase angle (δBT SV ) at |G*| = 15 kPa
can be used to represent the state of the asphalt binder. In previous studies (Alisov
et al. 2018; Büchler et al. 2018) the BTSV was suggesting to determine the required
amount of rejuvenator or soft asphalt binder to be blended with RA binder to achieve
the selected target property, showing that higher TBTSV combined with a lower δBT SV

indicate a more aged material for unmodified asphalt binder. This method has been
used for several years to characterize the asphalt binder and it is currently suggested
to replace softening point temperature measurement as part of the German national
standards (AL BTSV 2017).

2.3 Bending Beam Rheometer (BBR) Test

Low temperature three-point bending tests are conducted on the long-term aged
materials for both reference and blend binders listed in Table 1 using an available
Bending Beam Rheometer (BBR) (AASHTO T313, 2012). The conditioning time
is set to 1 h and a constant loading force of 980 ± 50 mN is used. Four different
testing temperatures −6, −12, −18 and −24 °C are imposed. The creep stiffness,
S(t), and relaxation parameter, m-value, are calculated for further comparison. For
each material and temperature condition, at least three replicates are performed.

3 Results and Analysis

3.1 Master Curve

Master curves can provide a visual understanding of the viscoelastic behavior of
bituminousmaterials and allowan evaluation of the rheological properties over awide
range of temperatures and frequencies. In this study, the master curves of complex
shear modulus, |G*|, and phase angle, δ, are generated by using the Christensen-
Anderson-Marasteanu (CAM) model (Marasteanu and Anderson 1999; Zeng et al.
2001) together with the conventionalWilliams–Landel–Ferry (WLF) (Williams et al.
1955) equation to express the temperature-shift factor, aT . A reference temperature
of T0 = 16 °C is selected for this purpose.More detailed information about the fitting
of master curves can be found in the authors’ previous work (Riccardi et al. 2017;
Wang et al. 2019a). The fitted complex shear modulus master curves for both fresh
50/70 and blend binders under different aging conditions are presented in Fig. 1.

As shown in Fig. 1, a relatively good fitting for each asphalt binder can be
observed. The lowest complex modulus curve is exhibited for the virgin binders
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Fig. 1 Master curves at different aging conditions at a reference temperature of 16 °C

while the long-term aged binder presents the highest curves for both materials
(untreated and blend). In the case of the fresh and short-term aging conditions, a
very similar curve can be found between the 50/70 and blend binders. With respect
to the long-term aged condition, the binder blend shows a slightly higher curve at
high temperature while the differences are getting smaller when the testing tempera-
ture decreases/frequency increases. Overall, both reference and blend material have
similar rheological properties over the entire spectrum of temperatures.

3.2 Binder-Fast-Characterization-Test—BTSV Test

The results of the BTSV tests are illustrated in Table 2 for the entire set of 50/70 and
blend asphalt binders listed in Table 1. Its temperature criteria aims at correlating
and with softening point temperature.

According to Table 2, the differences between the two materials are significantly
different except for the BTSV temperature of the long-term aged binders. While
the change in properties for the 50/70 between fresh and fully aged state is 13°, for
the blend it was only 10 °C suggesting a lower aging susceptibility. This suggests a
remarkable distinct behavior between the reference and rejuvenated material at high
temperatures, clarifying the visual inspection of the master curves in Fig. 1. At the

Table 2 BTSV results for both reference and blend asphalt binder under different aging conditions

Fresh RTFOT RTFOT+PAV

50/70 Blend 50/70 Blend 50/70 Blend

TBTSV (°C) 50.7 54.1 55.9 58.4 63.5 64.6

δBT SV (º) 81.6 75.4 79.1 74.5 76.7 72.5
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Table 3 Low temperature properties of the long-term aged asphalt binders

−6 °C −12 °C −18 °C −24 °C

50/70 S(60 s)[MPa] 61 211 499 936

m(60 s) [–] 0.428 0.351 0.266 0.199

Blend S(60 s) [MPa] 40 82 201 408

m(60 s) [–] 0.437 0.367 0.313 0.258

Table 4 Low temperature properties of the long-term aged asphalt binders

Tc (S) Tc (m) Continuous low PG (°C) Low PG (°C) �Tc (°C)

50/70 −15.00 −15.81 −25.00 −22 0.81

Blend −21.51 −19.34 −29.34 −28 −2.17

same time the critical temperature is slightly higher and phase angle lower, more
elastic, suggesting better performance against rutting.

3.3 Bending Beam Rheometer (BBR) Test

Creep stiffness and relaxation parameter are listed in Table 3, while the critical
temperature based on creep stiffness and relaxation parameter, continuous low Per-
formance Grade (PG) (AASHTOM320, 2017) and the actual low PG are illustrated
in Table 4. The continuous low PG and the actual low PG are calculated based on
the AASHTO standard M320 (2017) and T313 (2012).

It can be seen fromTables 3 and 4 that the reference asphalt binder presents a creep
stiffness that is more than twice as large as the creep stiffness at temperatures lower
than −12 °C, S(t) of the rejuvenated binder blend, while in the case of relaxation
parameter, m parameter, closer values are found. In addition, the low PG of these
two materials is also different, while the difference of the continuous low PG is more
than 4 °C. In addition, more negative �Tc value in the blend materials indicates a
more aged binder (Riccardi et al. 2017). Therefore, the low temperature properties of
these two materials appear to be substantially different and improved for the blend.

4 Summary and Conclusions

In the present study, the possibility of using the rejuvenator to incorporate a high
amount of Recycled Asphalt Pavement (RA) binder (80%) in the mix design was
experimentally investigated with the Dynamic Shear Rheometer and with the Bend-
ing Beam Rheometer. Based on the experimental results and analyses conclusions
can be drawn:
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• Visible comparison of master curves indicate that the blend materials achieve
very similar rheological properties with the 50/70 asphalt binder at different aging
conditions, while BBR results show that the blend materials are more aged than
the virgin unmodified 50/70 binder

• The penetration system does not provide a comprehensive vision of the perfor-
mance properties of asphalt binders, but enables to determine the optimal dosage
of rejuvenator at restoring flexibility without compromise of high temperature

• The rejuvenator can only partially restore the properties of a blend of RA and
virgin binders for low and intermediate temperature while the high temperature
is kept higher

Although the results obtained in this study are promising, additional experimen-
tal and analysis support is needed by extending the present research effort to the
investigation of more types of asphalt binders and different RA binder contents.
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Rubber-Oil Distillation Bottoms Blends
as a New Recycling Solution for Bitumen
Extension

G. Tarsi, C. Sangiorgi, A. Varveri, and C. Oliviero Rossi

Abstract Environmental protection is also pursued by promoting the saving of oil
reserves and the proper management of waste through a circular economy. Follow-
ing this objective, the present study encourages the use of recycled and by-product
materials for the production of bituminous binders. The powdered rubber (R) from
end-of-life tyres and the re-refined engine oil bottom (REOB), i.e. the by-product of
refining mineral waste oils, were used to replace a certain amount of standard bitu-
men. The experimental program aims to characterize the interaction between R and
REOB in order to use them as virgin bitumen extenders. Themultiple variables of the
production process that may affect the R-REOB blends and in turn the binders’ final
properties were evaluated. The R-REOB mixes were prepared by varying the type
of REOB, the R content and the mixing temperature. The rheological analysis was
performed by means of dynamic shear rheometer (DSR) tests with the aim to define
the variables that strongly influence the response of the R-REOB compound. As a
result of this preliminary study, the second phase will focus on extended bitumens
that will be prepared considering some of the studied extenders.
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1 Introduction

In recent years, a growing attention to the environment and an increased awareness
of the depletion of non-renewable resources led to more sustainable approaches in all
construction activities included the production of materials. A sustainable approach
ensures that the demands of present generations are fulfilled without compromising
the needs of future generations as defined by Brundtland (1987). In this regard, the
economy ismoving froman open-ended system to a circular one,where a relationship
between resource use and waste residuals exists (Andersen 2007).

According to the current trend and environmental strategies of European coun-
tries, the pavement engineering world has focused on eco-friendly road materials.
Various studies have focused on the use of recycled and by-product materials in
partial replacement of petroleum bitumen. The use of these materials turns the
detriment of non-renewable resources into environmental benefit as the biologically
non-degradable materials are recycled (Fernandes et al. 2018). Additives, such as
polymers, resins, oils and waste materials in general can be used to decrease the pro-
portion of bitumen in the binder mixture or can represent the alternative for bitumen
themselves (Aziz et al. 2015).

The use of synthetic and natural polymers as bitumen modifiers is found as early
as 1843 (Yildirim 2007). In the 20th century, bitumen modified by virgin or recycled
polymers became widely used due to improvements in the service temperature range
of bituminous binders, which in turn enhanced the engineering properties of asphalt
mixtures (Becker et al. 2001). Moreover, virgin and recycled polymers showed sim-
ilar results in improving the road performances (Kalantar et al. 2012). The possible
achievement of similar performance together with the environmental benefits and,
above all, the advantageous price of recycled materials in comparison to the virgin
ones have promoted their use. Among all, crumb or powdered rubber obtained from
end-of-life tyres (ELTs) is widely used as bitumen modifier. Various studies have
demonstrated that recycled rubber represents an engineering resource and a possible
solution to reuse the waste tyres in road materials contributes to mitigate the issue
of their disposal. As a matter of fact, the ELTs generation represents a large and
problematic source of waste; only in Europe, 3.4 million ton of ELTs are generated
every year (ETRma 2019). The rubberised binder is especially used to improve the
high temperature performance at binder level, which turn into improved responses at
asphalt mixture level (Becker et al. 2001). Furthermore, it has been observed that the
modified bitumen behaves better overall in-service temperatures with increasing rub-
ber content. The presence of rubber does not only improve the elasticity and resilience
at high temperatures, but the binder shows improved temperature susceptibility and
fatigue resistance at intermediate temperatures and thermal cracking resistance at
low temperatures (Becker et al. 2001). The behaviour of modified bitumen depends
on size of rubber particles and base binder properties (Ziari et al. 2016). Nonethe-
less, the bitumen-rubber blend is also affected by processing conditions like mixing
time, temperature and frequency, which influence the rheo-mechanical response of
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the resulting binder and asphalt concrete. Their interaction has not been fully under-
stood yet, but can be ascribed to two simultaneous phenomena: the adsorption of
the aromatic oils of bitumen that causes rubber swelling, and the digestion of the
polymer into bitumen (Lo Presti 2013). However, the addition of rubber leads to an
overall increase in binder viscosity that demands higher in-plant production temper-
ature and, consequently, it produces higher greenhouse gas emissions (Amini and
Imaninasab 2018). Despite of the many advantages of the use of rubberised bitumen,
the high production temperature remains a drawback that should not be neglected.

Previous study has been proven that the use of additives and paraffinic waxes can
be a possible solution to control the production temperature reducing the emissions
(Sangiorgi et al. 2018). A more sustainable alternative can be represented by waste
oils, in particular the re-refined engine oil bottom (REOB), which have been used
to soften bitumen so far, reducing both the high and low continuous performance
grade (Asphalt Institute 2016). The use of REOB, i.e. the residue of the refining
process of waste engine oils to produce second-hand lubricants, has a twofold aim,
as it increases the workability of the product and it promotes the use of recycled
materials. The study of Herrington (1992) showed that the viscosity of extended
bitumen by the use of REOB is slightly less than the viscosity of standard bitu-
men after RTFOT short-ageing. Thus, REOB addition can represent a solution to
compensate the increased viscosity and the higher production temperature caused
by rubber. Regardless the oil origin, the addition of REOB allows the improvement
of the low temperature performance of binders and the reduction of thermal crack-
ing (Golalipour and Bahia 2014). Conversely, a high amount of REOB seems to be
detrimental for the final product, because of reduced adhesiveness to the aggregates
leading to stripping and ravelling (Asphalt Institute 2016). Furthermore, the base
properties of materials greatly affect the response of bitumen-REOB compounds,
without any general rule (Li et al. 2017).

Recent studies have evaluated the addition of both materials as bitumen modifiers
obtaining promising results. Fernandes et al. (2018) have compared the rheological
and thermo-chemical results of various modified binders. The introduction of REOB
reduces the temperature susceptibility of binders leading them to be more rutting
resistant. Amini and Imaninasab (2018) have validated the positive effects of rubber-
REOB addition on binder performance at low and high temperatures and on the
Performance Grade. However, the formulation of new modified binders has to be
carefully evaluated; the type and amount of additives and oils have to be balanced
considering the intrinsic drawbacks of the constituents. In this regard, the present
study investigates the interaction of rubber and REOB from a rheological point of
view.
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2 Experimental Design

2.1 Objectives

The purpose of this research is the characterisation of recycled rubber and re-refined
engine oil bottom (REOB) mixes to understand their contribution as bitumen exten-
ders. As reported in literature, the response of both rubber-bitumen and REOB-
bitumen blends depends on the intrinsic properties of each constituent material, the
quantity of each additive/modifier and the mixing conditions. Hence, this research
considered eight binders that were made using two REOB types, at two mass propor-
tions of the components, at two production temperatures. The binders were compared
through rheological analysis in order to evaluate the mixes more suitable for neat
binder extension.

2.2 Materials and Test Methods

The powdered rubber (R) was obtained by recycling ELTs of cars and trucks by
double trituration processes at ambient temperature. The rubber gradation varies in
the range 0–0.4 mm and its density is equal to 1.01 g/cm3. The re-refined engine
oil bottom (REOB) is the by-product from a vacuum tower in the refinery plant
of exhausted motor oils to obtain recycled lubricating oils. The REOB is strongly
affected by the refinery plant since it is the residue of refining processes. Two REOBs
(O1 and O2) have been compared, which are produced in two distinct refinery plants
of the same company. Being a petroleum-based material, the chemical composition
of REOBs mainly consist of hydrocarbons; both, O1 and O2, show a predominant
portion of aliphatic hydrocarbons, with some aromatic molecules. The REOBs have
a similar density of about 1.00 g/cm3, but different viscosity, i.e. O1 is less viscous
than O2.

Four blends were prepared for each type of REOB, varying the R-REOB ratio and
the production temperature. Two R-REOB ratios have been considered; the first adds
both materials in the same quantity (R:REOB = 1:1), and the second considers a
double amount of REOBwith respect to R (R:REOB= 1:2). The ratios were selected
based on the output of preliminary studies, which assumed that R particles can absorb
the lighter fractions of REOB as they absorb the same fractions of bitumen (Tarsi
et al. 2020).

All blends were prepared by means of a propeller mixer at two production tem-
peratures, namely 130 and 160 °C. The pre-heated materials were mixed at a rate of
800 rpm for 1 h; the mixing time was set following the guidelines of asphalt rub-
ber adopting the same process of R-bitumen interaction for R-REOB mixes (Signus
Ecovalor and Ecopneus Scpa 2014). The REOBs were warmed up in oven at the
established temperature for more than 1 h 30′, while R for 15′. During the mixing
phase, all compounds were continuously heated at 130 or 160 °C using a heating
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Table 1 Matrix of considered extenders

Temp. O1 O2

R:O1 = 1:1 R:O1 = 1:2 R:O2 = 1:1 R:O2 = 1:2

130 °C O1_1:1-130 O1_1:2-130 O2_1:1-130 O2_1:2-130

160 °C O1_1:1-160 O1_1:2-160 O2_1:1-160 O2_1:2-160

plate; however, the temperature was not constant as it dropped of about 55–65 °C
when the R particles have been incorporated to O1 or O2. The produced blends are
listed in Table 1.

A 50/70 penetration grade bitumen (Pen 50/70) was chosen as the reference
material. Taking into account the different nature of extenders and bitumen, the
reference material was also investigated. This information may help to understand
the behaviour of the R-REOB blends, which will been used to made the extended
bitumens.

The rheological performance of the binders was evaluated using a dynamic shear
rheometer (DSR)—Anton Paar MCR 302. The device was used to analyse the
binders’ response over a wide range of frequencies and/or temperatures perform-
ing the amplitude sweep test, frequency sweep test, viscosity test and multiple stress
creep-recovery test. Each test has been performed twice to guarantee the reliability
of obtained data.

The first analysis allows the definition of the linear visco-elastic range (LVE
range) ofmaterials, i.e. themaximum applicable strain to avoid irreversible structural
changes in samples. To obtain the LVE range, the deformation changes, increasing
from 0.01 up to 15% with a constant frequency of 1.59 Hz. In order to evaluate the
LVE limit of materials, their rheological responses at the lowest, intermediate and
the highest test temperature have been investigated. Thus, the test was performed at
10, 30 and 60 °C, which are linked to the range covered by the frequency sweep test.

The frequency sweep tests were carried out at a strain controlled mode. The
samples underwent an oscillatory shear stress increasing the frequency from 0.1 up
to 10 Hz with a logarithmic ramp. The tests were performed at six temperatures
starting from 10 to 60 °C with an increment of 10 °C. These two tests followed the
standard EN 14770 using a plate-plate configuration with 8 mm of diameter (PP08)
and considering the gap equal to 2 mm.

The elastic response of R-REOB compounds were measured by performing the
multiple stress creep-recovery (MSCR) test at 60 °C. The samples underwent shear
creep loading and recovery at two stress levels; 10 creep and recovery cycles were
run at 0.1 kPa shear creep stress followed by 10 cycles with an applied stress equal
to 1.0 kPa. The test has been carried out following the standard ASTMD7405, when
possible. Despite the shear stress requirements, the second stress was reduced from
3.2 to 1.0 kPa because it was not possible to perform the test on samples with R-
REOB ratio equal to 1:2. The REOB that covers the R particles causes the samples
to slip away. The parallel plate configuration, PP25, and the gap equal to 1 mm were
adopted.
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The dynamic viscosity of extenderswere evaluated at three different temperatures,
60, 100 and 150 °C as suggested by the standard EN 13702. However, it was not
possible to perform the test in the cone-plate configuration due to the dimension of
R particles. In order to obtain representative results avoiding the friction between
sample andmeasurement system, the tests were performedwith PP08 plate and 2mm
of gap.

3 Results and Discussions

The amplitude sweep test represents the first binder characterisation that identifies
the LVE range of a material. Unlike for standard bitumen, the LVE domain for the
R-REOB blends decreases when the test temperature increases as can be observed
in Table 2, where the average LVE limits of neat bitumen and extenders are listed.
Hence, the LVE range of the R-REOB mixes that have been considered for further
studies are those obtained at 60 °C as the corresponding value to the 95% of the
initial storage modulus. In general, due to the higher amount of R and production
temperature, both samples of O1 and O2 have wider LVE domains; it means that
they can withstand larger deformations before irreversible structural changes occur.
Only samples O1_1:1-160 and O1_1:2-160 do not exhibit this trend when R content
increased. In addition, the specimens produced with O1 show a reduced LVE range
than thosemadewithO2, except O2_1:2-130. The high production temperature helps
to enlarge the LVE limit of all extenders. The elastic behaviour dominates the viscous
one as the storage modulus (G′) is higher than loss modulus (G′′) in all extenders
as shown in Fig. 1. This response can be ascribed to the high amount of R in the
R-REOB blends.

As far as the frequency sweep tests are concerned, the data did not show a thermo-
rheological simple behaviour, as indicated by the Black Diagrams reported in Fig. 2
(Airey 2002). Thus, the time-temperature superposition principle (TTSP) is not valid

Table 2 Linear visco-elastic
range (γLVE) of extenders and
neat bitumen at 10, 30, 60 °C

Sample γLVE
@10 °C [%]

γLVE
@30 °C [%]

γLVE
@60 °C [%]

O1_1:1-130 0.344 0.271 0.228

O1_1:1-160 0.435 0.344 0.271

O1_1:2-130 0.271 0.271 0.203

O1_1:2-160 0.551 0.344 0.326

O2_1:1-130 1.410 0.697 0.390

O2_1:1-160 1.120 1.120 0.624

O2_1:2-130 0.697 0.308 0.129

O2_1:2-160 1.002 0.624 0.624

Pen 50/70 1.605 4.600 9.340
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Fig. 1 Amplitude sweep test results: storage and loss moduli of all extenders at 60 °C
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Fig. 2 Black diagrams of extenders made with: (a) R-REOB ratio 1:1; (b) R-REOB ratio 1:2

and the master curve of the rheological properties cannot be determined as done for
common bituminous binders. Nevertheless, the Black Diagrams were also found to
be sensitive to constituents’ proportions, type of REOB and mixing temperature.
In general, the six curves that made up the Black Diagram representation of each
extender do not show an aligned and elongated curve. This trend may be ascribed to
the less temperature-susceptibility of R and REOB. The role of R particles is crucial
on the rheological response of the R-REOB compound. Increasing the amount of
rubber, the extenders behave more elastically as the phase angle decreases and the
G* modulus enlarges, which may reflect the polymer network of R. Moreover, the
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Table 3 Percent recovery and Jnr parameters of extenders at two stress levels (0.1 and 1.0 kPa)

Sample %R [%] Jnr [1]

at 0.1 kPa at 1.0 kPa at 0.1 kPa at 1.0 kPa

O1_1:1-130 89.84 84.72 0.0017 0.0061

O1_1:1-160 85.16 96.32 0.0018 0.0005

O1_1:2-130 100.00 18.28 0.0001 0.5215

O1_1:2-160 92.18 29.27 0.0045 0.2141

O2_1:1-130 90.36 95.69 0.0016 0.0008

O2_1:1-160 88.83 90.21 0.0023 0.0025

O2_1:2-130 95.19 21.61 0.0033 0.3846

O2_1:2-160 94.68 31.68 0.0042 0.2316

Pen 50/70 2.92 0.84 2.44 2.57

inverse S-curve is typical for rubberized binders. The G*-δ curves are influenced by
the type ofREOB, and theO2-samples showamore viscous-like behaviour generally.
A higher production temperature leads to stiff the final extenders; this response may
be linked to a greater oxidation process that appear during the pre-heating andmixing
phases.

In addition, the multiple stress creep-recovery test was performed and the elastic
response of R-REOBmixes was investigated. This test permits the evaluation of two
parameters, i.e. the percent recovery (%R) and the non-recoverable creep compliance
(Jnr). The MSCR parameters for all blends including the results of the Pen 50/70 are
listed in Table 3. The extenders and bitumen behave differently as the MSCR results
have a diverse order ofmagnitude. The presence of a polymer, the recycled R, heavily
affects the elastic response of materials. The samples with R-REOB ratio equal
to 1:1 show greater elastic recovery (%R) and lesser non-recoverable deformation
(Jnr) than those specimens with 1:2 ratio; moreover, the differences are amplified
when applying the higher shear creep stress (1.0 kPa). Hence, the elastic response
of extenders is stress-dependent. The effect of higher production temperature on the
elastic behaviour of R-REOB mixes is variable and the trend is not clear. At the
highest stress level only, the extenders produced at 160 °C behave better in respect
to the others. In general, the O1-samples show a greater %R and minor Jnr values
than specimens with O2; hence, the mixes made with O1 usually better resist against
rutting than extenders with O2.

The average dynamic viscosity (η) of all samples is reported in Table 4, including
the value of Pen 50/70, O1 and O2. This property is fundamental for the workability
of materials. The viscosity of extenders has magnitude considerable higher than that
of REOBs and neat bitumen. The values seem to be influenced by both R-REOB
ratio and production temperature. A larger amount of R leads to the increase of the
dynamic viscosity for the most specimens over the range of test temperatures. This
finding is ascribed to the higher quantity of solid particles present in the blends,
which reduce the mobility of REOBs. In general, both O1 and O2 samples made at
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Table 4 Average dynamic
viscosity of extenders at 60,
100, 150 °C

Sample η@60 °C [Pa
· s]

η@100 °C
[Pa · s]

η@150 °C
[Pa · s]

O1_1:1-130 11038.15 8610.59 6034.14

O1_1:1-160 13010.97 5182.40 6817.37

O1_1:2-130 7344.05 4781.39 2945.21

O1_1:2-160 12613.58 5736.83 3706.04

O2_1:1-130 8287.13 3115.70 4225.25

O2_1:1-160 15529.46 3971.20 4834.35

O2_1:2-130 5864.40 2395.74 1480.34

O2_1:2-160 8795.13 3300.41 1975.67

O1 4.81 2.21 0.75

O2 9.39 6.38 6.89

Pen 50/70 425.31 5.47 0.40

higher production temperature show greater viscosity at the three test temperatures.
The extenders with O1 exhibit a higher viscosity than those samples made with
O2, except for the specimens O1_1:1-160 and O2_1:1-160. The dynamic viscosity
decreases as the test temperature increases for samples with a double amount of
REOB than R (1:2). Different responses can be observed in samples with 1:1 ratio.
Changing the test temperature from 60 to 100 °C, the values of viscosity decrease;
on the other hand a viscosity increment is observed when the test temperature was
raised from 100 to 150 °C.

4 Conclusions

In the present study, a rheological analysis of R-REOB blends has been carried out to
evaluate their suitability to be used as bitumen extenders considering three variables:
the R-REOB ratio, the type of REOB and the temperature of production. Based on
the obtained results the following conclusions can be drawn:

• The quantity of R strongly influences the rheological response of R-REOBblends.
Being a polymer, the introduction of R leads to enlarge the LVE range and improve
the elastic response ofmaterials; the latterwas confirmedbyMSCRandFS tests.A
high amount of R allows the R-REOB blends to recover more elastic deformation
and this behaviour is influenced by the applied stress. Moreover, the content of
R affects the dynamic viscosity of specimens reducing the mobility of REOB
molecules when the amount increases.

• The rheological properties of extenders are affected by the type of REOB. The
O1-mixes showed a more elastic-like behaviour as they better resist against the
application of cyclic creep loads and have lower values of phase angle. On the
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other hand, the specimens made with O2 exhibit a wider γLVE, thus they can with-
stand larger deformations before structural changes occur than O1-extenders. In
addition, the dynamic viscosity of O1-bends are usually greater than those of O2.

• Among all variables, the production temperature leads to lesser changes in the rhe-
ological properties of the R-REOB blends. The influence of temperature on the
MSCR results is not clear; further studies are suggested to better understand this
behaviour. Nevertheless, the production at 160 °C instead of 130 °C allows the
increment of LVE domains, complex modulus and dynamic viscosity values.

The R-REOB blends made with 1:1 ratio at 160 °C are the candidates to produce
extended bitumens with improved elastic responses. The type of REOB leads the
extenders to behave differently. It should be highlighted that the final binders will
be affected by the base bitumen properties, the amount of extenders and the produc-
tion conditions, which have to be carefully investigated. Nonetheless, this research
foresees the assessment of emissions and fumes from extender productions to its
inclusion in the bitumen.
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of Semi-Dense Asphalt Pavements
by Replacement of Recycled Concrete
Aggregate Fractions
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Abstract Waste concrete is one of the most highly produced types of waste in the
urban environment and finding a means for its re-use is crucial to making infrastruc-
ture sustainable. Semi-Dense Asphalt (SDA) is a type of asphalt mixture, which is
commonly used in Switzerland to reduce pavement noise. This study examined the
use of various fractions of Recycled Concrete Aggregates (RCA) into SDAmixtures.
The virgin aggregates were replaced by RCA in selected fractions of 2/4 and 0.125/2
at 100% and 50%, with only one fraction being replaced for any single mixture. The
mixtures were evaluated by volumetrics, indirect tensile strength and water sensitiv-
ity (EN 12697-12) in order to assess the effects of each RCA fraction. The results
showed that RCA coarse aggregates absorb high amounts of binder, which is not
the case for the RCA sand. The ITS results showed increase peak load for the RCA
replacement samples but also increased brittleness. The ITSR% was similar to the
control for lower fraction of RCA replacement samples, but significantly lower with
higher replacement.

Keywords Indirect tensile strength ·Water sensitivity · Recycled Concrete
Aggregates (RCA) · Semi-Dense Asphalt (SDA)

1 Introduction

Some of the biggest challenges to construction sustainability is the production of
waste. Construction and demolition (C&D) waste accounts for 46% of total waste
in the EU (Gálvez-Martos et al. 2018) and is more than 80% in Switzerland (FOEN
2018). Portland cement concrete composes 85%of theC&Dwaste in theEU (Gálvez-
Martos et al. 2018). This concrete can be reused in the form of Recycled Con-
crete Aggregates (RCA), but currently, only the RCA from precast concrete, which
accounts for 15 to 19% of the total concrete, can be reused (Wahlström et al. 2014).
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Therefore, finding uses for RCA is important inmaintaining the construction industry
sustainable.

RCA is prepared through the crushing and grading of waste concretes, which
can be partially used as the raw material of virgin concrete or as back fill (McNeil
and Kang 2013). Studies have also been carried out using RCA in asphalt - another
widely produced material, by replacing the virgin aggregates in asphalt pavements.
Usually, this has been done by partially replacing the bulk virgin aggregates with
RCA aggregates of a similar gradation at a certain percentage (Pasandín and Pérez
2015).

The main benefit of using RCA is reducing bulk landfilled waste. However, the
performance of RCA in asphalt mixtures has given mixed results. Some studies
have found improvements in terms of asphalt mixture rutting (Ossa et al. 2016) and
fatigue resistance (Pasandín and Pérez 2017) with RCA replacement, while other
studies have come to the opposite conclusions (Wu et al. 2017; Albayati et al. 2018).

Semi-Dense Asphalt (SDA) is a type of asphalt mixture, which is commonly used
in Switzerland to reduce pavement noise (Raab and Partl 2012). SDA is composed
of relatively high quality aggregates and polymer modified binder to compensate for
the strength loss from the elevated air void content. Therefore, the addition of waste
materials that could potentially be of lower quality, presents challenges. However,
the special gradation of themixturemeans that it has to consist of selected gap graded
aggregate fractions. This presents an opportunity to observe how selected fractions
of RCA can perform in an SDA mixture.

The experimental program was designed to replace the virgin aggregates by RCA
in selected fractions of 2/4 and 0.125/2 mm at 100% and 50% replacement, with only
one fraction being replaced for any single mixture. All other parameters have been
kept constant. Thesemixes are then evaluated for their volumetric properties and their
mechanical properties/durability by indirect tensile strength andwater sensitivity (EN
12697-12). The experimental program allows to observe the effect of each fraction
on the volumetric and mechanical properties of the resulting mixture, potentially
being able to take advantage of the benefits of single fractions economically as well
as mechanically.

2 Materials and Methods

2.1 Materials

The binder used for the asphalt mixture was an SBS polymer modified binder (PmB)
graded at 45/80 – 65 according to EN 1426. Polymer modified binder is part of the
requirements for SDA in the Swiss standards (SN 640 436). The control aggregates
were quarried limestone from the company FAMSA while the RCA was concrete
plant waste from the company FBB, coming from excess of various mixes washed
out of the drum. The mixture used for this testing was Semi-Dense Asphalt (SDA
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Table 1 Physical properties of aggregates

Sample Apparent
density
(Mg/m3)

Bulk density
(Mg/m3)

Water abs.
24 h (%)

Sand eq. (%) Flow coeff.
(s)

EN 1097-6 EN 933-8 EN 933-6

FAMSA
Filler

2.700a N/A N/A N/A N/A

FAMSA
0.063/4

2.699 2.657 0.57 54 35.7

FAMSA 2/4 2.711 2.647 0.89 N/A N/A

RCA 0.125/2 2.654 2.439 3.32 89 35.0

RCA 2/4 2.609 2.297 5.20 N/A N/A

aDetermine by gas pycnometer

4-16), currently a commonly used gap graded mixture in Switzerland, primarily as
a noise abatement measure. The maximum aggregate size was 4 mm and air voids
content was 16 ± 2% (SN 640 436).

The aggregates were divided into 3 fractions corresponding to coarse aggregates
(washed), fine aggregates and filler: 2/4, 0.063/4, Filler from the control aggregate;
2/4, 0.125/2 for the RCA, respectively. The apparent and relative aggregate densities
were determined by EN 1097-6 (by gas pycnometer for the filler) and are shown in
Table 1, along with the sand equivalent and flow indices for the fine aggregates. The
bulk densities of the RCA was significantly lower than for the control aggregates,
especially with regard to the coarse aggregates. For the sand, the Sand Eq. of the RCA
was higher, indicating a lower presence of clay particles,which is likely due to the fact
that the RCA sand was sieved in the lab while the control sand was received directly
from the asphalt plant. The flow coefficients of the sands were similar, indicating
similar shape characteristics.

The aggregate replacement was conducted satisfying the gradation prescribed
in SN 640 436, so the RCA aggregates were replaced by weight (Fig. 1), with the
gradation of the individual fractions determined according toEN933-1 and an asphalt
binder content of 5.7%, and slightly higher for the 100 RCA 2/4 due to increased
binder absorption expected. One fraction of the mixture (coarse or fine aggregate)
was replaced at a time, with 50 and 100% replacement rates, for 1 control mixture
and a total of 4 mixes with partial RCA replacement (Table 2).

2.2 Methods

The binder and aggregates were heated to 170 °C before mixing. The aggregates
including the filler were added to the drum first and mixed for 5 min followed by the
addition of the binder and another 5 min of mixing. The maximum relative density
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Fig. 1 Gradation curves for RCA modified mixes compared with the limits for SDA 4-16 (SN 640
436)

Table 2 SDA 4 mixture composition

Mixture type Control sandstone % RCA % Binder %

2/4 0.063/4 Filler 2/4 0.125/2 PmB 45/80 – 65

SDA 4 Control 63.1 23.9 7.3 0.0 0.0 5.7

50 RCA 2/4 31.6 23.9 7.3 31.5 0.0 5.7

100 RCA 2/4 0.0 23.9 7.2 62.9 0.0 6.0

50 RCA 0.125/2 63.1 12.0 7.3 0.0 12.0 5.7

100 RCA 0.125/2 63.1 0.0 7.3 0.0 23.9 5.7

of the loose mixture was determined by EN 12697-5 from two samples. The mixture
was then compacted by gyratory compactor under a temperature of 155 °C to a
sample size of 99.5 ± 0.5 mm diameter and 64 ± 1 mm height with 16 ± 2% air
voids. The bulk density of the sample was determined geometrically according to
EN 12697-29 as recommended for SDA. Finally, the indirect tensile strength and
water sensitivity were determined according to EN 12697-12 where three samples
each were used for the dry and wet conditions.
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3 Results and Discussion

3.1 Asphalt Mixture Volumetrics

The volumetric properties of the asphalt mixtures are shown in Table 3. The mixture
maximum density is reduced with RCA replacement, which is roughly proportional
to the RCA replacement rate, whether for the coarse or the fines. The compactability
of the asphalt mixture was much more difficult with a higher amount of the coarse
2/4 RCA replacement, and so the mixture was only able to be compacted to 17%
air voids. The reason for this is likely in the higher absorbed binder content, which
resulted in less lubrication between the stones from the effective binder, but also due
to the higher relative volume of RCA coarse aggregates and their lower density.

The voids in mineral aggregate (VMA), which refers to the inter-granular void
space of the compacted mixture, was lower for the mixtures with coarse RCA, likely
due to the lower compactability of the coarseRCAand the higher amount of gyrations
needed to reach the target air void content of 16%, reducing the void space. Low
VMA values indicate that there may be a lower binder film thickness between the
aggregates (Sengoz and Topal 2007).

The voids filled with asphalt (VFA), which is a measure of the proportion of the
VMA filled with binder, was significantly lower with the coarse RCA, especially at

Table 3 Volumetric properties of asphalt mixtures

Sample Max.
density
(kg/m3)

Bulk
density
(kg/m3)

Air voids
%

VMA % VFA % Abs.
binder %

Eff.
binder %

EN
12697-5

EN
12697-29

EN
12697-5

Control 2475.2 2087.1 15.7 25.9 39.5 0.7 5.0

Std Dev 7.0 2.8 0.1 0.1 0.2

50 RCA
2/4

2432.6 2041.3 16.1 23.9 32.6 1.9 3.9

Std Dev 9.2 4.5 0.2 0.2 0.3

100 RCA
2/4

2399.5 1991.8 17.0 22.3 23.7 3.5 2.7

Std Dev 0.0 4.1 0.2 0.2 0.2

50 RCA
0.125/2

2445.8 2053.5 16.0 26.3 39.0 0.6 5.1

Std Dev 3.9 10.7 0.4 0.4 0.8

100 RCA
0.125/2

2436.8 2041.5 16.2 25.9 37.4 0.9 4.9

Std Dev 1.2 3.8 0.2 0.1 0.3
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maximum replacement. This was because of the lower availability of binder inter-
granularly as more of it was absorbed in the aggregates (Al-Bayati et al. 2018).
Both the VFA results and the high absorbed binder content indicate that more binder
needs to be added to mixtures with coarse RCA. The RCA sand performance was
much more similar to the control sand by the VMA and VFAmeasures, as the binder
absorption was the same as for the control.

3.2 Indirect Tensile Strength and Water Sensitivity

The water sensitivity results are shown in Table 4, where the maximum indirect
tensile strength (ITS) loads adjusted for the sample size are shown for the dry samples
and for those after wet conditioning. In terms of ITS, the dry RCA samples had a
higher strength than the control. For the coarse RCA, this is likely from the higher
compaction energy that went into the samples. However, the RCA sand attained
these results without higher compaction energy. It should also be noted that while
the maximum ITS is higher, all of the RCA samples are less ductile than the control
as failure occurs at a lower strain (Fig. 2), especially for the 100% RCA sample.

In terms of the indirect tensile strength ratio (ITSR%), the RCA mixture with
50% replacement of the coarse RCA performed almost as well as the control, the
100% coarse RCA sample was muchmore sensitive to water damage. The RCA sand
samples also showed a decrease in ITSR%with higher replacement. This is similar to
the results previously found in studies where both coarse and fine RCAwas replaced
(Mills-Beale and You 2010; Ossa et al. 2016). The Swiss SN 640 431-1c prescribes
a minimum of 70% ITSR% for asphalt mixtures. The poor performance of the RCA

Table 4 ITS results for
Water Sensitivity EN
12697-12 of asphalt mixtures

Sample Max load dry
(kPa)

Max load wet
(kPa)

ITSR %

SDA 4 Control 1127.3 915.0 81.2%

Std Dev 43.9 15.7

SDA 4 50
RCA 2/4

1453.5 1157.8 79.6%

Std Dev 66.8 8.7

SDA 4 100
RCA 2/4

1820.3 1063.0 58.4%

Std Dev 22.6 25.5

SDA 4 50
RCA 0.125/2

1339.3 1001.3 74.8%

Std Dev 13.3 10.8

SDA 4 100
RCA 0.125/2

1292.9 811.2 62.7%

Std Dev 10.1 83.9
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Dry condition

After wet conditioning

Fig. 2 Loading Curves for Water Sensitivity test: a Control, b 50 RCA 2/4, c 100 RCA 2/4, d 50
RCA 0.125/2, e 100 RCA 0.125/2

in ITSR% is due to the lower effective binder combined by the higher aggregate
absorption (Table 1) allowing for more saturation of the mixture by the water during
conditioning. Because of the brittleness in ITS and the lower ITSR%,more advanced
testing is needed to show the extent of RCA asphalt mixture viability.
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4 Conclusions

This paper studied the volumetric and mechanical properties of asphalt mixtures
incorporation coarse and fine RCA. The conclusions are as follows:

• RCA replacement lowers the density of asphalt mixtures.
• RCA coarse aggregates absorb significant amount of binder, whereas the fine

fraction do not do so significantly more relative to their virgin aggregate
counterparts.

• The replacement by weight of RCA aggregates can result in a higher maximum
ITS, but also result in a comparatively less ductile mixture.

• A limited amount of RCA replacement can provide acceptable performance in
water sensitivity, but higher replacement with significantly reduce this property.
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and Multi-recycling on the Main Criteria
of the French Asphalt Mix Design
Method
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Abstract The study reported here aims to precise the combined effect of warm mix
processes and multi-recycling on the main criteria of the French asphalt mix design
method. Asphalt concretes (AC) 0/10 mm are produced at a semi-industrial scale
for a combination of 3 recycling cycles, 3 production processes (hot, warm with
additive and warm with foamed bitumen) and 2 recycling rates (40 and 70%). This
combination is completed by a cyclewithout recycling for the 3 production processes,
giving a total of 21 modalities. Compactibility, water sensitivity, stiffness modulus
and fatigue tests are performed on the 21 AC produced. A principal component
analysis (PCA) is then performed on the set of data obtained to extract the main
trends.

No drastic change is detected in the properties as all the AC produced comply
with the French requirements for water sensitivity, stiffness modulus and fatigue.
The main significant trends observed through PCA are a decrease of the workability
and the compactibility and an increase of the water sensitivity with reclaimed asphalt
(RA) addition and multi-recycling. It is also observed that high recycling rate (70%
RA) tends to increase the constant of the fatigue line but also its slope, reflecting an
increased sensitivity of the fatigue resistance to the strain level.
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1 Introduction

As in many other countries, the asphalt mix design method currently used in France
is based on past experience almost exclusively acquired on hot mix asphalts. In this
framework, the effects of the design parameters on the AC properties were widely
studied and a compilation of the knowledge accumulated is readily available for road
material designer. However, in a new context of growing environmental awareness,
new production processes with reduced environmental impacts, namely high rate
recycling and warm mixing, tend to become standard practice. Additionally, the
gradual generalization of high rate recycling tends to induce repeated recycling of
the same material (multi-recycling). In continuation of other international research
(Su et al. 2008, Heneash 2013, Hugener et al. 2017), the aim of this study is to gather
extra knowledge about the effects of these changes of practices on the main criteria
of the French asphalt mix design method in order to assist road material designers
in their choices.

2 Experimental Plan

The methodology adopted is to simulate at a semi-industrial scale 3 successive recy-
cling cycles. Each cycle includes laying, milling, ageing and screening. This multi-
recycling is applied to 3 production processes (hot, warm with additive, warm with
foam) with 2 recycling rates (40% and 70%). This combination is completed by a
cyclewithout recycling for the 3 production processes, giving a total of 21modalities.
An overview of these modalities is given in Table 1 with the labeling adopted.

Table 1 Overview of the 21 modalities of the experimental plan and their labelling

Process and RA
content

Without recycling 1st recycling 2nd recycling 3rd recycling

Hot 0% RA
(reference)

LH0-0 – – –

Warm additive 0%
RA

LWA-0 – – –

Warm foam 0% RA LWF0-0 – – –

Hot 40% – LH40-1 LH40-2 LH40-3

Hot 70% – LH70-1 LH70-2 LH70-3

Warm additive 40% – LWA40-1 LWA40-2 LWA40-3

Warm additive 70% – LWA70-1 LWA70-2 LWA70-3

Warm foam 40% – LWF40-1 LWF40-2 LWF40-3

Warm foam 70% – LWF70-1 LWF70-2 LWF70-3
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Table 2 Properties of the pure bitumen binders and of the binder extracted from the RA0

Test standard Measured property 35/50 50/70 160/220 RA0 binder (extracted)

EN 1426 Penetration (0.1 mm) 40 58 170 11

EN 1427 Softening point (°C) 52.6 49.0 40.2 74.6

2.1 Material

The material tested is an AC10 surf/bin 35/50 according to the standard EN 13108-1
commonly used in France. For all the modalities, the proportions of the constituents
are adjusted to match as closely as possible a target binder content of 5.4% mass
and the same target grading curve. The virgin aggregate is a micro-granite. For the
first recycling cycle, the RA is taken from a mixing plant stock selected for the
purpose of the project. This initial reclaimed asphalt (RA0) is a blend of different
AC materials milled on different sites and processed (crushed, homogenized and
screened at 10 mm). 3 pure bitumen binders are used (35/50, 50/70 and 160/220).
The properties measured on these binders and on the binder extracted from the RA0
are given in Table 2.

2.2 Production Processes and Mixing

The target mixing temperatures are 170 °C for the hot process and 140 °C for the 2
warm processes. The product EVOTHERM®VM30 supplied by Ingevity is used for
the warm process. It is composed of fatty amines derivatives improving the wetting
between aggregates and the binder. This additive is blended with the hot binder
before the introduction in the mixer. The dosage is 0.4% mass of the added binder.
A laboratory foaming device using the MARINI-ERMONT AQUABlack® process
was especially designed for the purpose of the project to mimic real mixing-plant
foaming. The dosage of the water injected in the hot binder pipe to produce the
foam is 2% mass of the added binder. All the AC are produced in a semi-industrial
horizontal twin-shaft asphalt mixer with a capacity of 400 kg/batch to mimic a usual
batch mixing plant.

2.3 Milling and Ageing

The part of each production intended to be used as RA in the next recycling cycle is
laid in 600× 100× ≈5 cm sections on a trial area. Then, at the end of each cycle, all
these sections are milled separately with a usual milling machine (Wirtgen 100FC)
before being aged to produce the different RA for the next cycle. In order to simulate
the on-site ageing of the binders, the ageing protocol defined by the RILEM TC 206
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ATB TG5 for the long term ageing (de la Roche et al. 2010) is applied to the milled
materials: 9 days at 85 °C in a large ventilated oven with the material spread on
≈5 cm thick layers. The material is then screened through a 25 mm grid

2.4 Properties Measured

The properties of all the 21 AC produced are measured according to the French
asphalt mix design method. The 10 properties measured, their labelling and the test
standards applied are given in Table 3.

3 Implementation

In practice, the actual conditions did not match strictly the initial plan on 2 points.
Firstly, the grades of the added virgin bitumen were shifted to softer grades between
cycle 1 and cycle 2. The grades actually used for each recycling cycle are given in
Table 4. Secondly, the grading curves of the AC with RA are slightly different from
the grading curves of the AC without RA. The actual passing at 2 mm is ≈35% for
AC without RA and ≈30% for AC with RA.

Table 3 Properties measured on each of the 21 AC produced and their labelling

Labelling Property description Standard

V_GC Void content with the Gyratory Compactor (GC) at 60 gyrations
(%)

EN 12697-31

F_GC Shear force in the GC at 60 gyrations (daN) –

IC Compressive strength ratio i/C (%) EN 12697-12

E_Mod 2 point bending (2 PB) modulus at 15 °C 10 Hz (MPa) EN 12697-26

V_Mod Average void content of the 2 PB modulus specimens (%) EN 12697-8

e6 Strain for 106 cycles for the 2 PB 10 °C 25 Hz fatigue test (μdef) EN 12697-24

P_Fat Slope of the 2 PB 10 °C 25 Hz fatigue line EN 12697-24

E_Fat 2 PB modulus at 10 °C 25 Hz (MPa) EN 12697-24

V_Fat Average void content of the 2 PB fatigue specimens (%) EN 12697-8

Table 4 Grades of the added
virgin bitumen actually used

RA content 1st recycling 2nd recycling 3rd recycling

40% 35/50 50/70 50/70

70% 50/70 160/220 160/220
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4 Results

All the AC produced comply with the requirements of the French national foreword
of the standard EN 13108-1 for water sensitivity (IC ≥ 70%), modulus at 15 °C
10 Hz (E_Mod ≥ 7,000 MPa) and fatigue resistance (ε6 ≥ 100 μdef). However, 18
AC on 21 do not comply with the requirement for compactibility (V_GC < 10%),
but this includes the reference AC (LH0-0). Therefore, we can already assume that
the different modalities of recycling rate, process and recycling cycle did not led to
drastic changes of the AC properties.

5 Statistical Analysis

Rather than studying the effects on each property separately, the choice made is
to extract the main trends from the global set of data using a principal component
analysis (PCA) with the free software R (R Development Core Team 2005).

5.1 Data Reduction

Modulus at 15 °C 10 Hz (E_Mod) and 10 °C 25 Hz (E_Fat) are obviously correlated
and themodulus and the fatigue resistance (E_Mod, e6 and P_Fat) are correlatedwith
the void content. In order to avoid redundant information, E_Mod, e6 and P_Fat were
recalculated for the same void content using regression coefficients. Thus, 3 proper-
ties of the Table 3 can be removed without losing significant information: V_Mod,
V_ Fat and E_Fat. Finally, 3 illustrative variables were added for the recycling cycle,
the recycling rate and the process.

5.2 Basics on PCA

The aim of PCA is to describe graphically a set of data which crosses rows containing
n individuals (in our case AC) against columns containing p quantitative variables (in
our case properties). The possibly correlated p variables are transformed in a smaller
number of uncorrelated (perpendicular) variables called principal components. The
scatter plot of the n individuals in the p dimensions of the variables is represented
in the reduced space (dimension < p) of the perpendicular principal components.
The projection of this scatter plot in the plan (2 dimensions) of the first 2 principal
components accounting for the maximum variability of the data is then studied as it
concentrates the maximum relative amount of information.
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5.3 Principal Component Analysis

Thefirst 2 principal components calculated by the PCAexplain 67.5% (Dim1: 39.6%,
Dim2: 27.9%) of the variability of the set of data. This value is significant. Thus,
we can assume that the scatter plot of the 21 individuals in the 6 dimensions of the
variables is fairly well represented in the plan of the first 2 principal components. The
PCA firstly provides a projection of the variables (properties) in a correlation circle
on the plan of the first 2 principal components (Fig. 1). The nearer a variable is to
the circle the better it is represented in the plan. Furthermore, the nearer the variable
is from a principal component axis, the more it contributes to this axis. Through an
analysis of this plot, a physical signification can be associated to the first 2 principal
axes.

The variables F_GC, V_GC, IC and e6 are well represented in the plan (Fig. 1).
F_GC, V_GC and IC contribute strongly to the first axis (positive correlation for
F_GC and V_GC, negative correlation for IC). Therefore, a positive shift along the
first axis (Dim1) reflects a decrease of the workability and the compactibility and an

Fig. 1 Projection of the variables in the plan of the first 2 principal components
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Fig. 2 Process effect in the plan of the first 2 principal components

increase of the water sensitivity. The variable e6 contributes strongly to the second
axis, while the contributions of E_Mod and P_Fat are less important. Therefore, a
positive shift along the second axis (Dim2) reflects an increase of fatigue resistance
and a slight increase of the modulus.

The individuals can then be plotted in the plan of the first 2 principal components
and clustered according to the illustrative variables (Figs. 2, 3 and 4). The small
labelled points account for the individuals, the bigger points for the means of the
clusters and the ellipses for the 95%confidence intervals for themeans of the clusters.

The Fig. 2 illustrates the process effect. The 2 warm processes are shifted along
the first axis compared to the hot process. This indicates a decrease of the workability
and the compactibility and an increase of thewater sensitivity for thewarmprocesses.
However, the confidence intervals of the clusters means are largely overlapping so
this effect is not very significant.

The Fig. 3 illustrates the recycling rate effect. The AC with RA are shifted along
the first axis compared to the AC with no RA. This indicates a decrease of the
workability and the compactibility and an increase of the water sensitivity with RA
addition. The ACwith 70%RA are shifted along the second axis compared to the AC
with 40%RA. This indicates an increase of fatigue resistance and a slight increase of
the modulus with the recycling rate. These effects are significant as the overlapping
of the confidence intervals is low.

The Fig. 4 illustrates the multi-recycling effect. The AC are shifted along the first
axis according to the recycling cycle. This indicates a decrease of the workability
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Fig. 3 Recycling rate effect in the plan of the first 2 principal components

Fig. 4 Multi-recycling effect in the plan of the first 2 principal components
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Fig. 5 Recycling rate effect in the plan of the second and the third principal components

and the compactibility and an increase of the water sensitivity with multi-recycling.
The effect becomes more and more significant with the repetitions of the recycling
cycles. The first recycling is also shifted along the second axis reflecting an increased
fatigue resistance. This is probably linked to the harder grades of the bitumen added
for the first recycling (Table 4). This shift seems similar to the shift obtained for 70%
RA in Fig. 3. In order to have a deeper look on this effect, the recycling rates and the
multi-recycling effects are presented in the plan of the second and the third principal
components in Figs. 5 and 6.

The variable E_Mod and P_Fat are much better represented in this plan with an
opposite effect on the third principal components axis (Dim 3), positive for P_Fat and
negative for E_Mod. Figure 5 shows a slight positive shift for the 70% RA cluster
compared to the 40% RA cluster on the third principal components axis (Dim3).
This indicates that adding 70% RA tends to increase the fatigue resistance (e6 is the
constant of the fatigue line) but also its sensitivity to the strain level (P_Fat is the
slope of the fatigue line) with limited effect on the modulus (E_Mod). Conversely,
Fig. 6 shows a negative shift for the first recycling cluster on the third principal
components axis (Dim 3). Thus, the use of harder grades added binders and 70%
RA addition induce similar effects on the fatigue resistance (e6), but almost opposite
effects on the modulus (E_Mod) and the fatigue slope (P_Fat).
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Fig. 6 Multi-recycling effect in the plan of the second and the third principal components

6 Conclusions

In order to precise the combined effect of warm mix processes and multi-recycling
on the main criteria of the French asphalt mix design method, asphalt concretes (AC)
are produced for a combination of 3 recycling cycles, 3 production processes (hot,
warm with additive and warm with foamed bitumen) and 2 recycling rates (40%
and 70%). This combination is completed by a cycle without recycling for the 3
production processes. All of the 21 AC produced comply with the requirements of
the French national foreword of the standard EN 13108-1 for water sensitivity (IC ≥
70%), modulus at 15 °C 10 Hz (E_Mod ≥ 7,000 MPa) and fatigue resistance (ε6 ≥
100 μdef). 18 AC do not comply with the requirement for compactibility (V_GC <
10%), but this includes the reference AC (hot process with no recycling). Therefore,
the different modalities of recycling rate, process and recycling cycle do not led to
drastic changes in the AC properties.

Themain significant trends observed through principal component analysis (PCA)
are a decrease of the workability and the compactibility and an increase of the
water sensitivity with reclaimed asphalt (RA) addition and multi-recycling. It is
also observed that high recycling rate (70% RA) tends to increase the constant of
the fatigue line but also its slope, reflecting an increased sensitivity of the fatigue
resistance to the strain level.
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Mechanical Behaviour of Cold Recycled
Asphalt Mixtures for Binder Courses
Produced with Bitumen Emulsion
and High Strength Cement

Chiara Mignini, Fabrizio Cardone, and Andrea Graziani

Abstract Cold recycled asphalt mixtures (CRAM) are sustainable solutions for
maintenance and rehabilitation of road pavements. Notwithstanding the environ-
mental benefits, CRAM may exhibit lower performances compared to traditional
hot mix asphalt. Besides, CRAM require a curing period to reach their long-term
properties, and thus, they are usually employed in base courses. This work investi-
gates the mechanical behaviour of CRAM with bitumen emulsion and high strength
cement to verify if they are suitable for binder courses. Six CRAM were produced
using 80% of reclaimed asphalt, modified emulsion and two high strength cement:
sulfo-aluminous and Portland-slag cement. For comparison, two additional mixtures
were produced using traditional emulsion. The CRAM had an emulsion content of
4.2% or 5.0%, and residual bitumen to cement ratio of 1.0 or 1.2. After curing peri-
ods from 6 h to 1 year, the indirect tensile stiffness modulus (ITSM) and indirect
tensile strength (ITS) were assessed. Their thermal sensitivity was evaluated as well,
measuring ITSM at different temperatures. Results indicate that high strength cement
leads to satisfactory mechanical behaviour in the long-term. Compared to Portland-
slag cement, sulfo-aluminous cement increases the rate of development of ITS and
ITSM in the early stage of about 50% and 25%, respectively.

Keywords Cold recycling · Reclaimed asphalt · High strength cement · Bitumen
emulsion · Curing · Thermal sensitivity

1 Introduction

Recycling has become a major challenge in the construction field. In this context,
cold recycled asphalt materials (CRAM) have been developed for roads construction
and rehabilitation. CRAM are produced at ambient temperature. The lack of heating
results in the reduction of emissions and energy consumption (Xiao et al. 2018) as
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well as material saving, allowing the re-use of high percentages of reclaimed asphalt
(RA) (Lin et al. 2017; Bocci et al. 2019). Therefore, CRAM are spreading as a
sustainable and cost-effective technique, alternative to hot mix asphalt (HMA).

CRAM are produced using a bituminous binder (bitumen emulsion or foamed
bitumen) and a cementitious binder (e.g. Portland cement, composite cement,
hydrated lime, fly ash) (Behnood et al. 2015). The two binders strongly influence
the mechanical response of CRAM, lending to these materials properties deriving
from both HMA and cement concrete (Du 2014; Fang et al. 2016a; Graziani et al.
2019). Despite the advantages, road agencies have still some uncertainty on CRAM
usage. Indeed, CRAM are generally characterised by a higher void content and con-
sequently lower mechanical properties compared to HMA. Besides, they require a
curing period to reach long-term properties (Mignini et al. 2019; Du 2018; Cardone
et al. 2015). Because of that, CRAM are mainly used for subbase and base layers
(Kuchiishi et al. 2019; Raschia et al. 2019; Timm et al. 2018; Godenzoni et al. 2018).

Recent studies attempt to identify techniques to produce coldmixtures suitable for
upper pavement layers. Adoption of rapid hardening cement, such as sulfo-aluminate
cement (CSA) or calcium aluminate cement, has been proposed to improve the early
strength of cold mixtures (Fang et al. 2016b; Saadoon et al. 2018). Supplementary
blended cementitious fillers can increase the mechanical performance of cold mix-
tures as well (Nassar et al. 2016; Dulaimi et al. 2017). The use of blended fillers
was also introduced in the UK to produce cold asphalt for surface courses (Al-Hdabi
et al. 2014). However, it is important to highlight that in all these researches, natural
aggregates were used. Grilli et al. (2019) used a high fineness filler and 88% RA
aggregate in CRAM produced in-plant to be used in binder courses.

The present laboratory investigation aims at identifying a CRAM composition
suitable for binder courses. To this goal, the use of modified bitumen emulsion and
two types of high strength cement was evaluated. The evolution of the physical
(water loss by evaporation,WL) and mechanical properties (indirect tensile stiffness
modulus, ITSM and indirect tensile strength, ITS) was assessed over a year of cur-
ing. Besides, ITSM was measured at different temperatures to evaluate the thermal
sensitivity.

2 Materials and Mixtures

The CRAM investigated were prepared using RA aggregate, natural sand, filler,
bitumen emulsion, cement and water. The aggregate blend was obtained mixing
80% RA, 17% natural sand and 3% filler (Table 1). The RA aggregate had the
grading distribution reported in Table 1, particle density of 2482 kg/m3 and water
absorption of 1.1%. The natural sand was a crushed limestone with an upper sieve
size of 2 mm, particle density 2732 kg/m3 and water absorption of 1.5%. The filler
was a limestone powder with a particle density of 2650 kg/m3. Two commercial
cationic bitumen emulsions complying with EN 13808 were employed, both having
60% of residual bitumen. The first one (C 60 B 10) was produced using neat bitumen,
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Table 1 Grading distribution of RA and mixture aggregate blend

Sieve
size
(mm)

31 20 16 12.5 8 4 2 1 0.5 0.25 0.125 0.063

RA0/16 100 99.7 98.4 91.3 69.2 50.4 32.9 20.6 13.2 8.5 5.3 3.5

Mixture 100 99.8 98.7 93.1 75.5 60.5 43.6 29.1 20.3 14.9 10.5 8.1

whereas the second was obtained using SBS modified bitumen (C 60 BP 10). As co-
binder, two types of high strength cement were selected and provided by Italcementi
S.p.A.: a CSA with compressive strength of 80 MPa after 28 days and a Portland
slag cement type II/B-S (PSC), strength class 52.5N (EN 197-1). The particle density
was 2900 kg/m3 and 3090 kg/m3, respectively. CSA is a rapid hardening cement, its
compressive strength after two days is 45 MPa.

Eight CRAM were produced combining different types and dosages of the co-
binders. Two reference mixtures were obtained using the traditional emulsion (coded
as “B”) whereas the modified emulsion (“BP”) was adopted for the remaining six
mixtures. The residual bitumen to cement (RB/C) ratio was equal to 1.0 and 1.2 to
have a balance among the co-binders. Table 2 summarises the binder dosages (by
dry aggregates mass). The total water dosage was 4.5% by dry aggregate mass, used
to enhance the workability and compactability of CRAM. Total water includes water
from the emulsion and added water. CRAM are coded as follows: cement code (i.e.
CSA or PSC) followed by its dosage, bitumen emulsion code (i.e. B or BP) followed
by its dosage. For example, CSA2.5_BP5.0 identifies the CRAM produced using
2.5% of sulfo-aluminous cement and 5.0% of modified emulsion.

Mixing was performed in the laboratory at ambient temperature using a mechan-
ical mixer. First, the aggregate absorption water was added to the aggregates previ-
ously dried up to the constant mass. Then, the wet aggregate blend was stored in a
sealed plastic bag for at least 12 h until reaching saturated and surface-dry condition.

Table 2 Summary of the testing program

Cement Bitumen emulsion RB/C ratio Curing time

Type (-) Dosage (%) Type (-) Dosage (%) WL, ITSM,
ITS (days)

Thermal
sensitivity
(days)

CSA 2.5 B 5.0 1.2 6 h, 1, 3, 7,
28, 90, 365

28

CSA 2.5 BP 5.0 1.2

CSA 2.5 BP 4.2 1.0 1, 28, 90,
365CSA 3.0 BP 5.0 1.0

PSC 2.5 B 5.0 1.2 6 h, 1, 3, 7,
28, 90, 365PSC 2.5 BP 5.0 1.2

PSC 2.5 BP 4.2 1.0 1, 28, 90,
365PSC 3.0 BP 5.0 1.0
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Then, cement, water and bitumen emulsion were gradually added and mixed to the
aggregate blend until a good coating was achieved. Immediately after the mixing,
the loose mix was compacted using the Superpave Gyratory Compactor (SCG) to
produce cylindrical specimens with 100 mm diameter. The protocol provided con-
stant pressure of 600 kPa, angle of inclination of 1.25° and gyration speed of 30 rpm.
The fixed height compaction mode was applied to reach selected target voids of the
mixture Vm (i.e. air voids and intergranular water) (Grilli et al. 2012). Two values of
Vm were chosen: 8.5% for CRAM with B and 9.5% for the mixtures with BP.

Curing started right after the end of the compaction. Specimens were cured at
(25± 2) °C and constant RH of (70± 5)%. Curing temperature andRHwere selected
to favour the development of both bituminous and cementitious bonds (Mignini et al.
2019). The specimens were cured for 6 h, 1, 3, 7, 28, 90, 365 days. To assess the
thermal-sensitivity specimens were cured for 28 days (Table 2).

3 Test Methods

The evolutive behaviour of CRAM was investigated in terms of WL , I T SM and
I T S.

The WL was monitored by weighing the specimens immediately after the
compaction (M0) and at each curing time (Mi ):

WL = M0 − Mi

MW
(1)

where MW is the mass of the total water in the specimen.
The I T SM was determined according to EN 12697-26, Annex C. I T SM was

measured applying 5 pulse loads with a rise time of (124 ± 4) ms and a horizontal
target strain of 2 · 10−6 mm/mm. The I T S was evaluated according to EN 12697-23,
applying a constant rate of deformation equal to 50 mm/min until specimen failure.
Both tests were performed at 25 °C on three replicates for each mixture and curing
time. Consequently, specimens did not need further conditioning after curing.

The thermal sensitivity was assessed by measuring the I T SM at 5, 15, 25, 40 °C.
Two replicates for each mixture were tested with the same protocol adopted for the
investigation of the evolutive behaviour. I T SM was also measured by applying a
horizontal target strain of 5 · 10−6 mm/mm. Specimens were conditioned at each test
temperature for at least 4 h before the execution of the test.
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4 Results and Analysis

4.1 Evolutive Behaviour

The evolution of WL , from 6 h to 1 year of curing, of CRAM with RB/C = 1.2 is
shown in Fig. 1a. The WL rate of evolution is noticeably higher in the first week,
when its average value is 55 and 59% for CSA and PSCmixtures, respectively. After
that, the evaporation gets slower and it is negligible after 3 months. Although the
type of emulsion does not influence the WL , some differences due to the type of
cement can be observed. After 6 h, CRAMwith CSA lose a higher amount of water.
In the long-term, CSA mixtures display a higher amount of non-evaporated water
(about 25%) compared to PSCmixtures (20%). Even though a slight amount of non-
evaporated water could be entrapped, such evidence points out that CSA cement
bounds a higher amount of water during its hydration process.

Figure 1b depicts the average values ofWL after 1, 28, 90, 365 days, for mixtures
with RB/C = 1.0. Results are similar to the ones obtained when RB/C = 1.2.

Figure 2a shows the evolution of ITSM throughout curing when RB/C = 1.2.
CRAM produced using the same cement highlight a comparable behaviour. In the
early stage of curing, I T SM develops rapidly using CSA. After 6 h, I T SM is about
3600 MPa. Differently, I T SM is about 700 MPa with PSC. After the first days,
the rate of I T SM evolution of CSA mixtures decreases. CRAM produced with PSC
exhibit a lower I T SM even in the long-term. A significative effect related to the type
of bitumen is not observed. It must be underlined that CRAMwith B have lower Vm .
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Fig. 1 Evolution of WL: a as a function of curing time of the CRAM with RB/C = 1.2, b of the
CRAM with RB/C = 1.0 after 1, 28, 90, 365 days. Error bars show the variability of the data



370 C. Mignini et al.

a) b)

0

2500

5000

7500

10000

0 1 10 100 1000

In
di

re
ct

 te
ns

ile
 s

tif
fn

es
s 

m
od

ul
us

 (M
P

a)

Curing time (days)

CSA2.5_B5.0
CSA2.5_BP5.0
PSC2.5_B5.0
PSC2.5_BP5.0

0.25      1        7     28    90     365
0.00

0.25

0.50

0.75

1.00

0 1 10 100 1000

In
di

re
ct

 te
ns

ile
 s

tre
ng

th
 (M

P
a)

Curing time (days)

CSA2.5_B5.0
CSA2.5_BP5.0
PSC2.5_B5.0
PSC2.5_BP5.0

0.25      1        7     28    90     365

Fig. 2 Mechanical properties as a function of curing time of the CRAMwith RB/C= 1.2: a ITSM,
b ITS. Error bars show the variability of the data

Consequently, the effect of the modified bitumen could counterbalance the effect of
the reduced Vm .

Figure 2b depicts the evolution of I T S for CRAM with RB/C = 1.2 In the early
stage of curing I T S develops faster for CRAM with CSA. After 6 h, the strength
is about 0.30 MPa and 0.18 MPa for mixtures with CSA and PSC, respectively. In
the long-term, using CSA, I T S is 20% and 12% higher with B and BP, respectively.
I T S is comparable over all the curing for PSCmixtures, whereas it is slightly higher
for the mixture with B and CSA. The result can be related to the different Vm . The
behaviour is comparable when the same type of cement is used.

Figure 3 depicts the average values of the mechanical properties after 1, 28, 90
and 365 days of curing, measured for CRAM with RB/C = 1.0. Results are similar
to the ones measured for the higher RB/C ratio. Comparing the I T SM (Figs. 3a
and 2a) of CRAM produced using BP (having equal Vm) it can be observed that
the different binders combinations do not have an effective influence on the I T SM .
After the first curing day mixtures differ by up to 15% and 10% when are used CSA
and PSC, respectively. After 1 year the differences are always lower than 10%. The
I T S, as well as I T SM , does not highlight a pronounced sensitivity to the binder
dosage (Figs. 3b and 2b). For CRAM produced with BP the differences due to the
dosages of binders are up to 18% and 15% after 1 day and 365 days, respectively.

Figure 4 shows the relationship between I T SM and I T S described by linear
regression. The relationship is the same for all the CRAM, regardless of type and
dosage of emulsion and cement. This outcome means that the use of a different
cement influences mainly the rate of development of the mechanical properties.
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Fig. 4 Relationship between
ITSM and ITS
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4.2 Thermal Sensitivity

Figure 5a shows the I T SM values at different temperatures obtained fixing the target
horizontal deformation of 2 · 10−6 mm/mm. The experimental data can be fitted using
linear regression:

log I T SM = −a · T + b (2)
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Fig. 5 CRAM thermal sensitivity: a ITSM as a function of temperature for all mixtures (horizontal
deformation 2 · 10−6 mm/mm), b variation of ITSM changing horizontal deformation from 2 · 10−6

mm/mm (ITSM2) to 5 · 10−6 mm/mm (ITSM5)

where T is the temperature, a and b are fitting parameters depending on CRAM
characteristics (reported in Table 3). The slope of the regression line a defines the
thermal sensitivity of the material.

All the investigated CRAM highlight a thermal sensitivity typical of bituminous
materials: I T SM decreases while temperature increases. However, thanks to the
cement, the thermal sensitivity of CRAM is less noticeable compared to HMA
(Cardone et al. 2015). Observing the effect of the bitumen type, a is slightly higher for
mixtures with B when cement type and dosage are the same. CRAMwith CSA have
lower thermal sensitivity compared to CRAM with PSC and the same composition.

Table 3 Regression parameters for Eq. (2) (ITSM, horizontal deformation 2 · 10−6 mm/mm and
5 · 10−6 mm/mm)

Mixture Hor. Def. = 2 · 10−6 mm/mm Hor. Def. = 5 · 10−6 mm/mm

a b R2 a b R2

CSA2.5_B5.0 0.0113 4.112 0.98 0.0124 4.069 0.96

PSC2.5_B5.0 0.0126 4.093 0.97 0.0155 3.999 0.97

CSA2.5_BP5.0 0.0097 4.122 0.96 0.0118 4.036 0.96

PSC2.5_BP5.0 0.0118 4.077 0.96 0.0124 3.918 0.98

CSA2.5_BP4.2 0.0102 4.155 0.97 0.0115 4.074 0.96

PSC2.5_BP4.2 0.0127 4.062 0.99 0.0135 3.977 0.99

CSA3.0_BP5.0 0.0104 4.129 0.94 0.0123 4.089 0.98

PSC3.0_BP5.0 0.0109 4.087 0.98 0.0137 3.939 0.96
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Figure 5b quantifies the variation of the stiffness, � I T SM , when the target hor-
izontal deformation is 5 · 10−6 mm/mm instead of 2 · 10−6 mm/mm. The increase of
the deformation always reduces the I T SM . The result can be attributed to nonlin-
earity effects due to the horizontal deformation. Besides, the higher the temperature,
the higher the � I T SM .

5 Conclusions

The investigation aimed at defining CRAM composition whose mechanical proper-
ties are adequate for the application in binder courses. The influence of two types of
high strength cement was evaluated, as well as the effect of traditional and modified
bitumen emulsion. Outcomes showed that the use of sulfo-aluminate cement allows
the rate of evolution of the mechanical properties to be considerably increased in
the early stage of curing. Moreover, in the long-term stiffness and strength reach
satisfactory levels. The mechanical response of CRAM produced using the Portland
slag cement resulted lower all over one curing year. No particular effect related to the
type of bitumen emulsion was observed, albeit the level of compaction could hide
this evidence. All CRAM investigated exhibited a lower thermal sensitivity thanks
to the cement. Nonlinearity effects related to the deformation were found for all the
CRAM investigated.
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Performance Evaluation of Hybrid EAF
Slag and RAP in Pavement

Shih-Huang Chen, Hasnae Amal Smimine, Wei-Lun Tsai,
Ching-Tsung Hung, Meng-Hsin Kuo, and Ching-Lien Zen

Abstract This study evaluated the mixture of Hot Mix Asphalt (HMA) containing
Electric Arc Furnace (EAF) slag and Reclaim Asphalt Pavement (RAP). The first
design contains 30% EAF slag and the second hybrid design contains mixed EAF
slag and RAP, each 20%. Compared to the control group, EAF slag and EAF slag+
RAP have lower stability inMarshall Test, but perform better in rutting resistance and
moisture sensitivity. In the second part of the study, there are three designs mixture
on the test road. The test piece was drilled for the Hamburg wheel test (HWT) after
paving, showing better creep performance on EAF; hybrid EAF slag+ RAP showed
the best stripping results. On the Stripping Inflection Point (SIP), EAF slag has better
results of the corresponding ruts and times. Besides, EAF slag+RAP does not show
asphalt stripping. EAF slag and EAF slag + RAP have similar results from the
performance of the rut depth of 12.5 mm. From the above study, adding one or even
mixing two kinds of recycled materials can still meet the design requirements, and it
is worthwhile for further study of different recycled materials using in the pavement.

Keywords EAF slag · RAP · Hybrid and pavement

1 Introduction

Most of Taiwan’s road systems are made with a flexible paving structure that exhibits
stability, durability, comfort and slip resistance through good design and appropriate
materials. However, the exploitation of natural materials is becoming more difficult
and the germination of circular economy awareness. EAF slag, for instance, is one
of the currently widely used alternative materials.

EAF steel making is made by waste iron and steel. The by-product produced in
this process is the EAF slag which can be divided into oxide and reduced type. In
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Taiwan, the output of EAF making steel was nearly 1.45 million tons in 2018, of
which oxidized slag accounted for about 80% (Zhan 2019). Half of it was applied
to engineering materials. For paving engineering, EAF slag can be processed into
fine or coarse aggregate and applied in hot mixing, cold mixing or surface treatment
of paving. Many studies compared mixtures containing EAF slag with mixtures of
natural aggregates and found that the performance of EAF slagmixture is satisfactory
in indirect tension, resistance to stripping, fatigue life and permanent deformation
(Kim et al. 2018). Compared to virgin mixture, the testing result of elastic modulus
and indirect tensile of EAF slag applied in HMA were satisfied (Asi et al. 2007).
The asphalt concrete containing EAF slag also shows good rutting resistance (Hainin
et al. 2012) and has better stability performance for Marshall Test.

Due to its physical properties, including rough texture, multi-angled angle and
high internal friction angle, EAF slag has good results in anti-rutting, deforma-
tion, crack and water intrusion. Because of these characteristics, asphalt concrete
can have better interlocking effect and improved bonding ability (Kavussi and
Qazizadeh 2014). The above research results are all related to coarse EAF slag,
and the characteristics of coarse EAF slag are the factors to improve the perfor-
mance of asphalt concrete. Compared with coarse EAF slag, the study of fine EAF
is not much. A few studies of fine EAF slag indicate that the use of fine EAF slag
has lower values in Marshall Stability, indirect tension and rebound modulus. On
the other hand, fine EAF slag had better resistance to water intrusion (Ameri et al.
2013). Improve the processing treatment of fine EAF slag, which amend its texture
roughness and angularity in order to ameliorate the adhesion of fine EAF slag. The
test results of improved fine EAF slag has better stability, rutting resistance and water
intrusion resistance (Chen et al. 2015).

However, the EAF slag is prone to volume instability once it contacts with water.
X-ray Diffraction studies of EAF slag show that the EAF slag has a large amount
of free compounds such as MgO and CaO which lead to volume expansion when
hydration resulting in volume instability (Yildirim and Prezzi 2011). Due to Volume
instability problem, the EAF slag needs to be processedwith weathering stabilization
treatment before applied in asphalt concrete. Storing and exposing EAF slag directly
to an open atmosphere for at least 3 to 18 months helps to oxidize free Ca/Mg to
Ca/Mg-hydroxide (Sofilić et al. 2010).

Due to volume instability and stabilized processing time, most of the current EAF
slag is ground into fine particles to reduce the stabling treatment time and volume
instability in Taiwan. However, the fine EAF slag mentioned in the previous research
can resist to water intrusion but cannot effectively improve Marshall Stability and
indirect tension. One of the feasible solution is to mix fine EAF slag in recycled
asphalt concrete, which can effectively improve the rutting resistance, moisture sen-
sitivity and tensile strength of the mixture (Bowers et al. 2014; Huang et al. 2011;
Shu et al. 2012). But the ratio of using is limited by the uncertainty of RAP. The
asphalt content and viscosity of RAP are high which made influence on quality, so
the upper limit of use is 40% (Chen 2012).
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Table 1 Natural aggregates and oxidized slag specific gravity and water absorption

Aggregates Stone Sand Fine EAF slag RAP

Specific gravity (oven-dry) 2.575 2.609 3.292 2.574

Water absorption (%) 1.65 0.52 2.29 1.37

In the study of the combination of EAF slag and RAP in asphalt concrete, the
mixture prepared by the recycled material and the slag showed better fatigue per-
formance and low-temperature fracture performance than the virgin mixture (Wang
et al. 2019). The reason for this result may be related to the material properties of
EAF slag and the increments of asphalt when designing with EAF slag (Falchetto
et al. 2017). In summary, the application of the combination of RAP and EAF slag
to the pavement structure is feasible.

2 Materials and Methods

2.1 Material Selection

In this study, the nominalmaximum aggregate size is designed to be 19mm. Since the
coarse EAF slag may be incomplete due to insufficient asphalt coating or insufficient
asphalt film thickness, which may lead to rust spots on the EAF slag slag surface.
The EAF slag used in this study is ground into fine particles (100% through No.4
sieve) replacing some natural fine aggregate. The combination of natural aggregate
and EAF slag is designed with AC-20 asphalt cement. While the target viscosity
of recycled asphalt concrete with EAF slag + RAP is 2000 P, the asphalt cement
is AC-10 to meet design needs. The basic properties of the aggregates used in this
study are shown in Table 1.

2.2 Marshall Design

To understand whether different recycled aggregate can be mixed or not, this study
designed three mixtures. The first type is the natural aggregate control group, the
second type is the design of the addition of oxidized slag, and the third type is the
recycled asphalt materials mix design of adding oxidized slag. The first two use
asphalt cement as AC-20, and the third uses AC-10. The asphalt concrete design
is based on the Marshall Design method of the seventh edition of Asphalt Institute
Manual Series No. 02. The gradation of three groups are designed according to the
dense grade asphalt concrete specification table (19.0 mm). The ratio of use of each
aggregate is shown in Table 2 and the gradation is shown in Fig. 1.
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Table 2 Three asphalt concrete mix design aggregate ratio

Mix Stone Sand Mineral filler Fine EAF slag RAP

Virgin 51 44 3 – –

EAF slag 57 9.5 3.5 30 –

EAF slag + RAP 50 8.5 1.5 20 20

Fig. 1 Three asphalt concrete mix design gradation

A. Virgin
Using natural aggregates and design matching the intermediate curve of the
specification zone.

B. 30% EAF slag
The recommended upper limit of EAF slag substitution is 40% as the reference,
and concerning the maximum amount of natural fine aggregate is replaced by
EAF slag. The gradation curve should conform to the specification zone and as
close as possible to curve A.

C. 20% EAF slag + 20% RAP
The design of recycled asphalt concrete supplemented by EAF slag and RAP
is replaced with the maximum amount of natural aggregate that based on the
recommended upper limit of 40%. It should meet the target viscosity of 2,000 P,
so the asphalt content of RAP and the viscosity of the recycled asphalt should be
concerned. The add ratio of RAP and EAF slag are 20% each and the gradation
should conform to the specification zone and as close as possible to curve A.
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Table 3 The test road different sections lengths

Section Mileage Length (m) Material Binder’s grade

A 0K+000–0K+025 25 Virgin AC-20

B 0K+025–0K+97 72 30% EAF slag AC-20

C 0K+97–0K+170 73 20% EAF slag + 20%
RAP

AC-10

2.3 Method

In order to understand whether the mixed use of different recycled materials can
still meet the design requirements, this study uses Marshall design to the above
three different designs to obtain the optimum asphalt content. According to the
results, the indirect tensile test and the resistance of moisture-induced damage test
are carried out respectively. The previous tests were carried out in order to investigate
the laboratory performance for three asphaltic designs; later on, a road was paved
into three different sections (each with a mixture design) for a field performance
evaluation. The driveway is 170m long and 10mwide. According to the calculations,
the traffic volume on the road for the last 20 year ESALs (Equivalent Single Axle
Load) is 1.53 × 106 as a heavy traffic volume. Three sections and their lengths are
in Table 3. Then, three designs were paved, and the HWT was carried out after the
paving to find out whether the mixture of EAF slag and RAP was still able to meet
the paving design requirements.

3 Results and Analysis

This study was designed in accordance with the heavy traffic volume in Taiwan. The
specimen was made with double-sided compacting 75 blows by Marshall hammer.
Finally, the most optimum asphalt content is 4% of void ratio. See Table 4 below.

Table 3 shows the threemajor differences in design, stability; natural aggregate has
higher stability results than the other two mixtures, although they both contain fine
EAF slag. From the previous research, the addition of EAF slag as coarse aggregate

Table 4 Marshall design results at 4% voids

OBC (%) Gmb Stability (kgf) Flow
(0.25 mm)

VMA (%) VFA (%)

Requirement – – �817 8–14 �13 65–75

Virgin 5.0 2.334 1940 11 13.6 72

EAF slag 5.0 2.499 1504 12 14.0 72

EAF slag +
RAP

5.2 2.456 1337 11 13.6 71
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Fig. 2 Indirect tensile strength test a and Tensile strength ratio b

in hot mix asphalt concrete will increase the stability value and reduce the fluidity,
and the improvement is mainly due to the physical properties of the coarse EAF slag,
such as the rough surface and angularity. There is little research on the application
of fine EAF slag in hot asphalt concrete, however, a few studies have shown that
asphalt concrete with fine EAF slag is less stable than normal asphalt concrete, and
the reason may include that fine EAF slag is not good at angularity which surface
lost the interlocking effect after grinding (Chen et al. 2015).

The mixture of EAF slag and RAP has the lowest stability. Through previous
studies, the aged asphalt in RAP is not easily remixed with the new asphalt, and
the added ratio of new asphalt content is significantly low that only thin oil film
reforming on RAP aggregate which reduced the bonding effect of the aggregate.

This study is processed with the dry curing procedure of AASHTO T283 and the
average void ratio of the three mixtures was controlled between 7.1 and 7.4%. The
test results are shown in Fig. 2(a), which shows no significant difference between
them. Therefore, Indirect Tensile Strength (IDT), the maximum tensile stress asphalt
concrete can withstand, is not affected by the addition of EAF slag.

Tensile StrengthRatio (TSR) is the result of IDT test comparing dry andwet curing
after the specimen is processed with wet curing. The effects of freezing and thawing
damage is not considered in wet curing due to the weather of Taiwan. Figure 2(b)
shows the results of different mixtures. The virgin mixture is not ideal for moisture
damage resistance. EAF slag and EAF slag + RAP show higher TSR which is 21
and 23%. The addition of EAF slag enhances the tensile strength of the mixture,
indicating that EAF slag can obtain satisfactory resistance to moisture and cracking,
while the mixture of EAF slag + RAP shows that there is almost no difference in
tensile strength between dry curing and wet curing. EAF slag and RAP have been
proved excellent in performance of moisture resistance and anti-stripping, and the
results of this test indicated thatmixture of EAF slag andRAPcan effectively enhance
the ability of resist water intrusion. The study result is worth exploring in Taiwan
that is hot and rainy.

Most of the current research on water intrusion resistance is based on the strength
ratio (TSR or retention strength) of the asphalt concrete specimen to evaluate its
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capacity. While the HWT is to immerse the specimen in 50 °C water for 45 min
which is composite experiment that asphalt concrete is subjected tomoisture intrusion
and rutting resistance simultaneously with repeated sinusoidal motion. The HWT
evaluated the sensitivity of various moisture-impacted experiments. It suggests that
the creep slope and stripping slope of the HWT have a very high impact on water
intrusion, so it can be used to compare the degree of moisture affected by the test
(Schram and Williams 2012). This study was performed in accordance of AASHTO
T324.

Standard test results include three phases: re-compacting phase, creeping phase
and stripping phase. The re-compacting stage is the case where the sample void
ratio is compacted. When compacted to a certain rut depth, the slope will gradually
decrease to reach the latent stage. The slope at this stage is the rutting sensitivity.
When the slope is large, the specimen is more likely with rutting situation. The slope
of the next stage will start to increase which is the stripping stage, indicating that
the asphalt starts to peel off from the surface of the aggregate and the aggregate is
stripped off. This stage is greatly affected by moisture and can be used to compare
the degree of moisture intrusion of the specimen. The intersection of the stripping
slope and the creep slope is the stripping inflection point, which can be used to
comprehensively evaluate the degree of damage caused by the rutting and asphalt
stripping of the specimen under the influence of moisture.

In order tomake sure the fieldmixture has the same performance as the laboratory,
the study constructed a test road, and drilled the specimen for the HWT 3 days after
the open traffic. Figure 3 compares the relationship between the rut depth (mm) and
the number of passes (x1000).

From the results of the HWT in Fig. 3, we can find that many trends are similar to
those in the laboratory. First, in the slope of the potential change, the natural aggregate

Fig. 3 Deformation (mm) versus number of passes



382 S.-H. Chen et al.

Table 5 HWT results Virgin EAF slag EAF slag +
RAP

Creep slope 0.955 0.354 0.732

Stripping
slope

2.084 2.245 N/A

SIP, (mm,
passes)

(4.26, 3216) (4.63, 9012) N/A

Rut Depth
12.5 mm,
passes

7,170 12,518 12,600

shows the maximum slope value, and EAF slag has the lowest slope value. This also
has an approximate situation on the IDTbut not significant. EAF slag still has a higher
experimental value. In terms of exfoliation slope, EAF slag + RAP did not reach
asphalt stripping from the beginning to the end of the test, while natural aggregate
and EAF slag have similar slope value. Compared with the results of laboratory TSR,
EAF slag + RAP is good in resisting to moisture damage.

The difference from other tests is that HWT can comprehensively evaluate the
effects of anti-rutting and anti-moisture damage, so we can pay more attention to the
results of SIP. Usually, if the number of passes when SIP occurs is small, it means
that the mixture is more vulnerable to water damage. SIP value in Table 5 reflects that
the natural aggregate does not perform well in this respect. While there is no obvious
peeling point onEAF slag+RAP, indicating that it has excellent performance against
moisture damage.

Finally, we compare the number of passes of the three design reaching the maxi-
mum rut depth, which is amoderate rut damage according toASTMD6433 of 13mm
or more, so the setting rut depth is 12.5 mm. The recommended number of passes
at a depth of 12.5 mm rut is not clearly defined in Taiwan; even in the United States
where the numbers are not uniform. However, the recommended value for PG-64
grade asphalt cement is generally between 10,000 and 15,000. The test results show
that natural aggregate has poor performance in it. In Fig. 3, the SIP of natural aggre-
gate occurs when the number of passes is very low although the stripping slope of it
is similar to EAF slag, and the corresponding rutting depth is lower than that of EAF
slag. But the resistance to moisture damage of natural aggregate is unsatisfactory,
which explains that EAF slag + RAP has a poor creep slope compared to EAF slag
but the number of passes is almost the same when setting the rut depth of 12.5 mm.

4 Conclusions

For the test result of three mixtures, natural aggregate has higher values in stability
and similar results to other mixtures in indirect tension. But when the mixture is
affected by moisture, the resistance to water intrusion of natural aggregate is much
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lower than the other two mixtures; while EAF slag has better crack resistance and
EAF slag + RAP has better results in water sensitivity.

Although this study did not discuss the effects of changes in the volume properties,
the addition of fine EAF slag that the coarseness of the surface elevated and has
relative small volume did increase the voids between the aggregate and the addition
volume of asphalt in order to meet the design requirements of the void ratio. It is
helpful for the water resistance and durability of the specimen.

The coarse EAF slag has doubts about the stability of volume, while the fine EAF
slag can reduce the occurrence of this problem and has good performance not only
in the laboratory but also on the field. In addition to EAF slag, the mixture of RAP
and EAF slag has excellent result in resistance to moisture damage, which is a viable
option for economic cost and environmental value considerations. Therefore, mixed
use and the collocation ratio of different recycled materials deserve further studies.
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Effect of Waste Fillers on the Rutting
and Fatigue Behavior of Asphalt Mastic
and Mixes

Jayvant Choudhary, Brind Kumar, and Ankit Gupta

Abstract This study compared the performance of rutting and fatigue resistance of
asphalt mastics and mixes prepared with waste fillers (limestone sludge (LS) and
glass powder (GP)) to the conventional stone dust (SD) filler counterparts. Physical
and chemical properties of fillers were determined. Asphalt concrete mixes were
prepared at three different filler proportions (4, 5.5 and 7%) and their optimum
asphalt contents (OAC) were determined. The asphalt mastics for all mixes were
prepared at their respective filler binder ratio and their rutting and fatigue analysis
was conducted usingmultiple stress creep and recovery (MSCR) and linear amplitude
sweep (LAS) analyses. At their OAC’s, indirect tensile strength, Marshall quotient,
resilient modulus and fatigue lives of asphalt concrete mixes were analyzed. Both
LS and GP mixes displayed superior rutting resistance and fatigue resistance than
conventional mixes due to their tendency to display higher stiffening and crack
pinning behavior caused by the finer particle size and lower specific gravity. This
trend was more or less similar in the case of mastics as well. Overall, mastics and
mixes prepared with GP and LS displayed superior performance than standard SD
filler and hence they could be utilized as alternative fillers.

Keywords Asphalt mixes ·Waste fillers · Resilient modulus ·MSCR · LAS ·
Sustainability

1 Introduction

Asphalt mixes are conventionally made up of non-renewable resources like aggre-
gates and carbon-based bitumen binder. In 2017, USA and Europe together produced
640 million tonnes of hot and warm mix asphalt (EAPA 2019). Production of such
large quantity of mixes has inherent distinctiveness for environmental damage due
to continuous exploitation of natural resources, particularly aggregates. Exhaustive
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mining of aggregates cause problems such as vegetation loss, loss of water retain-
ing strata, lowering of groundwater table and disturbance in the existing ecosystem.
However, asphalt mixes are 100% recyclable and in present scenario, researchers are
emphasizing on utilizing RAP as well as various solid wastes in the construction of
new pavements. Fillers are the finest part of aggregates and are defined as mineral
grains most of which pass through 75 μm sieve (MORTH 2013). Inert particles of
fillers fill the voids between larger aggregates while active filler articles can alter
the behavior of bitumen-filler mastic, adhesion and strength of the mixture due to
their physico-chemical interaction with the binder in mix. The overall performance
of asphalt mixes is influenced by physical and chemical properties of fillers and due
to their relative proportion in asphalt mixes (Choudhary et al. 2018; Huang et al.
2007). Stone dust, cement, and hydrated lime are being conventionally utilized in
asphalt mix composition as fillers since they deliver satisfactory performances in
the mix. However, several studies have observed that the solid wastes like bauxite
residue (Choudhary et al. 2018); carbide lime (Choudhary et al. 2018); copper tail-
ing (Modarres and Bengar 2017); fly ash (Chandra and Choudhary 2013) could be
beneficially utilized as fillers.

Glass and stone industry are two of the largest producers of non-biodegradable
solid wastes. According to the USGS 2015, the dimension limestone constitutes
45% of the USA’s market (Dolly 2015). In 2007, it was estimated that the global
production of glass was more than 130 million tonnes and it is estimated to increase
further due to exponential growth in its demand (IEA 2007). Both limestone and
glass in their respective industries undergoes finishing operations like cutting and
polishing, which produces a significant amount of non biodegradable solid wastes
in the form of limestone sludge (LS) and glass powder sludge (GP). This sludge
largely consists of suspended dust particles and is disposed of in the landfill nearby
the industrial area. Recent studies have observed that incorporation of glass powder
as filler can form mixes with satisfactory stability, rutting and cracking resistance
(Arabani et al. 2017; Choudhary et al. 2018). However there is a need for a much
detailed study to analyze the suitability of GP and LS which not only can save
significant amount of conventional fillers but also can ensure their safe disposal.

2 Materials and Experimental Investigations

2.1 Materials

Dolomite aggregates were used in the study and gradation used to prepare the asphalt
concrete mix stated in Fig. 1 (MORTH 2013). VG 30 asphalt (similar to the 60/70
penetration grade binder) was utilized in this study. Dolomite SD was utilized as
the conventional filler and was collected locally (24.46° N, 82.99° E). Dried LS
was collected from the dump yard of dimension stone industry located in Kota city
(26.91° N, 75.78°) whereas, GP was collected from the dump yard of a glass factory
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Fig. 1 Particle size distribution of fillers

Table 1 Chosen gradation of asphalt concrete mixes

Sieve sizes
(mm)

19 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Lower-upper
limits (%)

100 90–100 70–88 53–71 42–58 34–48 26–38 19–28 12–20 4–10

Adopted
gradation
(%)

100 91 74 62 50 43 35 25 14 4.0,
5.5,7.0

located in Bhopal (23.26° N, 77.41° E). All wastes are obtained free of cost from
their respective dump yards. Oven dried filler which passes through 0.075 mm sieve
was utilized in this study (Table 1).

2.2 Characterization Tests on Fillers

Specific gravities of all fillers were determined as per ASTM D854 guideline. Parti-
cle size distribution curves were plotted and were characterized using fineness mod-
ulus (FM) and mean particle size (D50). Particle shape and surface texture was ana-
lyzed using scanning electron microscopy (SEM) analysis. Porosity of fillers was
determined as per the German filler test (NAPA 1999). Prevalent minerals in the filler
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compositionwere evaluated usingX-RayDiffraction (XRD) investigationwhichwas
conducted using Rigaku benchtop XRD device operated with Cu Kα radiation at
1.5406 Å wavelengths. The analysis of Methylene blue values (MBV) of fillers was
done as per the EN 933-9 specification to enumerate the harmful clay content and
organic matters in fillers. Various results are stated in Table 2, and in Figs. 1 and 2.

Table 2 Properties of various fillers

Property GP LS SD Inferences

Specific gravity 2.370 2.650 2.698 GP and LS has
lower specific
gravity and thus
occupies larger
volume in asphalt
mix

Methylene blue
value

1.25 3.75 3.25 All fillers have
lower MBV an
harmful clay
content

German filer
value (g)

75 97 85 GP and LS had
lowest and
highest fractional
voids per unit
weight
respectively

Fineness
modulus

4.66 3.03 5.38 SD and LS found
to be coarsest
and finest filler
respectively

Particle shape
and texture
(SEM)

Angular particles
with smooth
texture

Small size,
granulous and
somewhat
spherical
particles with
rough texture

Angular particles
with smooth to
rough texture

Particles with
rough texture
may negatively
affect workability
and can also
cause higher
asphalt
absorption

Primary
mineralogical
composition
(XRD)

Quartz (SiO2) Calcite (CaCO3),
Quartz (SiO2),
Enstatite
(Mg2Si2O6)

Dolomite
(CaMg(CO3)2),
Quartz (SiO2),
Ertixite
(Na2Si4O9)

SD and LS has
dolomite and
calcite
respectively
which improve
asphalt adhesion.
GP had quartz
which is
associated with
poor moisture
sensitivity
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Fig. 2 SEM images of GP (left), LS (middle), and SD (right)

2.3 Design of Asphalt Concrete Mixes

The Indian mix design specification, MORTH 2013 advices to utilize Marshall mix
design procedure as per MS-2 (Asphalt Institute 1997) to determine OAC of asphalt
mixes. At OAC, Marshall stability (MS), flow and volumetric properties (voids in
mineral aggregates (VMA), voids filled with asphalt (VFA) and air voids (VA)) were
also calculated. The OAC is considered as asphalt content corresponds to 4% air
voids (VA) of the mixes. The increment of filler proportion in the mix was done by
reducing the proportion of fine aggregates accordingly in order to satisfy the chosen
gradation. The effective filler binder ratio was then calculated and asphalt mastics
were designed according to it.

2.4 Preparation and Testing of Asphalt Mastics

A total of nine types mastics were designed by mixing GP, LS, and SD fillers with
bitumen in three different filler binder ratio, which was decided based on OAC of
the mixes and their filler contents (4, 5.5, and 7%). The mixing was done at 163 °C
using mechanical mixer operating at 2000 rpm for 30 min.

The MSCR test was conducted on short-term aged mastics at 64 °C, using a
dynamic shear rheometer (DSR) with 25 mm parallel plate in diameter (1 mm gap),
in accordance with the standard AASHTO TP70. During the tests, each sample
was subjected to ten consecutive cycles at two stress levels (0.1 and 3.2 kPa) and
every cycle underwent one second creep loading followed by a nine-second recovery
without loading.Thenon-recoverable compliance (Jnr) and the percent recovery (%R)
after 10 cycles at 0.1 and 3.2 kPa were studied. The Jnr value was calculated as the
ratio between the average non-recoverable strain for 10 creep and recovery cycles,
and the applied stress for those cycles.
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The characterization of fatigue failure was carried out by performing Linear
Amplitude Sweep (LAS) test as per AASHTO TP 101. This test was conducted
using a DSR with a standard geometry of 8 mm parallel plates and a 2 mm thick-
ness gap. It measures accelerated damage of mastic using cyclic loading by linearly
increasing load amplitudes (1–30%). The relationship between the number of load-
ing cycles to failure (Nf) and the applied initial strain amplitude (γ) can be expressed
by the following equation.

Nf = A(γ)−B
(1)

Where A and B are the fitting coefficients

2.5 Testing of Asphalt Mixes

Indirect Tensile Strength
The average indirect tensile strength (ITS) of compacted asphalt concrete mix sam-
ples which was determined according to ASTM D6931 guidelines. This evaluation
was performed at 25 °C in which, compressive force was imposed on compacted
Marshall sample diametrically with the help of steel strips at a constant rate of
50.8 mm/min.

Rutting Resistance
Marshall Quotient (MQ) is the ratio ofMarshall stability (kN) to flow (mm) of asphalt
mix at OAC. Several studies have observed that asphalt mixes with higher MQ have
higher stiffness as well as higher ability to spread the imposed load, which lead to
their superior rutting resistance.

Resilient Modulus
Resilient modulus of all mixes was determined at 35 °C as per ASTM D4123 guide-
line. TheUTM14was equippedwith a temperature control chamberwhichmaintains
a constant temperature (35 °C) during specimen conditioning and testing. A haver-
sine load pulse was applied at a frequency of 1 Hz (0.1 s load and 0.9 s rest period)
vertically along the vertical diameter of specimens using curved loading strips. The
stress level in this test should lie in between 10–50% of indirect tensile strength.

Fatigue Resistance
Indirect tensile fatigue test (ITFT)was performed as per EN12697-24 specification to
predict the fatigue life of asphalt mixes. The ITFT was conducted under controlled
stress conditions at 25 °C with a stress level equal to 40% of the indirect tensile
strength of the compacted Marshall specimen (with 4% air voids). The stress level
of 40% is chosen to reduce the time of testing. The haversine load pulse with loading
and rest periods of 0.1 s and 0.4 s respectively were as taken for the analysis. The
specimen was continuously loaded until its complete failure.
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3 Results and Discussion

3.1 Marshall and Volumetric Properties

In general, it is observed that almost all mixes fulfilled the requirements of strength
and volumetrics as per Indian specifications (Table 3), and hence these materials
can be utilized as fillers. In general Marshall stability were found to be increased
with filler content. Improvement in stability might be due to toughening of asphalt
mastic due to increase in filler content and a decrease in OAC. All mixes had flow
values within the prescribed limit, which limit their possibility to be excessively
plastic or brittle. In all cases, OAC decreases with the increase in filler content. It
might be due to the asphalt “extender” behavior of fillers which suggest that less
amount of binder is needed with higher filler content to make the same amount of
mastic for lubrication of aggregates in the mix (Huang et al. 2007). LS displayed
a greater tendency to exhibit asphalt binder extender function than GP and SD. GP
also have lower specific gravity than SD and thus occupied larger volume in mix at
same weight proportion which leaves lower volume for asphalt accumulation in the
mixes and thus reduce the OAC of the mixes (Korayem et al. 2018).

Table 3 Marshall and volumetric properties of mixes at OAC

Type of filler Filler
content (%
of the
weight of
aggregates)

OAC
(% of
the total
weight
of mix)

Bulk
specific
gravity

VMA
(%)

VFA
(%)

Marshall
stability
(kN)

Flow
(mm)

Stone dust 4.0 6.20 2.430 17.02 74.22 12.22 3.43

5.5 5.95 2.444 16.21 74.43 13.99 3.62

7.0 5.38 2.453 15.31 74.79 15.96 3.50

Glass powder 4.0 6.03 2.427 16.51 74.85 12.98 3.38

5.5 5.81 2.431 15.96 73.92 13.46 3.18

7.0 5.48 2.441 14.85 72.97 14.93 3.37

Limestone
sludge

4.0 5.96 2.427 16.83 74.79 12.65 3.37

5.5 5.53 2.456 15.33 72.54 14.42 3.15

7.0 4.98 2.469 14.27 73.84 15.60 2.95

Requirements 4–10 – – 14.00
(min)

65–75 9.00
(min)

2–4



392 J. Choudhary et al.

Table 4 Table displaying various parameters obtained from MSCR test of mastics

Filler
type

Filler
content
in mix %

Filler
binder
ratio for
the
mastic

Abbreviation
of the mastic

Jnr at
0.1 kPa
(kPa−1)

Jnr at
3.2 kPa
(kPa−1)

% R at
0.1 kPa
(%)

% R
3.2 kPa
(%)

SD 4 0.66 SD 4 1.0839 1.2343 5.15 0.78

5.5 0.98 SD 5.5 0.7132 0.8042 5.62 0.94

7 1.38 SD 7 0.5013 0.5733 6.55 1.70

GP 4 0.71 GP 4 0.4819 0.5491 7.86 1.00

5.5 1.01 GP 5.5 0.2056 0.2142 13.42 1.50

7 1.46 GP 7 0.0753 0.0597 28.66 6.10

LS 4 0.70 LS 4 0.8668 1.0184 7.09 1.10

5.5 1.06 LS 5.5 0.5557 0.6414 5.96 1.07

7 1.45 LS 7 0.2976 0.3282 10.93 2.99

3.2 Performance of Asphalt Mastics

The rutting resistance of mastics was found to increase with the filler binder ratio as
determined from their decrease in Jnr values and the increase in percentage recovery
values at both stress levels (Table 4). The GP mastics displayed highest rutting
resistance followed by LS and SD mixes. The higher stiffening of GP mastic might
be attributed to the higher volume of glass powder at each filler level. This might
be due to higher stiffening of mastic caused by higher volume of glass powder per
unit weight due to its lowest specific gravity as well as due to angular nature of
glass particles. For all the mastics the fatigue lives were found to reduce with the
increase in filler binder ratio and the increase in strain magnitude (Table 5). The
decrease in fatigue lives might be due to the increase in the stiffness of the mastics.
The SD mastics have the highest fatigue lives followed by LS and GP mastics. The
GP mastics were found to be most strain susceptible.

3.3 Performance of Asphalt Mixes

Indirect Tensile Strength
Indirect tensile strength of allmixes increasedwith filler content (Table 6). It is clearly
understood that filler has higher strength than the binder. So, at higher filler content,
increase in the portion of filler and a simultaneous decrease in binder content in
mastic will inevitably increase its strength and as well as ITS of asphalt mix (Huang
et al. 2007). LS mixes has highest ITS values followed by GP and SD mixes. Recent
studies have observed that finer fillers have a great potential for uniform distribution
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Table 5 Table displaying various parameters obtained from LAS analysis of mastics

Type of mastic A B Nf and γ

relationship
Nf at different strains

0.1% 1% 2.5% 5%

SD 4 23903 2.50 Nf =
23903(γ)−2.50

7733532 23697 2368 415

SD 5.5 20671 2.45 Nf =
20671(γ)−2.45

5960708 20578 2156 391

SD 7 7719 2.73 Nf =
7719(γ)−2.73

4298452 7374 585 86

GP 4 13959 2.59 Nf =
13959(γ)−2.59

5554930 13904 1282 211

GP 5.5 7012 2.70 Nf =
7012(γ)−2.70

3589537 6754 556 84

GP 7 2408 2.73 Nf =
2408(γ)−2.73

1268580 2560 217 33

LS 4 27839 2.52 Nf =
27839(γ)−2.52

9398720 27993 2766 480

LS 5.5 16440 2.51 Nf =
16440(γ)−2.51

5371132 16499 1650 289

LS 7 5758 2.64 Nf =
5758(γ)−2.64

2585007 5511 477 75

Table 6 Various properties of asphalt concrete mixes prepared at OAC

Filler type Filler
content in
mix (%)

OAC (%) Marshall
Quotient
(MQ)

Indirect
tensile
strength

Resilient
modulus
(MPa)

Fatigue life

SD 4 6.20 3.57 652 1360 2491

5.5 5.95 3.96 718 1991 4201

7 5.38 4.57 851 2630 6136

GP 4 6.03 3.85 727 1610 4324

5.5 5.81 4.24 754 2134 5812

7 5.48 4.66 892 2834 6371

LS 4 5.96 3.77 826 1429 3551

5.5 5.53 4.62 902 2284 4985

7 4.98 5.29 984 3037 6762

and formation of an integrated structure in the asphalt mix, which ultimately improve
the ITS of the mixes (Modarres and Bengar 2017).

Marshall Quotient
MQ values were found to be increased with the filler content (Table 6). The rutting
resistance of asphalt mix was found inversely proportional to their VMA (Chris-
tensen and Bonaquist 2006). They followed the trend similar to that of mastics;
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however it was interesting to notice that in some cases the KS mastics (KS 5.5, and
KS 7) displayed relatively higher Jnr values, but still their mixes displayed higher
rutting resistance. It suggested that volumetric properties like VMA also dominate
the stiffness of the mixes other than the mastic. Both LS and GP displayed higher
MQ values than SD mixes. All mixes fulfilled the satisfactory requirements of MQ
(2–5 kN/mm) specified in Indian specification.

Resilient Modulus
Resilient modulus also followed the trend similar to MQ and increased with filler
content (Table 6). It was expected since OAC in both mixes decreased with the
increase in the filler content and Mr usually increase with decrease in binder content
(Akbulut et al. 2012). They also followed almost similar trend with the Jnr values of
their mastics (Table 4). Mixes containing LS and GP had higher Mr values than SD
mixes for each filler contents.

Fatigue Life
Fatigue life of asphalt mixes were found to increase with the filler content (Table 6).
It was quite interesting since it followed almost inverse trend than that was observed
by their mastics. This reason behind it would be the mode of the loading. LAS test
performed on mastics was based on strain controlled, while the ITFT test performed
on the mixes was stress controlled. Several studies have observed the significantly
different fatigue life values when testing was done in different mode of loading. In
case of stress controlled mode of testing, the fatigue life usually increases with the
stiffness of mixes which is also observed here. Higher fatigue lives of LS and GP
mixes might also be due to their higher tendency to show crack pinning behavior due
to their finer size and higher filler volume in the mix. It was also interesting to see
that trend of fatigue lives of the mixes and the percentage recovery (%R) displayed
by mastics in MSCR tests are similar (Tables 4 and 6). Hence future study can focus
on obtaining correlation between two test methods since they are based on similar
mode of loading.

4 Conclusions

This study investigated the suitability of two industrial wastes, LS and GP as fillers
on the performance of asphalt concrete mastic andmixes at three filler contents. Both
waste displayed physical and chemical properties synonymous of a good filler. Both
LS and GP mixes formed the asphalt mixes that delivered satisfactory strength and
volumetric properties at relatively lower OAC. Lower OAC of GP and LS mixes was
due to their lower specific gravity, finer size, and tendency to act as asphalt extender
in the mixes. Mixes prepared with both fillers were also displayed higher indirect
tensile strength, resilient modulus, rutting and fatigue resistance than conventional
mixes at all filler contents. The rutting resistance of themixes as determined fromMQ
test followed similar trend to that of Jnr values of their asphalt mastics as determined
from MSCR test. However, fatigue life of mixes as obtained from ITFT test found
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to have inverse trend of that of their mastics (LAS test), which was attributed to
the change of mode of loading in test methods. Mixes made with GP and LS also
fulfilled the requirements of Marshall, volumetric properties and MQ as mentioned
in Indian specifications. Hence, based on this limited study, GP and LS can be proven
as viable fillers for asphalt concrete mixes. Both wastes has been obtained free of
cost from their respective source and they doesn’t require additional modification
other than sieving. Hence their mixes can also be proven to much more economical
than conventional mixes. However, this aspect needed further exploration in the
future research. In addition to this performance evaluation of mixes against moisture
sensitivity, raveling, low temperature cracking and long term ageing is also needed
to be explored in future.
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Evaluating the Properties of Bioasphalt
Produced with Bio-oil Derived
from Biodiesel Production

Caio Rubens Santos, Jorge C. Pais, Jorge Ribeiro, and Paulo Pereira

Abstract Environmental concerns are conditioning all processes that use hydro-
carbons products, building awareness for a more sustainable environment through
products called bio. In this scenario, it is also the production of bitumen, where the
substitution of part of the bitumen by bioproducts is a contribution to the sustainabil-
ity of the environment. Bio-oil, which is currently used for burning with the purpose
of producing energy, can be used to modify the bitumen, producing a bio-asphalt.
Trying to contribute to sustainable development, this paper presents an initial analy-
sis of the feasibility of using bio-oil in the production of pavement bitumen. One base
bitumen was used, namely, residue of asphalt. The tests were carried out for physi-
cal characterization of the bio-bitumen, namely the penetration, the softening point,
and the Brookfield viscosity, as well as its rheological characterization in which the
dynamic shear modulus and the phase angle were evaluated. The bio-oil content,
by weight, varied from 2 to 10% for the residue of asphalt. It was verified that the
base bitumen, namely the residue of asphalt, can be softened significantly due to
the bio-oil. The bio-oil content of 6% added to the residue of asphalt produces a
bio-binder with physical behaviour similar to a conventional 35/50 pen asphalt.
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1 Introduction

Crude oil is the main source of fuel, supplying almost a quarter of the world’s
energy demands for the needs of the industry, transportation and housing (Hu et al.
2018). However, the depletion of crude oil reserves generates several efforts to use
less petroleum asphalt binder for road pavements (Colbert et al. 2016). In the cur-
rent paradigm, regarding oil-related energy policies, there is an increase to develop
environmentally friendly methods and products that minimize the use of crude oil,
without compromising current and even future needs of petroleum products, such
as the asphalt for road paving. Nowadays, the bitumen used in road pavements is
obtained by processing crude oil in a refinery. Thus, there is an awareness for a
more sustainable environmental development that calls for bio-products, which are
derived from different sources and which show a benefit for the environment. In this
scenario, there are several initiatives to include bio-materials in asphalt production
(Pérez et al. 2019). Regarding asphaltic materials, one way to contribute to envi-
ronmental sustainability is the use of bio-asphalts, which are binders with a partial
replacement of bitumen components by biological products such as bio-oils.

Bio-oil is a biological material generally obtained through pyrolysis from crops,
cotton, straw, waste wood, animal fats, waste cooking oil, and others (Su et al. 2018).
Among the bio-oils is found the Bio Heating Oil (BHO), which is a residue of the
production of biodiesel fromwaste cooking oil and animal fats. The BHO is currently
burned for energy production with the consequent greenhouse gas emissions. It also
has physical and chemical properties that allow its addition to the paving bitumen
with the potential to improve aggregate adhesiveness. Its use in the asphalt can
reduce part of bitumen extracted from crude oil. Besides, the use of BHO in bitumen
makes them more environmentally sustainable, reducing greenhouse and polluting
emissions derived from the oil burning.

Currently, state of the art for the utilization of bio-oils is concentrated on its uses as
renewable fuels to replace fossil fuels. However, there has been an amount of research
conducted to investigate the applicability of bio-oils to produce bio-asphalt.Metwally
and Raouf (2010) state that bio-asphalt can be obtained by mixing biomass heavy
oil and petroleum asphalt, and it can be classified into three categories according to
the content of bio-oil in blended binders. The bio-oil can be classified as a modifier
of the bitumen to content less than 10%, an extender to content from 25 to 75% and
an alternative binder when the bio-oil replaces the petroleum asphalt (Metwally and
Raouf 2010).

A large amount of research has been conducted with the aim to evaluate the
effects of the bio-oil as a rejuvenator of aged asphalts. Zargar et al. (2012) and Sun
et al. (2016) investigate the use of waste cooking oil as an aged bitumen rejuvenator.
Zhang et al. (2018) conduct research with wasted wood bio-oil. Zeng et al. (2018)
carried out studies using residue in castor oil, and Zhang et al. (2019) used sawdust
bio-oil as a bio-based rejuvenator. The ability to soften aged binders was observed
in the studies. Most of the bio-asphalts can improve low-temperature performance,
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but high-temperature performance is reduced. With the aim to improve the bio-
asphalt high-temperature performance, Zhang et al. (2017) carried out tests with SBS
modified bio-asphalt, successfully improving its high-temperature performance. On
the other hand, Yang andYou (2015) found that with the increase of bio-oil generated
from wasted woods content, asphalt high-temperature performance was improved.
Additionally, it is verified that the rheological parameters have been successfully used
to assess both aged bitumen and modified bitumen (Peralta et al. 2010; Brovelli et al.
2013, 2014). Overall, it was found that bio-oil derived from several biomass sources
can successfully be used as an asphalt modifier, and it is expected the bio-oil to soften
the asphalt binder. Therefore, it can be concluded that bio-oil can be used not only as
a rejuvenator for aged binders but also tomodify very hard asphalts and even residues
of asphalt in order to obtain bio-asphalts with physical and chemical characteristics
consistent with the European standards of paving asphalts. The use of bio-renewable
materials partially substituting asphalt binder creates a more sustainable solution for
pavement materials.

2 Objective

This work studied bio-asphalt binders produced from the modification of asphalt
binders by the BHO, which is a bio-oil that results, as a residue, from the production
of biodiesel derived from waste cooking oil. The bio-asphalts were composed with
one base asphalt binder (residue of asphalt)mixedwithBHO in content from2 to 10%
byweight for the residue of asphalt. The physical characteristics namely penetration,
softening point, and viscosity and the rheological behaviour of the bio-asphalts were
carried out to verify the effects of the modification of the base binders by adding the
BHO.

3 Materials and Methods

3.1 Bitumen

The base asphalt binder used in this study was a residue of asphalt, which is a
hardened material derived, as a residue, from the distillation of the crude oil. Table 1
presents some detailed technical properties of the base binder. The residue of asphalt
was obtained from a Portuguese petroleum refinery; however, is not a commercial
product.
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Table 1 Properties of the
residue of asphalt

Binder Properties Units Test results

Residue of
asphalt

Penetration @
25 °C

0.1 mm 8.73

Softening point °C 65.65

Dynamic
Viscosity @
135 °C

Pa s 1.96

Fig. 1 Bio Heating Oil
appearance at ambient
temperature (a) and heated
to 40 °C (b)

3.2 Bio-oil

The bio-oil used in this study was obtained in a plant for biofuel production. The
biofuel is produced usingwaste cooking oil and animal fats as themain rawmaterials.
The process involves a first step of esterifying the free fatty acids in acidmediumwith
methanol, followed by the transesterification step using basic methanol catalysis (the
catalyst is added as CH3OK potassium methoxide) and the distillation of biodiesel.
BHO is the residue obtained from the distillation of the biodiesel, and it is composed
of the less volatile organics, but also contains some residual Fatty Acid Methyl Ester
(FAME). The calorific power of this product makes it interesting as a low-cost fuel,
however generating the consequent greenhouse gas emissions. The BHO used in this
study presents a density at 15 °C equal to 0.9386 g/cm3 and a kinematic viscosity
at 100 °C equal to 8,135 mm2/s. Additionally, the chemical characteristics of BHO
suggest compatibility with asphalt, with the potential to improve the interactions
betweenbitumen and aggregate, namely the adhesion. Figure 1 shows theBioHeating
Oil appearance at ambient temperature and heated to 40 °C.

3.3 Bio-asphalt Preparation

The bio-asphalt was produced simply by blending the BHO into the base binder.
Then the blending of the bio-oil and base asphalt binder was implemented by a
mixer for 5 min at 135 °C. The rate of the mixing was 200 rotations per minute.
The temperature of 135 °C and the mixing time of 5 min were chosen according
to previous test experience. Five mixtures of the residue of asphalt and BHO were
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used. The following BHO contents were used: 2, 4, 6, 8, and 10% by weight. The
base binders (residue of asphalt) was also tested as the control asphalt binder.

3.4 Test Methods

The physical characterization of bio-asphalt was performed in the laboratory using
the following tests: dynamic viscosity at temperatures from 90 to 200 °C (EN 13302),
penetration at 25 °C (EN 1426) and softening point (EN 1427). The rheological char-
acterization was performed using the Dynamic Shear Rheometer—DSR according
to the European standard EN 14770.

4 Results

4.1 Dynamic Viscosity

Dynamic viscosity tests were conducted using the Brookfield Viscometer for temper-
atures between 90 and 100 °C and for temperatures under 90 °C the Dynamic Shear
Rheometer was used, so a viscosity curve (Fig. 2 left) for temperatures from 20 to
200 °C was obtained. As expected for asphalts, reduction in viscosity as a function
of temperature is observed for all bio-asphalts tested in this study The addition of
BHO to the asphalts promoted a reduction of the dynamic viscosity proportional to
the BHO content.

Figure 2 also presents an analysis of the normalized viscosity for the bio-asphalts
for 19, 46, 70, 100 and 130 °C. It is observed in this figure the effect of the BHO in
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Fig. 3 Penetration at 25 °C (left) and softening point (right) for the bio-asphalt blends

the viscosity of the bio-asphalts. The greater the BHO content is greater, the decrease
in the viscosity. The reduction of the viscosity due to the addition of the BHO is more
significant as the temperature decreases, as can be observed to the curve for 19 °C.

4.2 Penetration Test and Softening Point

The addition of bio-oil to the base asphalt promoted a reduction in bitumen stiffness,
observed with increased penetration for the bio-asphalts, as shown in Fig. 3. Regard-
ing the softening point, the addition of the BHO to the bitumen promoted a bitumen
softening observed with the decrease of the temperature determined by the ring and
ball method, as shown in Fig. 3. This decrease is linear and proportional to the BHO
content added to the base asphalts.

4.3 Rheological Characterization

The rheological characterization was carried out using a Dynamic Shear Rheometer
to achieve the dynamic shear modulus (G*) and the phase angle of the bio-asphalt
binders. In this work, the tests were conducted using a 25 mm plate and a gap of
1 mm. The temperatures of 46, 52, 58, 64, 70, 76, 82 and 88 °C and a frequency of
1.6 Hz were used. The dynamic shear modulus is used to evaluate the deformation
resistance of asphalt binder under repeated shear, and the phase angle is used to
evaluate the viscoelastic properties of asphalt binders. Figure 4 presents the results
of the dynamic shear modulus and the phase angle of the bio-asphalts produced with
the residue of asphalt.
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Fig. 4 Dynamic shear modulus, G* (left) and phase angle (right) for bio-asphalts produced with
the residue asphalt base binder

Thegreater is the dynamic shearmodulus better its deformation resistance to shear.
From Fig. 4, it can be verified that the dynamic shear modulus (G*) of bio-asphalts
had presented a decrease proportionally to the BHO content added to the binder.
Therefore, the bio-oil contributes to a softening of asphalt binders. The variation
is almost logarithmic for low temperatures, reducing as the temperature increases.
The viscoelastic properties of the asphalt binder can be evaluated with the phase
angle. The smaller the phase angle, the more elastic is the behaviour of the asphalt
binder. The higher the phase angle is, the more viscous components have the asphalt
binder. Figure 4 also presents the phase angle for the bio-asphalts. It is found that
the BHO contents for low temperatures do not influence the phase angle. However,
as temperatures and BHO contents increase, the phase angle values decrease.

The DSR test results can also be used to characterize the rutting resistance of the
binder. The parameter G*/sin δ (where δ is the phase angle) is obtained based on the
dynamic shear modulus and phase angle at 10 rad/s and is usually known as a rutting
index of asphalt binder, which is applied to characterize the resistance to rutting at
high temperature. The greater the rutting index (G*/sin δ), the stiffer is the asphalt
binder, and higher is its ability to resist deformation. Figure 5 presents the effect of
the BHO content on the rutting index of the binders. It is verified that the rutting
index of BHO modified asphalts is much lower than the neat asphalt, indicating that
the BHO can soften the base binder.

Additionally, the high critical temperature that corresponds to the temperature at
which the value of the rutting index (G*/sin δ) is 1.0 kPa for both the neat residue of
asphalt and the bio-asphalt binders is presented in Fig. 6.

As the residue of asphalt has a greater stiffness than the conventional asphalt,
its critical temperature (rutting index equal to 1 kPa) is higher, being 82 °C for the
residue of asphalt while for the conventional bitumens (i.e. 35/50 pen asphalt) it is
about 70 °C. The softening effect of the bio-oil on the binders is verified by the
reduction of the high critical temperatures proportionally to the BHO content.
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Fig. 5 Rutting index
(G*/sinδ) for bio-asphalts
produced with the residue
asphalt base
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Once the softening effects of BHO on the mechanical and physical characteriza-
tion of the asphalt binders were verified, it was identified the BHO content added to
the residue of asphalt (stiffer binder) to produce a bio-asphalt with same physical and
mechanical characteristics of a conventional binder, namely the 35/50 pen asphalt.

It was found that 6% of BHO added to the residue of asphalt can soften the binder
by making its characteristics close to the 35/50 pen asphalt.

Table 2 presents the results of the test for the neat 35/50 pen asphalt and the bio-
asphalt produced with a residue of asphalt and 6% of BHO content. And in Fig. 7
it is plotted the rutting index vs temperature, highlighting the 35/50 pen asphalt and
bio-asphalt (RA + 6%BHO) curves. Thus, regarding the physical and mechanical
characteristics of the binders alone, it could be possible to produce bio-asphalts that
attend to 35/50 pen asphalt specifications by adding BHO into the residue of asphalt.
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Table 2 Characterisation of
a 35/50 pen asphalt and
bio-asphalt (RA + 6%BHO)

Properties Units 35/50 pen
asphalt

Bio-asphalt
(RA +
6%BHO)

Penetration @
25 °C

0.1 mm 44 41.13

Softening point °C 48 53.05

Dynamic
viscosity @
135 °C

Pa s 0.6 0.76

High critical
temperature

°C 70 69

Fig. 7 Rutting index for
35/50 pen asphalt and
bio-asphalt (RA + 6%BHO)
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5 Conclusions

This study investigated the utilization of bio-oil to produce bio-asphalts. The residue
of asphalt was used as the base asphalt binder. The bio-oil used was the BHO, which
is a residue from the production of biofuel using waste cooking oil and animal fats as
the main raw materials. The physical and mechanical properties of bio-asphalt were
evaluated by the penetration, softening point, Brookfield viscosity and rheology
tests. The BHO contents studied varied from 2 to 10% of the total binder by weight.
According to the results of the tests carried out, the conclusions can be obtained:

– The addition of the BHO softens the asphalt binder. This fact was observed in all
tests that were carried out.

– The penetration values increase and the softening point decrease as the BHO
content increases.

– The rheology tests show that the dynamic shear moduli and the phase angle
decrease as the BHO content is increased.
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– The BHO content of 6% appears to be sufficient to soften the residue of asphalt
on the physical and mechanical levels of a conventional asphalt binder, namely
the 35/50 pen asphalt.

Overall, regarding the physical and mechanical properties, the Bio Heating Oil
can be used to soften asphalt binders. However, it is still necessary to verify the
effects of the bio-oil in the chemical properties of the bio-asphalts and its storage
stability.
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Evaluating the Characteristics of Crumb
Rubber Modified Asphalt Binders
Produced with Neat Bitumen—Case
of Kuwait

Taha Ahmed, Dawoud Bahzad, Abdullah Al-Marshed,
Zein-Eddine Merouani, and Mohamed Omar

Abstract This research study evaluated the characteristics of crumb rubber modi-
fied (CRM) asphalt binders produced with neat bitumen. Two different percentages
of crumb rubber (CR); 10 and 15% and one bitumen type with penetration (Pen)
grade 60/70 were evaluated. The evaluated characteristics included viscosity, ductil-
ity, Penetration, and softening point of the produced asphalt binders. Additionally,
images obtained by Scanning Electron Microscopy (SEM) were used to investigate
the surface topographies and compositions of the neat and produced CRM binders.
SEM images were used to check for separation between the crumb rubber and the
bitumen. Furthermore, the Multiple Stress Creep Recovery (MSCR) test was con-
ducted in order to evaluate the rheological properties of the produced CRM asphalt
binders. MSCR results showed that the addition of CR to the neat bitumen signifi-
cantly improved the performance grade (PG) of the produced binder as per AASHTO
M332 standards. The traffic loading level for both 10 and 15% CRM asphalt binder
increased from “Heavy” for neat to “Extreme” level. Both 10 and 15% CRM binders
passed local Kuwaiti requirement for modified binders. Based on AASHTO M332
standards, the 15% CRM binder is said to be not modified with an elastomeric poly-
mer, unlike the 10%CRMbinder, whichwas found to bemodifiedwith an acceptable
elastomeric polymer. This can be attributed to the lack of full blending between the
CR particles and the binder’s bulk due to the increase in CR percentage as shown by
the SEM images
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1 Introduction

The increasing number of vehicles on the road resulted in a huge number of scrap
tires. The disposal of these waste tires have been one of the big environmental prob-
lems in the modern society. Currently, there are several industrial applications that
incorporate the recycling of waste tires in their processes. Some of these applica-
tions include new tires manufacturing, tire-derived fuel production, civil engineer-
ing applications and products,molded rubber products, agricultural uses, recreational
and sports applications, and crumb rubbermodified asphalt applications (Presti 2013;
Fontes et al. 2006).

One ofmain applications ofwaste tires is the production of crumb rubbermodified
(CRM) asphalt binder. According to the American Society for Testing and Materials
(ASTM) D8-18 standards, crumb rubber modified asphalt, also known as asphalt-
rubber binder, can be defined as “a blend of asphalt cement, reclaimed tire rubber,
and certain additives in which the rubber component is at least 15% by weight of the
total blend and has reacted in the hot asphalt cement sufficiently to cause swelling
of the rubber particles” (ASTM D 8-18; ASTM D 6114-97).

Improving the long-term performance of hot mix asphalt (HMA) mixtures means
reducing the main leading distress modes to pavement failure. These modes include
permanent deformation related distresses such as rutting or shoving, fatigue and
thermal cracking, and disintegration related problems such as raveling and stripping.
Several studies showed that CRM asphalt binder can improve HMA performance by
reducing/delaying the propagation of those main distress modes (Presti 2013; Fontes
et al. 2006; Buncher 1995). The added crumb rubber can increase the elasticity of
the asphalt binder and reduce the mix sensitivity to temperature changes. Increasing
asphalt binder elasticity improves its fatigue characteristics while reducing binder
sensitivity to temperature changes reduces its rutting potential by increasing its stiff-
ness. Also, several studies showed that the added crumb rubber can improve the adhe-
sion between the binder and aggregate which reduces the raveling and stripping prob-
lems (Buncher 1995; Fontes et al. 2010). Several US states are using CRM asphalt
binder in their mix designs specifications such as, California, Arizona, Florida, and
Washington.

In order to produce crumb rubber, scrap tires can be processed using two main
technologies; ambient grinding, and cryogenic grinding. Figure 1 (left) shows a
typical ambient grinding process diagram where scrap tires are processed at room
temperature or higher. During the ambient grinding process, the rubber size is being
reduced using a granulator by means of cutting and shearing action. The produced
CR particles by this method normally have a cut surface shape and are rough in
texture with similar dimensions on the cut edges. The ambient grinding method can
be considered economic if the bulk of the rubber output needs to be relatively coarse
materials, i.e. down to 1.2 mm CR size.

In the case of cryogenic grinding, liquid nitrogen is used to bring tires temper-
ature down to approximately −120 °C before grinding. Below this glass transition
temperature, rubber becomes nearly as brittle as glass and size reduction can be
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Fig. 1 Typical crumb rubber ambient grinding process (left) and cryogenic grinding process (right)
diagrams (Scrap Tire News)

done by crushing and breaking. The resulting CR particles in this process are clean,
shiny with fractured surfaces and low steel and fiber content due to the clean breaks
between fiber, steel and rubber. Also, the CR particles can be produced with sizes
less than 0.85 mm. another advantage of the cryogenic grinding process is that the
steel and fiber liberation is much easier, which leads to cleaner product (Fontes et al.
2010; Baker et al. 2003; Scrap Tire News; Way et al. 2011). Figure 1 (right) shows
a typical cryogenic grinding process diagram (Scrap Tire News).

Adding crumb rubber to the asphalt binder can then be done through two main
methods; wet and dry processes.

1.1 Wet Process

Wet process covers all methods of blending the specified percentage of crumb rubber
with the asphalt binder before mixing it with aggregate. This method requires mixing
the crumb rubber in hot asphalt binder and holding the blend at a temperature of
190–230 °C (375–450 °F) for a sufficient period of time, typically 45 min, to allow
a chemical interaction between the crumb rubber and the asphalt binder (ASTM D
6114-97). This method is known as McDonald’s wet process (see Fig. 2) (Presti
2013).

1.2 Dry Process

In the dry process, crumb rubber is mixed with the aggregate prior adding the asphalt
binder. The added crumb rubber can substitute 1.0–3.0% of aggregate weight. The
crumb rubber acts as a rubber aggregate in the mixture and is added to the plant
before the hot asphalt binder is introduced. This method only applies to hot mix
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Fig. 2 Schematic diagram of McDonald’s wet process (Presti 2013)

asphalt production. The asphalt binder is not considered to bemodified in this process
because of the limited interaction between the crumb rubber and the asphalt binder.

1.3 Crumb Rubber Modified Asphalt Binder Design

According to the rubber pavement association (RPA), mass production of CRM
asphalt binder requires a laboratory approved asphalt binder design profile before the
production starts (Way et al. 2011). Initially, the selected asphalt binder performance
grade (PG) must be appropriate for the climatic region. Similar to the selection of
asphalt binder grade, an appropriate crumb rubber gradation must be chosen to be
used with the mix design (Way et al. 2011). The development of asphalt binder
profile is a typical process in asphalt mix deign in order evaluate the compatibility
and interaction between the used materials. Asphalt binder tests are used to evaluate
the rheological characteristics of the CRM asphalt binder. These tests measures the
CRM asphalt binder susceptibility to the main failure modes in HMA mixtures,
which include permanent deformation related distresses such as rutting or shoving,
fatigue and thermal cracking, and disintegration related problems such as raveling
and stripping.

2 Research Objectives

Safe disposal of scrap tires is one of the main goals of the Environment Public
Authority (EPA) in Kuwait. Therefore, most of the other public authorities in Kuwait
guided by EPA are encouraged to use scrap tires in every possible safe application in
Kuwait. One of the main applications is incorporating CR material in the production
of Hot Mix Asphalt (HMA). This can help in reducing the negative impacts of scrap
tires in addition to providing a safer and cleaner alternative to scrap tires disposal
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(Green Rubber Tire Recycling Plant Kuwait). CR material can be added directly to
the asphalt binder according to the wet or dry mixing process. In order to have a
successful HMA with CRM asphalt binder, the properties of CRM asphalt binder
should be evaluated and compared to the conventional asphalt binders before using
it in the local HMA mixes in Kuwait.

Thus, the main objective of this research study is to evaluate the characteristics of
the CRM asphalt binders comparing to the original asphalt binders used in the local
HMA mixes in Kuwait. The project started with two percentages of CR material,
which were added to the neat bitumen and investigated in order to evaluate their
characteristics for potential usage to improve the performance of locally produced
bitumen. The work presented in this paper is based on preliminary results derived
from an ongoing research project run by the authors of this paper.

3 Materials and Experimental Work

The State of Kuwait uses one bitumen type with 60/70 Pen grade for all HMA
mixtures. All HMAmixtures are designed according to Marshall mix design method
for heavy traffic level. The used bitumen has an equivalent Superpave performance
grade of PG 64-16 (Ministry of Public Works, Roads Administration 2012). Locally
produced bitumen Pen 60/70 was mixed with 10 and 15% CR by weight. The crumb
rubbermaterials used in this studywere obtained from “GreenRubber Tire Recycling
Plant” in Kuwait. The plant uses Ambient Grinding Process in order to produce the
crumb rubber. The gradation of the produced CR is shown in Table 1. In order to
eliminate the influence of CR gradation on the testing results, CR particles passing
sieve number 30 (0.595 mm) and retained on sieve number 50 (0.297 mm) were used
in this research study. Challenges were faced during the preparation of CRM asphalt
binders. The original effort consisted of heating the asphalt binder to 190 °C before
blending it with CRmaterial using a regular mixer at 2,000 rpm for 45 min. However
this process didn’t result in a homogenous mix. Few more trial was completed and
finally, CR was mixed with the bitumen at an interaction temperature of 190 °C for
90 min of reaction (Way et al. 2011). The produced CRM asphalt characteristics
were evaluated according to the experimental testing plan in Table 2.

Table 1 Crumb rubber
gradation produced by green
rubber tire recycling plant

Sieve size (mm) Percent passing [%]

2.36 99

2.00 91.8

1.18 31.9

0.595 0.6

0.297 0.2

0.075 0.1
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Table 2 Experimental testing plan

Test method and parameters Standards

Penetration of bituminous materials (ASTM D5/DM5 - 19 2019) ASTM D5/D5M

Ductility of asphalt materials (ASTM D113 - 17 2019) ASTM D113

Softening point of bitumen (ring-and-ball apparatus) (ASTM
D36/D36M 2019)

ASTM D36/D36M

Asphalt binder viscosity (ASTM D4402/D4402M - 15 2019) ASTM D4402/D4402M

Multiple Stress Creep Recovery (MSCR) of asphalt binder (ASTM
D7405-15 2019)

ASTM D7405

Performance-graded asphalt binder using Multiple Stress Creep
Recovery (MSCR) test (AASHTO 2017)

AASHTO M332

Additionally, images obtained by Scanning Electron Microscopy (SEM) were
used to investigate the surface topography and composition of the produced CRM
asphalt. SEM images were used to check for separation between the crumb rubber
and the bitumen.

4 Analysis of the Results

Table 3 shows a summary of the test results for the neat and CRM binders. Appar-
ently, the addition of CRmaterial can change the properties of the neat binder, which
can lead to not meeting some of the state requirements. Thus, the state of Kuwait
requires that all asphalt cement not meeting the requirement of 60/70 Pen grade may
be accepted if it complies with viscosity grade AC-40 in accordance with AASHTO
M226.Therefore,AC-40 specificationswere considered for theCRMbinder Pen, vis-
cosity and ductility testing results. Also, the state ofKuwait requires that themodified
asphalt binders must meet the MSCR and dynamic shear rheometer (DSR) require-
ments at 76 °C (Ministry of Public Works, Roads Administration 2012). Therefore,
MSCR test was done at 64 °C for the neat binder and 76 °C for the CRM binder. The
testing results showed that, adding CR to the neat binder significantly improved the
rheological characteristics of the asphalt binder.

The CRM binders met the AC-40 specifications for penetration, ductility and
viscosity requirements. It should be noted that there is no requirements for ductility in
theAC-40 specifications inKuwait (Ministry of PublicWorks, RoadsAdministration
2012).

For the softening point test, the Asphalt-Rubber Standard Practice Guide by Rub-
ber Pavements Association was used (Way et al. 2011). The softening point test
results of the CRM binders were checked against the hot climatic zone requirements,
which is similar to Kuwait’s climate. It was found that both CRM binders meet the
softening point requirements.
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Table 3 Summary of the test results

Parameters Neat 10% CR 15% CR Specifications

Penetration, mm 70 52 40 60–70 mm for Neat
(Ministry of Public
Works, Roads
Administration 2012)
Min. 20 mm for
CRM (Ministry of
Public Works, Roads
Administration 2012)

Ductility @ 25 °C,
cm

144 12 7 Min. 100 cm for Neat
(Ministry of Public
Works, Roads
Administration 2012)
NA for CRM
(Ministry of Public
Works, Roads
Administration 2012)

Softening point of
bitumen, °C

52 58 70 Min. 57 for CRM
Hot climatic zone
(Way et al. 2011)

Viscosity
(Brookfield) @
135 °C, Cs

832 2,000 3,500 Min. 300 for CRM
(Ministry of Public
Works, Roads
Administration 2012)

Mixing temperatures,
°C

167–174
(330–345 °F)

191–198
(375–388 °F)

209–217
(408–422 °F)

Viscosity range
(AASHTO 2017)
0.17 ± 0.02 Pa s
(170 ± 20 Cs)

Compaction
temperatures, °C

155–161
(311–321 °F)

177–183
(350–361 °F)

193–199
(379–390 °F)

Viscosity range
(AASHTO 2017)
0.28 ± 0.03 Pa s
(280 ± 30 Cs)

Multiple Stress Creep Recovery (MSCR) of asphalt binder

Non-recoverable
creep compliance,
Jnr3.2, kpa−1

1.22
@ 64 °C

0.23
@ 76 °C

0.08
@ 76 °C

Max. 4.0

Percent recovery, %R 19.3 74.6 35.6 Max. 75%

Traffic level Heavy “H” Extreme “E” Extreme “E” AASHTO M332
(AASHTO 2017)

Production temperatures were determined from the developed viscosity-
temperature chart for each binder. Production temperatures for CRM binders were
found to be approximately 30 °C higher than the neat binder which originally has
high production temperatures.

The non-recoverable creep compliance, Jnr3.2, and the percentage recovery, %R of
each binder were obtained from theMSCR test results and then used to determine the
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new asphalt binders PGs and traffic levels according to AASHTO M332 standards.
As mentioned earlier, the Ministry of Public Works (MPW) in Kuwait states that all
modified binders must meet the asphalt binder rheological properties requirements at
76 °C temperature (Ministry of PublicWorks, RoadsAdministration 2012), therefore
theMSCRwas done at 76 °C for CRM asphalt binders and at 64 °C for neat bitumen.
The asphalt binder traffic level was found to be increased from “Heavy” for neat
binder to “Extreme” for both 10 and 15% CRM binders with an increase to the PG
high temperature from 64 to 76 °C.

Furthermore, Jnr3.2 and %R values can be used together as an indication of elastic
response of the modified binder. This can be done by plotting Jnr3.2 and %R values
in the chart provided by AASHTO M332 standards. If the plotted results on the
chart falls above the solid line, the binder is said to be “modified with an accept-
able elastomeric polymer”; and “if the point falls below the line on the graph, the
indication is that the asphalt binder is not modified with an elastomeric polymer”
(AASHTO 2017). Figure 3 shows the Jnr3.2 and %R values of each binder plotted
on the chart provided by AASHTO M332 standards. It can be seen that only 10%
CRM binder is said to be modified with an acceptable elastomeric polymer. This
means that increasing the CR amount to 15% didn’t improve the elastic response
of the modified binder. This can be attributed to the improper mixing between the
15% CR and the neat bitumen. Therefore, surface topographies and compositions
of the neat and CRM binders were investigated using images obtained by Scanning
ElectronMicroscopy (SEM). Figure 4 shows SEM images of the neat (a), 10% CRM
(b) and 15% CRM (c) binders. The SEM images didn’t show significant differences
in the surface topography between the neat and the 10% CRM binders, while the
15% CRM binder image showed several CR particles (circled in red), which are not
fully blended with the binder’s bulk. This might be the reason for the reduction in
elastic response when adding more CR.
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(a) (b) (c)

Fig. 4 SEM images of neat (a), 10% CRM (b) and 15% CRM (c) binders

5 Conclusions and Future Work Recommendations

The study aimed to evaluate the characteristics of the CRM asphalt binders produced
with local 60/70 Pen grade bitumen. 10 and 15% CR percentages were investigated
and their characteristics were checked against the local specifications. Both CRM
binders met the local requirements for modified binders. MSCR test results showed a
significant improvement to the binders’ rheological properties and traffic level, which
was increased from “Heavy” for original binder to “Extreme” level for both CRM
binders. Based on AASHTO M332 standards, the 15% CRM binder is said to be
not modified with an elastomeric polymer, unlike the 10% CRM binder, which was
found to be modified with an acceptable elastomeric polymer. This can be attributed
to the lake of full blending between the CR particles and the binder’s bulk due to
the increase in CR percentage as shown by the SEM images. Generally, it can be
concluded that 10% CR or less should be used for this specific neat bitumen in order
to obtain a CRM binder with acceptable characteristics.

For futurework, problems related to 15%of crumb rubber blending process should
be further investigated and worked out. A proposed approach, is to consider adding
warm mix asphalt (WMA) additives to 15% and higher CR percentages in order to
achieve appropriate blending and to reduce the production energy, emissions and
carbon footprints. Less CR dosages (4, 6 and 8%) can be also investigated to see
their performance comparing to neat bitumen.
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Properties of Hot Mix Asphalt
Containing Treated Recycled Concrete
Aggregates Using SCB and ITS Tests

A. Kavussi, F. Kazemian, and M. Bayzidi

Abstract Recycling of Construction and Demolition Waste (CDW) with the pur-
pose of re-using these in construction projects has substantial benefits for the envi-
ronment and for conservation of natural aggregates resources. Recycled Concrete
Aggregates (RCA) that are derived from buildings, concrete structures or distressed
PCC pavements can be used in various applications. This paper reports results of the
experimental study on the application of demolished concrete aggregates in prepar-
ing Hot Mix Asphalt (HMA). RCA materials were used both in their original form;
and, treated before that these were added to HMAmix. Two treatment methods were
applied to coarse RCA materials. Treatments were consisted of; one, a two-stage
treatment of RCAs, using acid and a pozzolan material (calciummetasilicate, named
Wollastonite); two, applying hydrated lime solution to RCAs. Physical and mechan-
ical characteristics of the treated/untreated RCAs were determined. Various asphalt
mixtures with different amounts of RCAs were prepared. Moisture susceptibility
and fracture properties of mixes were determined, using Indirect Tensile and Semi-
Circular Bending (SCB) testing methods. Results indicated that although treating
RCAs might require more effort in production processing, significant benefits will
result in reducing moisture susceptibility and increasing fracture resistance of HMA
mixes containing treated RCA materials. It was also found that replacing natural
aggregates with RCA, improved fracture properties of asphalt mixes appreciably.

Keywords Construction Demolition Waste (CDW) ·Moisture susceptibility · SCB
fracture energy

1 Background

Road construction is one of the industries that consumes huge amounts of natural
resources around the world. In recent decades, with remarkable rise in rehabilitation
and reconstruction projects, the amounts of Construction and Demolition Waste
(CDW) materials were increased. The high cost of transportation of natural mineral
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aggregates, and the environmental problems of deposition of CDWs, lead to the idea
of recycling these waste materials and re-using them in concrete mixes (Kazemian
et al. 2019).

Aggregates are extensively used in various civil engineering projects. Over-
utilization of aggregates can cause detrimental impacts on the environment. Hence,
several strategies were taken by researchers to use CDWs in different types of asphalt
mixtures, including hot mix asphalt (Farina et al. 2017; Kavussi et al. 2019).

CDWs are generally composed of different amounts of concrete, masonry, wood,
metal, plastics and other materials (Pasandín et al. 2015). For instance, in Tehran,
approximately one-fifth of all municipal CDWs are composed of demolished con-
cretes (Asgari et al. 2017). These are produced by processing crushed demol-
ished concrete elements. Based on various benefits from the practical and eco-
friendly standpoint application of RCAs, these have attracted interests among many
researchers (Hou et al. 2018; Kareem et al. 2018; Ma et al. 2019). Studies indi-
cated that the use of simple RCAs can also cause problems, such as increased pH in
surrounding water resources (Gul and Guler 2014). Therefore, development in appli-
cation and technology of re-using RCAs cannot only provide a solution for re-using
waste materials, but it can reduce the application of natural aggregates (NA).

Recycled concrete aggregates, compared with natural mineral aggregates, are
characterized by their low apparent density, high porosity, rough surface, high water
absorption, high crushing value, andmanymicro-cracks in their particles. This is due
to existence of adhered old mortars on surfaces of RCA particles (Brasileiro et al.
2017; Fatemi and Imaninasab 2016; Ismail and Ramli 2013). Adhered cement mortar
and old Interfacial Transition Zone between virgin aggregates and the mortar affect
quality of RCA materials (Kazemian et al. 2019). The adhered mortar has typically
greater porosity and lower density than NA. This is believed to be the most impor-
tant reason behind unsatisfactory quality of RCA materials (Al-Bayati et al. 2016).
Researchers have conducted several research works on the application of RCA in
asphalt mixes, claiming that this incorporation might result in weakness either in
terms of mechanical properties (Fatemi and Imaninasab 2016) or durability of mixes
(Motter et al. 2015; Wu et al. 2017). These disadvantages have imposed some limita-
tions to the application of recycled concrete in projects. Researchers found that with
increased amounts of ordinary RCAmaterials in asphalt mixtures, properties of these
will be dropped appreciably (Al-Bayati et al. 2018). Therefore, various approaches
have been employed to enhance performance of recycled aggregates and recycled
asphalt mixtures (Al-Bayati et al. 2016; Katz 2004; Spaeth and Tegguer 2013).

Many researchers have considered removing adhered mortar of RCAs by wash-
ing these with tap water, in order to remove impurities (Katz 2004). Others have
proposed the approach of pre-soaking RCAs in acid (Tam et al. 2007). In a research,
strengthening of adhered mortars was achieved, using nano-pozzolanic solutions. In
this method, the nano-pozzolanic solution coated RCAs by impregnating these in
the slurry material. These effectively enhanced quality of RCAmaterials (Babu et al.
2015). Some researchers, carried out a mechanical treatment of RCA materials and
then applied chemicals to these. With this approach, Kazemian et al. (2019) utilized
a removal treatment and then strengthened the adhered mortar, with applying some
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additives. Other researchers found that treatmentmaterials can form awater-repellent
coating on the surface of RCAmaterials, reducing the absorption of bitumen by RCA
particles (Kou and Poon 2010). Other researchers impregnated RCA materials in a
lime and silica fume solution (Shayan and Xu 2003). They found that silica fume
improved properties of RCA materials greatly. The efficiencies of silica fume is
attributed to its high surface area and the activities of its particles (Singh et al. 2013).

Pretreating RCAs with a liquid silicone resin resulted in a treatment method that
improved moisture resistance, fatigue performance at low temperatures and rutting
resistance ofHMAmixes at high service temperatures (Zhu et al. 2012). Pasandín and
Pérez indicated that RCAmaterials perform differently than the conventionalmineral
(natural aggregates), when hydrated lime is used as an anti-stripping agent. This is
because mixtures containing Portland Cement display better RCA-asphalt bond than
mixtures that contain hydrated lime (Pasandín et al. 2015). In another work of these
researchers, it was reported that coating RCAs with 5% asphalt emulsion provide
satisfactory results in terms of stripping resistance of mixes (Pasandín and Pérez
2014).

2 Materials

2.1 Binder

Asphalt binder was a 60/70 penetration grade bitumen from Pasargad Oil Company
in Iran. Standard laboratory testswere carried out to determine its physical properties.
The results of the conventional tests on the bitumen are reported in Table 1.

2.2 Aggregates

In this research a conventional mineral aggregate, consisting of 100% crushed par-
ticles and a recycled concrete aggregate (RCA) were used to prepare HMA mixes.

Table 1 Standard testing
results of the 60/70 pen
bitumen used in asphalt mixes

Test Standard Result

Flash point (°C) ASTM D92 316

Softening point (°C) ASTM D36 53

Loss on heating (%) ASTM D1754 0.19

Specific gravity (g/cm3) ASTM D70 1.02

Ductility at 25 °C; (Cm) ASTM D113 164

Penetration at 25 °C; (0.1 mm) ASTM D5 65

Viscosity at 60 °C; (Poise) ASTM D 2171 1900
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TheRCAmaterials were sampled from aConstruction andDemolitionWaste (CDW)
materials site in Tehran Province. From previous research works, it was known that,
coarse recycled aggregates, compared with fine ones, have a lower portion of adhered
mortar materials (Pasandín and Pérez 2015). Accordingly, it is expected that the
coarse RCA particles possess better qualities, compared with the fine RCA mate-
rials. In addition, their usage is likely to be more successful than the fine recycled
aggregates. This investigation was primarily focused on substituting natural mineral
aggregates (NA) with coarse RCAmaterials. In this context, RCAwas defined as the
fraction of materials retaining between sieves corresponding with 4.75 and 12.5 mm
sizes. Three levels of RCAs, namely 0, 25, and 50% were used to prepare asphalt
mixtures.

2.3 Additives

Ahydrated limefiller and a calciummetasilicatematerial (named,Wollastonite)were
used to treat the RCAs. Both of these were used in solution condition when were
subjected to treat RCA materials. Performing XRF and XRD tests on the additives,
their major components were determined, as shown in Table 2.

3 Treatment Methods

RCA materials were subjected to three types of treatment, as are described in the
following sections.

Table 2 Chemical composition of the treatment additives

Additive Ca(OH)2
(%)

MgO
(%)

SiO2
(%)

CaO
(%)

Al2O3/Fe2O3
(%)

Passing
sieve
no. 200
(%)

Density
(g/cm3)

Hydrated
lime

91.14 3 – 72Active <0.5 99 2.34

Calcium
metasilicate
(Wollastonite)

– 1.4 50 45.3 1.5 99 2.86
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3.1 Pre-treatment

The coarse RCA particles were washed thoroughly so that all noticeable impurities,
including wood chips and other similar materials, were removed. Then, these were
dried at ambient temperature for 24 h, before being subjected to stages 2 and 3
treatment methods.

3.2 Two-Stage Treatment (Acidic and Pozzolanic Treatment)

The procedure began with soaking RCA for 24 h at ambient temperature in an acidic
environment (HCL 0.1 M). Next, the RCA particles were washed and were soaked
in 5% calcium metasilicate solution before that these were used it the asphalt mix.

3.3 Hydrated Lime Solution Treatment

In order to reduce stripping susceptibility of the recycled asphalt mixes, hydrated
lime was added as the treatment additive. The benefits of hydrated lime is its anti-
stripping properties, abundance and ease of application inmixes. RCA particles were
impregnated in 6% solution of hydrated lime for 24 h at ambient temperature. Then
these were dried before that were added to asphalt mixes.

4 Testing

Asphalt mixtures were prepared and were compacted, applying 75 blows ofMarshall
Hammer on each side of the cylindrical specimens, following StandardMarshall mix
design procedure (ASTMD1559). After mixing thematerials and before compacting
the samples, these were kept in an oven for two hours at the assigned compaction
temperature. This was in order to simulate field conditions, allowing the aggregate
particles to absorb asphalt binder. The mixing temperature was set at 163 °C and that
of compaction was 150 °C. For RCA mixtures, three levels of 0, 25 and 50% RCA
materials were used as partial substitution of coarse NA. The optimum bitumen con-
tent was 4.7% which was kept constant in all mixes. The different mix compositions
and the assigned nomination of mixes are shown in Table 3.
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Table 3 Various mix
combinations and the
assigned abbreviations

Abbreviation Description

Control Natural aggregates

25R 25% RCA

25MTR 25% RCA treated with calcium metasilicate

25LTR 25% RCA treated with hydrated lime

50R 50% RCA

50MTR 50% RCA treated with calcium metasilicate

25LTR 50% RCA treated with hydrated lime

4.1 Tensile Strength

In accordance with AASHTO T-283 Standard procedure, specimens with air voids
of 6.5 to 7.5%, were prepared and were conditioned before determination of indirect
tensile strength (ITS) and indirect tensile ratio (TSR) parameters. First, vacuum was
applied to partially saturated specimens to a level between 55 and 80%. The vacuum-
saturated samples were kept under freeze-thaw cycles consisting of−18 °C for 16 h
and in water bath for 24 h at 60 °C. After this period, specimens were considered
conditioned. The other three samples remained unconditioned. The applied loading
rate was 2 in/min (50.8 mm/min). The failure load of each specimen was determined
in controlled stress condition. ITS results of the specimens were determined from
Eq. (1) below.

I T S = 2F

tπd
(1)

where, ITS is tensile strength (kPa), F is the failure load (kN), t is the sample thickness
(mm), and d is the sample diameter (mm). Indirect Tensile Strength Ratio (TSR) was
determined from the following Equation:

T SR = 100

(
FCond

FUncond

)
(2)

where Fcond and Funcond are the indirect tensile strength of the conditioned and
unconditioned samples, respectively.

4.2 Semi-Circular Bending Strength

Semi Circular Bending (SCB) test was performed according to ASTMD 8044 Stan-
dard procedure. This test with three different notches of 25, 32, and 38 mm on
samples was conducted using UTM-25 testing machine. The loading was applied
in monotonic compression condition at the speed of 0.5 mm/min. Figure 1 shows
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Fig. 1 Preparation of samples in Semi-Circular Bending (SCB) test

both the sample conditions with the assigned notches and the testing unit. From this
testing method, J-integral parameter of the samples were determined. This parame-
ter which is a criterion for resistance of materials to cracking and describes fracture
behavior of asphalt materials in a nonlinear mode, is determined calculating area
under displacement-force curve in SCB testing.

In addition, from the above test, fracture energy parameter of samples, which is
defined as their “critical strain energy release rate” were determined using Eq. 3
below.

JC = −1

b

(
dU

da

)
(3)

where:

Jc = critical strain energy release rate (kJ/m2),
b = sample thickness (m),
a = notch depth (m),
U = strain energy to failure (kJ), and
dU/da = change of strain energy with notch depth (kJ/m).

5 Results and Discussion

5.1 Characteristics of Treated RCA Materials

Physical and mechanical characteristics of both selected natural aggregates and
the differently treated RCA materials were determined. The results are reported
in Table 4. Based on these results, it could be observed that quality of variously
treated RCA materials were enhanced appreciably. Physical characteristics of the
aggregates, such as their water absorption, is related to durability of RCA materials.
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Table 4 Physical properties of the natural and RCA aggregates

Test method Standard
method

Natural
aggregate

Untreated
RCA

Two-stage
treatments

Hydrated
lime
treatment

Specific
gravity
(g/cm3)

AASHTO
T96

2.61 2.39 2.52 2.54

Water
absorption
(%)

ASTM C127 1.05 5.32 4.36 4.5

Abrasion
loss (%)

ASTM C131 27 45 37 38

Flatness
particles (%)

ASTM
D4791

12 15 13 13

Elongation
particles (%)

ASTM
D4791

13 16 15 16

Aggregate
Impact Value
(AIV)

BS812 14 23 19 19

While acid solution can remove loose cemented particles from the surface of the
aggregates, calcium metasilicate solution decreases water absorption properties of
the RCA particles. This was described in detail in a previous research work of the
authors (Kazemian et al. 2019). On the other hand, hydrated lime powder will partly
fill the pores of RCA materials, resulting again in lower water absorption of the
particles.

5.2 Indirect Tensile Strength (ITS)

Results of the indirect tensile testing of both treated and untreated RCAs are shown
in Fig. 2. These are in dry, one cycle, and three cycle conditions. As it can be seen
in this figure, increased level of substitution of natural aggregates with RCAs (i.e.
from 25 to 50%) resulted in reduced tensile strength values. As it was mentioned
before, water and bitumen absorption of RCAs are greater than those of the natural
aggregates. On the other hand, the bitumen contents were constant in all specimens.
Therefore, with increasing the amount of RCAs in asphalt mixtures, their effective
bitumencontentwill be decreased.This can cause reduced adhesionbetweenparticles
and a drop in tensile strength properties of mixes. The magnitude of the indirect
tensile strength of asphalt mixes containing treated RCAs were greater than those
untreated. This indicates that the treatment can successfully enhance tensile strength
properties of the recycled asphalt mixtures. Because of the greater angularity of
RCA particles, compared with the natural aggregates, indirect tensile strength of
RCA25 and TRCA25 were greater than the control specimen. In contrast, in RCA50
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Fig. 2 Indirect tensile strength testing results of HMA mixes containing treated RCAs

and TRCA50 mixes, a significant decrease occurred in effective bitumen content
of mixes. This might have resulted in the drop in indirect tensile strength of the
specimens. Lime solution causes a reduction in RCAs porosities and increase in
adhesion properties between bitumen and aggregate particles. This can successfully
enhance tensile strength properties of mixes.

The ratio of indirect tensile strength of samples in wet and dry conditions rep-
resents moisture susceptibility of asphalt mixes (Fig. 3). For specimens that expe-
rienced one cycle treatment it resulted that all the specimens, except RCA50, met
the minimum requirement of moisture resistance (based on Iranian Asphalt Road
Pavement Specification). The results indicated that although specimens containing
50% coarse RCAs are prone to moisture damage, specimens containing 50%TRCAs
successfully met the moisture resistance requirements.

Fig. 3 TSR results of HMA mixes containing various treated RCAs
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5.3 Semi-Circular Bending (SCB) Test

SCB testing was performed at 25 °C and Fracture Energy of samples that contained
notch depths of 25, 32 and 38 mm were determined. The force-extension curves of
specimen 25R, for example, are shown in Fig. 4. As it is expected, specimens with
deeper notch values resisted lower forces. Therefore, area under force-extension
curve (which has a direct relationship with facture energy) is related with the trend
of notch depth values. Hence, as it can be seen, fracture energy of mixes are reduced
as a result of increased notch depth values.

For samples with different notch depth values, fracture energy of the specimens
were determined and the results are reported in Fig. 5.With reference to this figure, it
can be seen that RCA substitution in asphalt mixtures resulted in increased fracture
energy, comparedwith conventionalmixes that contained naturalmineral aggregates.
Fracture energy in 25LTR specimen was decreased 8% only, while in other cases

0

200

400

600

800

1000

1200

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Fo
rc

e 
(N

) 

Extension (mm) 

notch 25

notch 32

notch 38

Fig. 4 Force-extension curves for Specimen 25R

200

400

600

800

1000

1200

1400

1600

20 25 30 35 40

Fr
ac

tu
re

 e
ne

rg
y 

(K
J)

Notch Depth

Control
25R
25MTR
25LTR
50R
50MTR
50LTR

Fig. 5 Fracture energy versus notch depths of the different specimens



Properties of Hot Mix Asphalt … 429

Fig. 6 Critical energy of specimens containing different treated RCAs

an increment in fracture energy was resulted as a result of utilization of RCA in
asphalt mixtures. The same trend occurred on samples having different notch depth
values.With the same percentages of substitution, fracture energy of asphalt mixtures
containing treated RCAmaterials were greater than those untreated. Results reported
in this figure indicates that both treatment methods successfully increased fracture
energy of asphalt mixtures, with hydrated lime exhibiting more satisfactory results.

The results of critical strain energy release rate parameter (JC) of various mixes
are shown in Fig. 6. As it can be seen in this figure, JC values confirm the results that
were achieved in fracture energy analysis. This indicates that cracking resistance of
asphalt mixes are improved with the addition of treated RCA materials.

6 Conclusions

Asphalt mixtures were prepared, containing 25 and 50% RCA materials of the sizes
ranging from 4.75 to 12.5 mm. In order to improve quality of mixes, RCAs were
treated with hydrated lime and calcium metasilicate solutions and HMAmixes were
prepared. From performing various tests on mixes the following conclusions were
drawn.

1. Substitution of RCA materials with conventional natural mineral aggregates in
HMA mixes are beneficial both in terms of environmental issues and enhanced
mechanical properties of mixes.

2. Limited percentages of RCAmaterials can be applied in asphalt mixtures without
occurring significant changes in performance of asphalt mixes.

3. Both of the treatment methods that were imparted in this research (i.e. applica-
tion of hydrated lime and calcium metasilicate solutions) resulted in increased
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intrinsic properties of RCA materials. Among these reduced water absorption of
the particles was quite distinct.

4. Asphalt mixes containing 50% untreated RCA materials showed some moisture
susceptibility in HMAmixes. While, asphalt mixes containing 50% treated RCA
showed improved moisture resistance.

5. Hot mix asphalt containing RCA exhibited greater fracture energy than conven-
tional mixes that contained natural mineral aggregates.
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Bituminous Mixtures with High
Environmental Compatibility:
Laboratory Investigation on the Use
of Reclaimed Asphalt and Steel Slag
Aggregates

C. Nodari, M. Crispino, and E. Toraldo

Abstract Recycling waste materials is a key issue in sustainable road pavements
construction. This is the reason why the efforts of the scientific and technical com-
munity are addressed in studying sustainable solutions for producing bituminous
mixtures. As a result of these efforts, the use of Reclaimed Asphalt (RA) is becom-
ing a standard practice, even if in Italy the use of RA is limited to a certain content. So
the increase of RA content appears to be the new border of the research in this field.
At the same time, the scientific literature demonstrates that other recycled materi-
als, such as Steel Slags Aggregates (SSAs), can be used with satisfactory results.
To go a step further, the research herein described focused on the evaluation, at the
laboratory scale, of the effects of both high amounts of RA (from 15 up to 60% by
weight) and RA plus SSAs (from 55 up to 71% by weight). Compaction properties,
volumetric characteristics and mechanical performances were investigated. Even if
the obtained results are at the laboratory scale and keeping in mind that the research
needs an on-site validation, the investigated mixtures seem to be promising for a
future development of bituminous mixtures with high environmental compatibility.

Keywords Reclaimed Asphalt · Steel slag aggregates · Recycled bituminous
mixtures · Mechanical performance

1 Introduction and Literature Review

Recycling waste materials is a key issue in sustainable construction and rehabili-
tation of road pavements. This is the reason why the efforts of the scientific and
technical community are addressed in studying sustainable solutions for producing
bituminous mixtures (Lopes et al. 2015; Ghabchi et al. 2016; Moghaddam and Baaj
2016; Zhao et al. 2016; Ashouri Taziani et al. 2017; Fakhri and Ahmadi 2017b). As
a result of these efforts, the use of Reclaimed Asphalt (RA) is becoming a standard
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practice (European standard EN 13108-8:2016), even if in several countries, includ-
ing Italy, the use of RA is limited to a certain content (ANAS 2010; Moghaddam
and Baaj 2016). The limitation on the use of RA into new bituminous mixtures is
a consequence of the RA composition. In fact, since it derives from a process of
removal, milling and crushing of old pavements (Lopes et al. 2015; Moghaddam and
Baaj 2016; Fakhri and Ahmadi 2017b), both the RA selection and the rheological
behavior of aged bitumen into the RA could be detrimental to the performance of
the mixtures in which high contents of RA are included. As for the aged bitumen,
the available literature demonstrated that mixtures in which RA is included suffer
from problems of hardening, drying and brittleness (Moghaddam and Baaj 2016),
this is the reasonwhy rejuvenators and neat bitumen are usedwith satisfactory results
(Silva et al. 2012; Izaks et al. 2015; Liphardt et al. 2015; Moghaddam and Baaj 2016;
Ashouri Taziani et al. 2017; Mohammadafzali et al. 2017). Other negative factors
affecting these mixtures seem to be the reduction of workability during construction
(Zaumanis and Mallick 2015; Fakhri and Ahmadi 2017a), and the increase of pave-
ments susceptibility to cracking (Barco Carrión et al. 2015; Mohammadafzali et al.
2017) resulting in a fatigue life reduction (Moghaddam and Baaj 2016; Fakhri and
Ahmadi 2017b;Mohammadafzali et al. 2017). Moreover, other researchers observed
an increase of both stiffness (Silva et al. 2012;Ghabchi et al. 2016; Fakhri andAhmadi
2017a; Pasetto and Baldo 2017), tensile strength (Mohammadafzali et al. 2017) and
rutting resistance (Colbert and You 2012; Visintine et al. 2013; Ghabchi et al. 2016).
Considering what above reported, the increase of RA content into new bituminous
mixtures with no detrimental effects appears to be the new border of the research
of sustainable solution for road pavement construction. Obviously, there are other
recycled materials potentially suitable for bituminous mixtures’ production, such as
recycled concrete, recycled asphalt shingles, crumb rubber, plastic bottles, copper
slag, waste glass, steel slag, incinerator bottom ashes, etc. (Toraldo and Saponaro
2015; Zhao et al. 2016; Fakhri and Ahmadi 2017a; Lastra-Gonzàlez et al. 2017; Top-
ini et al. 2018). Among these materials, Steel Slags Aggregates (SSAs) appear to be
appropriate to replace natural aggregates into bituminous mixtures, because of their
ability to increase both stability and skid resistance (Brand and Roesler 2016; Fer-
reira et al. 2016; Fakhri and Ahmadi 2017a); and mechanical performances (Ferreira
et al. 2016), such as fatigue life and rutting resistance (Fakhri and Ahmadi 2017b).
An increase of stiffness modulus has been also observed (Pasetto and Baldo 2017).
However, other SSAs’ properties, such as irregular shape and porous texture, appear
to be detrimental in terms of mixtures’ workability and binder consumption (Fakhri
and Ahmadi 2017a, b). To go a step further, in the recent past some researchers
addressed their efforts in studying the concurrent use of both RA and SSAs for
the production of bituminous mixtures, with some satisfactory results (Pasetto and
Baldo 2012; Fakhri and Ahmadi 2017b; Lastra-Gonzàlez et al. 2017; Pasetto and
Baldo 2017).

Given the above mentioned scientific literature and considering that, from one
side, the increase of RA content is a need in terms of sustainability, and from the
other side that SSAs reveal promising results, the research described in this paper
focused on the evaluation, at the laboratory scale, of the effects of both high amounts
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of RA (from 15 up to 60% by weight) and RA plus SSAs (from 55 up to 71% by
weight) into new bituminous mixtures. The laboratory evaluation was performed by
means of a set of tests selected to highlight the effects of the use of high amounts of the
afore mentioned recycled materials into bituminous mixtures in terms of compaction
properties, volumetric characteristics and mechanical performances.

2 Materials and Methods

2.1 Materials

The investigation included the following materials:

• natural lithic aggregates, deriving from an Italian quarry;
• Recycled Asphalt (RA) sourced by milling a highway porous wearing course,

sieved in the range of 0–16 mm with an aged bitumen content of 5% by the
weight of the RA (EN 12697-1:2012);

• Steel Slags Aggregates (SSAs) deriving from an Italian manufacturer of seamless
steel tubes, selected in the range of 0–4, 4–8 and 8–16 mm;

• calcareous filler;
• 50/70 neat bitumen (EN 1426:2015) obtained from a refinery located in Busalla

(Genoa);
• amine-base rejuvenator available on the Italian market, specifically tetraethylene-

pentamine (TEPA), amber coloured and liquid at ambient temperature.

The main characteristics of natural aggregates, neat and aged bitumen, RA and
SSAs are reported in Table 1.

2.2 Experimental Plan and Methods

The experimental laboratory investigation included six bituminous mixtures. Three
mixtures were prepared using the only RA: the content of which was 15, 30 and 60%
by the total mass, respectively. The other three mixtures were obtained adding SSAs
(40, 23 and 11% by the total mass, respectively) to the mixtures with RA, progres-
sively diminishing the virgin aggregate contents. The sixmixtures were proportioned
according to Table 2, considering an intermediate (binder) layer for road pavement
currently used in Italy (ANAS 2010).

The mixtures were prepared using a laboratory mixer, both mixing and com-
paction temperatures were at 150 ± 5 °C, as suggested by the Italian Specifications
(ANAS 2010). Four nominally alike cylindrical specimens (150 mm in diameter,
180 revolutions) of each mixture were prepared by Gyratory Shear Compactor GSC
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Table 1 Key material main characteristics

Bulk density
[Mg/m3]
EN
1097-6:2013

LA [%]a

EN
1097-2:2010

FI [%]a

EN
933-3:2012

SI [%]a

EN
933-4:2008

SE [-]a

EN
933-8:2015

Natural
aggregates

2.690 20.3 8.11 – 93

Steel slags
aggregates

3.860 22.1 0.79 – 71

RA
aggregates

2.685 16.2 10.1 9.49 –

Penetration [0.1 mm]
EN 1426: 2015

Softening point [°C]
EN 1427: 2015

Neat bitumen 53 48

RA bitumen 17 75

aLA: Los Angeles Index; FI: Flakiness Index; SI: Shape Index; SE: Sand Equivalent

Table 2 Mixtures composition

Natural
aggregates
[%]

RA
(including
aged
bitumen)
[%]

SSA
[%]

Total
recycled
amount
[%]

Total
bitumen
content
[%]

Rejuvenator
[% RA
bitumen]

RA15 80.2 15 – 15 4.8 2.0

RA30 65.3 30 – 30 4.7 2.0

RA60 35.3 60 – 60 4.7 1.2

RA15_SSA40 40.44 15 40 55 4.6 2.0

RA30_SSA23 42.52 30 23 53 4.5 2.0

RA60_SSA11 24.36 60 11 71 4.6 1.2

(EN 12697-31:2007), measuring both self-compaction c1 and workability k during
the compaction process.

A complete volumetric characterization of the specimens, including the air voids
content (v), the voids in mineral aggregate (VMA) and the voids filled with bitumen
(VFB), was also performed.

As first stage of themechanical performance evaluation, stiffness tests (EN12697-
26:2012—Annex C) and indirect tensile strength tests (EN 12697-23:2018) at 25 °C
were carried out. The stiffness behavior was investigated considering three different
temperatures (5; 20 and 40 °C) and three load frequencies (1.25; 2.00 and 4.00 Hz).
Average stiffness test results are shown in Table 3. As expected, stiffness increases
according to temperature decrease and load frequency increase. Moreover, the stiff-
ness increases according to both the RA and SSAs contents. The first is due the
increasing of the aged bitumen into the mixtures (according to the RA content), the
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Table 3 Average stiffness test results

Stiffness modulus [GPa]

Temperature [°C] 5 20 40

Frequency [Hz] 1.25 2 4 1.25 2 4 1.25 2 4

RA15 18.2 19.3 21.4 8.4 8.9 11.1 1.7 1.9 2.5

RA30 21.9 23.4 25.4 9.7 10.6 12.0 2.1 2.4 3.1

RA60 25.5 26.9 29.2 12.9 13.9 15.5 2.5 2.9 3.7

RA15_SSA40 24.8 26.1 28.4 12.4 13.4 15.2 2.2 2.5 3.1

RA30_SSA23 25.5 26.8 29.3 12.1 13.3 15.1 2.3 2.6 3.5

RA60_SSA11 30.3 30.8 33.6 17.1 18.3 20.4 2.4 2.8 3.7

latter is probably due to the angular shape of the SSAs particles (according to the FI
results reported in Table 1), that produce an increase of stone-to-stone contacts into
the mixtures.

Then, the stiffness test results were used to calculate the mixtures’ Master Curves
at reference temperature of 20 °C, according to the time-temperature superposition
principle. To do that, three sigmoidal models were compared: Pellinen-Witzack,
AASHTO TP-62 and Medani-Huurman. The latter allowed the best data fitting—
Eq. (1).

log(Smix ) = log(Smin) + [
log(Smax ) − log(Smin)

] ∗ S

S = 1 − exp

[
−

(
10 + log f r

β

)γ ]
. (1)

where: Smix is the stiffness modulus obtained by the model [MPa]; Smin is the min-
imum stiffness modulus by laboratory test [MPa]; Smax is the maximum stiffness
modulus by laboratory test [MPa]; f r is the reduced frequency [Hz] and β and γ are
the shape parameters.

As second stage of the investigation, rutting proneness and fatigue performances
were also evaluated on the mixtures with the higher content of recycled materials
(RA60 and RA60_SSA11).

Rutting proneness (EN12697-22:2007—methodB in air at 40 °C) of eachmixture
was measured on two slab samples (0.3 × 0.4 × 0.08 m) obtained by a Rolling
Compactor (EN 12697-33:2007).

The fatigue life (EN 12697-24:2012—Annex E) was investigated on cylindrical
specimens (three GSC nominally alike replicates for each mixture). The fatigue tests
were run at 20 °C, 5 Hz in controlled horizontal stress mode (σH equal to 1,000 kPa).
The failure criterion was 50% reduction of the initial stiffness.
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3 Results and Discussion

3.1 Compaction and Volumetric Characteristics

Average values (including maximum and minimum values as error bars) of both
GSC compaction parameters (self-compaction c1 and workability k) and samples’
volumetric characteristics (air voids content v, voids in mineral aggregate VMA and
voids filled with bitumen VFB) are shown in Figs. 1 and 2, respectively.

Focusing on the compaction characteristics of the mixtures in which only RA is
used, both the investigated parameters seem not to be affected by the RA content;
this is reasonably because of the rejuvenator effectiveness. This is not true for the
mixtures in which SSAs are used. In fact, an increase of c1 and a decrease of k are
appreciable according to the increase of SSAs content.

Moreover, comparing mixture at the same RA content, those in which SSAs are
included showhigher c1 and lower k. This is probably due to both the highbulk density
of the slags (as reported in Table 1), that increase the proneness of the mixtures to
be compacted under their own weight, and their shape and angularity, that results
as detrimental to the mixtures’ ability to be compacted by the GSC. However, a

Fig. 1 Compaction test results: a self-compaction and b intrinsic workability

Fig. 2 Volumetric test results: voids content (%v), voids in mineral aggregates (VMA) and voids
filled with bitumen (VFB)
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sort of balancing effect of the compaction parameters can be expected at the end of
compaction, in terms of volumetric characteristics.

The volumetric results reported in Fig. 2 confirm the expectations deriving from
the compaction analysis. In fact, the investigated volumetric parameters, air voids
content (v), voids in mineral aggregate (VMA) and voids filled with bitumen (VFB)
are quite similar in average, regardless of RA and/or SSAs content. Also the error
bars in the graph reveal an insignificant variability of the results among the samples.

3.2 Mechanical Performances

3.2.1 Stiffness Master Curves and Indirect Tensile Strength (ITS)

Mixtures’ Master Curves obtained by Medani-Huurman model at reference tem-
perature of 20 °C (including the shifted experimental values) and Indirect Tensile
Strength results (average values, including error bars as for the previous compaction
and volumetric results) are given in Figs. 3 and 4, respectively. The results in Fig. 3
indicate an increase of the mixtures’ frequency sensitivity according to both RA and
SSAs amounts, except for the RA in the range of 10–1,000 Hz, where the curves are
partially overlapped.More in detail, it is possible to note a stiffer effect of the recycled
materials at both high and low frequencies (that, according to the time-temperature
superposition principle, means low and high in situ temperatures, respectively). If it
is definitely a good result at low frequencies (or high temperatures), because it makes
the mixtures able to reduce their rutting potential, it is detrimental considering in situ
low temperatures (high frequencies) when the lower stiffness is desirable in order to
reduce the mixtures’ low temperature cracking proneness.

Fig. 3 Master Curves of the investigated mixtures
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Fig. 4 Indirect tensile
strength at 25 °C

Regarding the ITS results reported in Fig. 4, it is possible to note an increase of
the performance according to the RA content. It is an expected result and it is due to
the increase of the aged bitumen into the mixtures. A slight increase of ITS is also
appreciable when the SSAs are used, at the same content of RA (e.g. comparing the
mixture RA15 with RA15_SSA40). However, considering the average results and
the error bars in the graph, the performance increase has the same order of magnitude
as of the test variability.

3.2.2 Fatigue and Rutting Resistance

As a second stage of the investigation, fatigue and rutting tests were performed on the
mixtures with the higher content of recycled materials (RA60 and RA60_SSA11).
The results are given in Fig. 5. Regarding fatigue resistance (Fig. 5a), a huge vari-
ability of test results is demonstrated by the error bars amplitude, it is probably due
to the intrinsic variability of the recycled materials into the mixtures. However, con-
sidering the average results, the number of cycles at which failure is reached (failure
criterion: 50% reduction of the initial stiffness) is lower for the mixture containing
steel slags. As regards wheel tracking test results (Fig. 5b), both mixtures present
the same WTS, in other words the same rutting proneness, but the final rut is quite
different. In fact, the mixture containing steel slags (RA60_SSA11) experienced a
final rut deformation that is 50% of the one obtained on the RA60mixture, indicating
that the use of steel slags helps to prevent rutting damages in the field.

Fig. 5 a Fatigue results expressed in terms of number of pulse application to failure and b wheel
tracking test results
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4 Conclusions

The aim of this study was to evaluate, at the laboratory scale, the compaction proper-
ties, the volumetric characteristics and the mechanical performances of bituminous
mixtures with high recycledmaterials content, ranging between 15 and 71% bymass,
in which Reclaimed Asphalt and Steel Slags Aggregates are included.

As a summary of the obtained results, the following conclusions can be drawn:

• both compaction and volumetric characteristics seem not to be influenced by
the increasing of the recycled materials; in this way a crucial role is played by
the rejuvenator in reducing the viscosity of the RA aged bitumen; moreover, the
compaction characteristics of the mixtures including SSAs are balanced by the
bulk density of these slags (that increases the self-compaction proneness) and
their shape and angularity (that reduces the workability);

• the stiffness of the mixtures is highly influenced by the recycled materials; in
general terms it increases according to the recycled materials content: if it is
definitely a good result at low frequencies (or high temperatures), because it could
reduce the effects of rutting, it is detrimental considering on site low temperatures
(high frequencies) when the lower stiffness is desirable in order to reduce the
mixtures’ low temperature cracking proneness;

• the ITS results demonstrated that RA increase the mixtures’ performance, no
significant effects deriving from the use of SSAs are appreciable;

• fatigue and rutting results on the mixtures’ having the higher content of recycled
materials revealed an unclear trend in terms of fatigue life and a positive role of
SSAs in reducing rutting potential.

To conclude, even if the obtained results were at the laboratory scale and a small
number of recycledmixtureswere investigated (and keeping inmind that the research
needs an on-site validation), the investigated mixtures seem to be promising for a
future development of bituminous mixtures with high environmental compatibility.
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Investigation of Selected Properties
of Crumb Rubber Modified Bitumens
with Different Rubber Contents

E. Manthos, J. Valentin, L. Benešová, D. Giannaka, P. Gravalas,
and Ch. Tsakalidis

Abstract The current paper investigates the characteristic properties of three crumb
rubber modified bitumens (CRMBs) of Greek origin with different crumb rubber
(CR) contents, i.e. 5, 10 and 15%, before and after aging. The virgin bitumen used
for the production of the threemodified bituminous binders, was a 50/70 paving grade
bitumen. The characteristic properties examined were penetration, softening point,
dynamic viscosity, storage stability and force ductility. Temperature sweep test was
also performed, and certain rheological properties were determined. Additionally,
results of characteristic and rheological properties of CRMB which was designed in
the Czech Republic, by using activated rubber powder (10 and 15%), were presented.
Results showed that although CR addition (5, 10 and 15%) affects the characteristic
properties, only 10 and 15% of CR affects the rheological properties before and after
aging. The overall effect is mainly hardening of the bitumen, rather than improve-
ment of elastic behavior before aging. Only after aging and with respect to phase
angle measurements CRMBs seem to present a more elastic behavior than the vir-
gin bitumen. Activated rubber addition seems to lower the viscosity of the modified
bitumen and at some cases (with respect to activation agent content and CR content)
improves significantly the storage stability of the CR modified bitumen.

Keywords Rubber · Crumb rubber · Crumb rubber modified bitumen ·
Temperature sweep test · Activated crumb rubber

1 Introduction

Nowadays crumb rubber (CR) coming from waste tires has been recognized as a
waste withmultiple uses. CR is commonly used in the following sectors: (i) sport sur-
faces, (ii) automotive industry, (iii) buildings’ construction, (iv) geotechnical/asphalt
applications, (v) adhesives and sealants, (vi) shock absorption and safety products
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and (vii) rubber and plastic products. Asphalt application of CR refers to its use
as a constituent of rubberized asphalts. Along the last 60 years that CR is used in
the pavement industry, a number of procedures with several variations have been
developed by researchers worldwide for CR addition in asphalts. However, all these
procedures have originated by the two basic ideas of CR incorporation in pavement
construction; incorporation either in the bitumen or in the asphalt mix. In the first
case we refer to the “wet process”, while in the second case we refer to the “dry
process”.

In this paper, which presents results of an experimental study, the wet process was
used to produce three crumb rubber modified bitumens (CRMBs) with different CR
contents, i.e. 5, 10 and 15%. Their characteristic and rheological properties before
and after aging were determined and comparison with the respective properties of the
virgin bitumen was made. Additionally, results of CRMBs with activated rubber are
presented, so to see the possible effect of rubber activation to the CRMB properties.

2 Literature Review

With regards to the fact that crumb rubber is usednearly from the1960s there aremany
scientific papers and research reports describing and analyzing the performance either
of the CRMBs or of the rubberized asphalts. Given the fact, that the performance of
the rubberized asphalts depends mainly on the CRMBs used and also that this paper
focuses on the CRMBs performance, literature review will be focused on CRMBs
and not on rubberized asphalts.

Depicted overall review papers such as those by Papagiannakis and Lougheed
(1995), Huang et al. (2002), Lo Presti and Airey (2013), Lo Presti (2013), Bennert
(2013), Mturi et al. (2014), Pratico et al. (2016), Astolfi et al. (2019) and Bressi
et al. (2019) give an overall perspective of the history of CR use, the interaction
mechanisms between bitumen and CR, the procedures and technologies for CR
production and of the research that has been done up until nowadays worldwide.

More detailed scientific papers have described the effect of rubber source, rubber
particle and origin of CR. Willis et al. (2013) have investigated the effect of rubber
particle size to selected CRMBs properties. They concluded that surface area and
particle size were the most influential factors on the increase of critical high temper-
ature grade of the CRMB and that the smaller the rubber size the better the results of
the storage stability test. This was not fully confirmed by Soukupová and Valentin
(2015). They showed that if very fine crumb rubber is used (CR size up to 0.5 mm),
most of CR will float into the bitumen and reach the top of the tube after storage
stability test, resulting in an inhomogeneous binder. Neutag and Beckedhal (2011)
investigated the performance of CRMBs with 5, 10 and 15% of CR and base bitu-
mens of different origins. Their research showed that bitumen origin has a substantial
effect on the CRMBs properties.

Other researchers investigated the effect of CR content to the properties of CRMB.
In detail, Mashaan et al. (2011) utilized a 80/100 bitumen in order to make CR blends
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with different CR contents up to 20%. CR addition resulted in decrease of the pen-
etration and ductility and increase of the elastic recovery. Rheological properties
results showed that CR addition resulted in increase of the complex, storage and
loss modulus and decrease of phase angle and enhanced the rutting resistance of the
bitumen. Similar results observed by Cong et al. (2013), Al-Khateeb and Ramadan
(2015) and Nejad et al. (2012) for different base binders and CR contents. Liu et al.
(2009) evaluated the performance of CRMBs with different CR types and concluded
that among CR type, rubber particle size and CR content, the CR content is the fore-
most factor affecting the CRMB performance, followed by the type and particle size.
Lucaz and Valant (2011) investigated the mechanical and rheological properties of
CRMBs with 0.4% amine and 15 and 18% CR. The CRMBs showed increased soft-
ening point, and reduced penetration and Fraas breaking point compared to the base
binder. Rheological characterization showed that CRMBs exhibited higher viscosity
and elasticity.

Research has also been focused on the comparison of CR with other modifiers
or on the incorporation of a second material, such as reclaimed asphalt binder or
wax additives into the CRMB. Eldouma and Xiaoming (2019) conducted a study
on the mechanical performance of bitumens and mixtures utilizing crumb rubber,
tafpack super and polypropylene. CRmodified binders showed the highest reduction
in phase angle and the most significant elastic response (especially for 4% crumb
rubber). Girimath et al. (2018) have investigated the possibility of adding reclaimed
asphalt bitumen into the CRMB. They concluded that the addition of reclaimed
asphalt bitumen has increased the viscosity and improved the thermal susceptibility
of the final product. Aging index has also improved but fatigue resistance of the
final blends has worsen. Lee et al. (2019) have added WMA wax-based additives to
CRMB and found that the blends with the wax additives were effective on increasing
rutting resistance and did not show a significant difference on Jnr, %Recovery and
%Jnr values during MSCR tests.

3 Materials

Thematerials used for the production of theCRMBs of the current studywere a 50/70
paving grade bitumen and CR coming from car tires (not truck tires). The gradation
of the CR and the penetration and softening point values of the 50/70 bitumen are
given in Table 1. As can be seen from Table 1, CR particle size is less than 1.18 mm
and most of its particles are between 0.3 and 0.6 mm.

4 Experimental Work

Experimentalwork included the determination of characteristic and rheological prop-
erties of the 50/70 binder and of the CRMBs before and after aging (RTFOT) (CEN
EN 12607-1, 2014). The characteristic properties determinedwere: penetration, soft-
ening point, viscosity, elastic recovery and force ductility. The rheological properties
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Table 1 Gradation of CR
and penetration and softening
point of virgin bitumen

Crumb rubber particle
distribution

50/70 bitumen

Sieve size
(mm)

Passing (%) Penetration
(dmm)

Softening
point (°C)

1.18 100.0 66 47.8

0.6 87.7

0.3 23.0

0.125 4.6

0.075 0.8

determined were the dynamic shear modulus |G∗|, the phase angle δ, the dynamic
viscosity n* and the rutting parameter G*/sinδ. Additionally by utilizing the G*
and phase angle results, the bitumen transition temperature from elastic to viscous
condition was determined in all cases.

The blending of the CR and 50/70 virgin bitumen has been made on a very high
shear rate mixer of 36.500 rpm for 15 min. The small mixing time was selected due
to the very high shear rate of mixing. After mixing, the resulted blends were left with
no agitation for 45 min to 160 °C in order take place the chemical reaction between
50/70 bitumen and CR.

5 Characteristic and Rheological Properties of CRMB
Before and After Aging

5.1 Characteristic Properties Before and After Aging

The test results of the bitumen characteristic properties are given in Tables 2 and 3.
As it can be seen from Table 2, and with respect to penetration and softening point
results, the addition of CR has hardened the 50/70 bitumen. The higher the CR
content the more the reduction in penetration and increase in softening point.

Elastic recovery test has shown some increase in elasticitywith the addition of CR,
however the elastic recovery result of CRMB-15 is much lower than those achieved
in other studies using 15% CR (Nejad et al. 2012) or with other modifiers such as
SBS.

Force ductility results on the CRMBs has shown an increase in the deformation
energy with CR content, which ascertains the modification of the virgin bitumen.

Storage stability results show that there was separation between bitumen and CR,
which is consistent with the results of other studies and confirms the fact that CRMBs
should be stored in constant agitation.
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Table 2 Bitumen characteristic properties

Property Standard 50/70 CRMB-5 CRMB-10 CRMB-15

Penetration at 25 °C
(0.1 mm)

CEN EN 1426 66 47 46 43

Softening point (°C) CEN EN 1427 47.8 51.0 51.6 52.6

Elastic recovery at
25 °C (%)

CEN EN 13398 15 19 27 41

Force ductility at 15 °C
(J/cm2)

CEN EN 13585 – 0.15 0.17 0.22

Dynamic viscosity
(Pa s)

CEN EN 13302 See Table 2 and Fig. 2

Storage stability
Diff. in softening
point(°C)

CEN EN 13399 – 6.6 7.6 7.8

Table 3 Viscosity results, at the rate of 20 rpm (6.8 s−1)

Bitumen Testing temperature (°C)

130 140 150 160 170 180

Viscosity (Pa s)

50/70 0.495 0.305 0.205 0.150 0.115 0.095

CRMB-5 0.585 0.375 0.235 0.165 0.115 0.095

CRMB-10 0.675 0.350 0.225 0.165 0.120 0.090

CRMB-15 0.555 0.350 0.230 0.165 0.120 0.090

Dynamic viscosity has been determined with the use of a rotational viscometer.
Testing temperatures were from 130 to 180 °C in steps of 10 °C. As can be seen by
Table 3, the viscosity of the virgin bitumen is lower than that of the CRMBs up to
160 °C. Above 160 °C, all bitumens show almost the same viscosity values. There
are discrepancies among the viscosity values of CRMBs up to 160 °C and no specific
ranking is observed among them

Results of bitumen characteristic properties after aging are given in Tables 4 and 5.

Table 4 Bitumen characteristic properties after aging

Property Standard 50/70 CRMB-5 CRMB-10 CRMB-15

Penetration at 25 °C (0.1 mm) EN 1426 42 30 25 21

Softening point (°C) EN 1427 56.0 60.4 61.2 63.0

Elastic recovery at 25 °C (%) EN 13398 12 14 22 35

Force ductility at 15 °C (J/cm2) EN 13585 – 0.34 0.42 0.55

Dynamic viscosity (Pa s) EN 13302 See Table 5 and Fig. 1
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Table 5 Viscosity results after aging, at the rate of 20 rpm (6.8 s−1)

Bitumen Testing temperature (°C)

130 140 150 160 170 180

Viscosity (Pa s)

50/70 0.765 0.415 0.265 0.180 0.125 0.95

CRMB-5 0.995 0.540 0.355 0.220 0.165 0.130

CRMB-10 0.800 0.420 0.265 0.180 0.120 0.080

CRMB-15 0.860 0.505 0.315 0.205 0.140 0.105

As it can be seen from Table 4, and with respect to penetration and softening point
results, all bituminous binders have hardened after aging. The aging hardening had an
effect on the elastic recovery (reduced in all cases) and to the force ductility (increased
in all cases). Dynamic viscosity was higher after aging in all cases (Table 5).

5.2 Rheological Properties Before and After Aging
– Temperature Sweep Test

Rheological properties of all tested bituminous binders have been determined via the
temperature sweep test, by using a dynamic shear rheometer (DSR) with a 25 mm
diameter plate and 1 mm gap. Figures 1, 2, 3 and 4 give the results of dynamic shear
modulus, phase angle, dynamic viscosity and G*/sinδ, before and after aging.

As it can be seen from dynamic shear modulus |G∗|, results (Fig. 1) 50/70 and
CRMB-5 bitumens show similar behavior, while the CRMB-10 and CRMB-15 show
almost identical behavior. At 33 °C, CRBM-10 and CRBM-15 show distinctively
higher dynamic shear modulus values, than those of CRMB-5 and 50/70 binders.
In the range of 33–55 °C the differences between the values of |G*| for the four
compared binders are subsequently reduced. It is even visible that the drop in G* is

Fig. 1 Dynamic shear modulus |G*| and phase angle δ results before aging
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Fig. 2 Dynamic viscosity |η*| and G*/sinδ results before aging

Fig. 3 Dynamic shear modulus |G*| and phase angle δ results after aging

Fig. 4 Dynamic viscosity |η*| and G*/sinδ results after aging

faster for the CRMB-10 and CRMB-15. After 55 °C all tested binders showed almost
the same behavior (same values of dynamic shear modulus).

As Fig. 1 shows the more the CR content the higher the phase angle. This is more
distinct in temperatures up to almost 75 °C and less distinct in higher temperatures.
Phase angle increase with increased CR content, implies that CR addition hardened
the bitumen rather than enhanced its elastic behavior.
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Phase angle of 50/70 bitumen is lower than the phase angles of CRMBs between
45 and 54 °C. At temperatures higher than 54 °C the 50/70 phase angle increases
and above 63 °C reaches values higher than those of the CRMBs.

Dynamic viscosity and G*/sinδ curves of Fig. 2 show similar trends with those of
the |G*|. Hence, at 33 °C the dynamic viscosity values of CRBM-10 and CRBM-15
are distinctively higher, than those ofCRBM-5and50/70binders. For the temperature
range between 33 and 55 °C the differences in the |η*| values are showing similar
progress like for dynamic shear modulus.

G*/sinδ is the Superpave rutting parameter, which has been used to measure
the rutting resistance of bitumens and to classify them with respect to their high-
performance grade. Superpave specifies a minimum limit of G*/sinδ of 1.0 kPa for
virgin bitumens and that of 2.2 kPa for aged bitumen by the RTFOT method. Con-
sidering the limit of 1.0 kPa and from the analytical DSR results (not shown in the
paper), it can be noted that all bitumens (50/70 and CRMBs) satisfy the criterion for
temperatures from 33 to 77 °C. At 33 °C theG*/sinδ values of CRMB-10 andCRBM-
15 are distinctively higher, than those of CRBM-5 and 50/70 bitumens, indicating a
much better rutting performance. In between 33 and 55°C the differences between
the G*/sinδ values of the four bitumens are reduced. After 55 °C all bitumens show
almost the same G*/sinδ.

Figure 3 shows the results of |G*| and phase angle δ with increasing temperature,
after aging. |G*| values are in all cases higher than those before aging. Bitumens
50/70 and CRMB-5 show similar behavior. However, the |G*| values of the CRMB-
15 are distinctively higher from those of CRMB-10, up to 55 °C. The latter implies
that at the certain temperature range (33–55°C) the CRMB-15 will exhibit better
performance in terms of deformability.

Phase angle results after aging show that 50/70 bitumen shows the highest values
throughout the testing temperature range. This implies that the CRMBs are more
elastic after aging than the 50/70 bitumen. It is also noted that for all CRMBs phase
angle values throughout the temperature range are lower after aging thanbefore aging,
which also shows the positive effect of CR on elasticity after aging. CRMBs show
phase angle variation among them and different ranking at different temperatures.

Dynamic viscosity and G*/sinδ curves (Fig. 4) show the same trend with those
of the |G*|. Hence, at 33 °C the CRMB-10 and CRMB-15 show distinctively higher
dynamic viscosity values, than those of CRMB-5 and 50/70 bitumen. Between 33 °C
and 55 °C the differences between the |η*| values of the four bitumens are reduced.
After 55 °C all bitumens show almost the same dynamic viscosity. In all tested
bitumen variants the viscosity values of the aged binders are higher than those of the
unaged bitumen.

The G*/sinδ criterion of 2.2 kPa, is satisfied for the 50/70 bitumen at temperatures
lower than 71 °C, for the CRMB-5 and CRMB-10 at temperatures lower than 74.2 °C
and for the CRMB-15 at temperatures lower than 77.3 °C (from the analytical results
of DSR, not shown in the paper). The above shows an improvement of the resistance
to rutting after aging as the CR content increases.

By utilizing the results of |G*| and phase angle, the temperature at which the bitu-
men transits from the elastic to the viscous region, can be determined. The transition
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Table 6 Bitumen transition
temperature from elastic to
viscous condition

Bitumen Transition temperature (°C)

Before aging After aging

50/70 38.8 38.5

CRMB-5 38.8 37.8

CRMB-10 40.5 37.5

CRMB-15 40.0 38.3

temperature is defined as the intersection point of |G*| and phase angle curves. The
results for all bituminous binders tested are given in Table 6.

As Table 6 shows before aging the transition temperature is the same for 50/70
and CRMB-5 binder. This is consistent with the |G*|, |η*| and G*/sinδ curves, where
the two binders showed similar behaviour. Even further, it could be said that 5% of
CR has not affected the rheological behaviour of the 50/70 bitumen. CRMB-10 and
CRMB-15 show higher transition temperature, almost the same for both of them.

After aging, for all bitumens tested transition temperatures are in the region of
38 °C. CRMBs transition temperatures are 1–3 °C lower compared to those before
aging.

6 Use of Activated Rubber Powder

This part aims to assess the characteristics of CRMBs composed by 50/70 paving
grade bitumen, mechanically activated fine-ground rubber (CRk) with maximum
particle size of 0.8mm, aswell as a new type of benzothiazol-based activating catalyst
(AKH). This type of crumb rubber with activating catalyst (chemically activated
crumb rubber) is developed for several years in the Czech Republic. For comparison
reasons, different blends with 15% CR and one with 10% CR were produced. The
resulting values of the basic empirical tests, including the dynamic viscosity, are
summarized in Table 7 and can be briefly interpreted as follows.

The presence of rubber in the binder always hinders penetration but with respect to
the content of activating catalyst, no clear dependence has been observed. In the case
of the softening point, the presence of pulverized rubber results in a higher value;
in comparison to the base bitumen (50/70), the increase may amount up to 15 °C.
No clear relationship between the content of the activating catalyst and the softening
point has been observed, either. Generally, when compared to the base binder, the
use of activated pulverized rubber shows improved penetration index in the sense
of increased binder stiffness, therefore improved resistance to deformation can be
expected. In the assessment of elastic recovery of modified binders, it must primarily
be noted that none of the CRMBs reached the 50% minimum value adopted by the
specifications, implemented in Germany as technical requirements E GmBA (2012)
or by Czech national standard ČSN 65 7222-2 (2017). Some blends exhibited storage
stability results where the differences in softening points did not exceed 3 °C and
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Table 7 Results of basic empirical bitumen tests and dynamic viscosity

Sample Pen R&B PI Elastic
recovery

Storage
stability

Dyn. Visc. @ 6,8 s−1

[0,1 mm] [°C] [-] [%] [°C] 135 °C
[Pa s]

150 °C
[Pa s]

50/70 71.2 47.5 −1.0 4.6 – 0.5 0.3

15% CRK 41.0 63.1 1.1 35.1 −8.4 4.5 3.2

15% CRK
+ 10%
AKH

44.8 60.2 0.8 42.8 2.7 3.9 2.9

15% CRK
+ 5%
AKH

46.2 60.0 0.8 41.8 1.6 4.3 3.4

15% CRK
+ 2.5%
AKH

42.2 62.3 1.1 46.0 −12.5 4.9 3.8

10% CRK
+ 2.5%
AKH

49.6 55.7 0.1 31.0 – 1.9 1.2

can therefore be considered as fully storage stable. From the dynamic viscosity test
results, it is obvious that higher applied contents of the AKH reduce the viscosity
value by roughly 10% in comparison to binders without such catalyst.

FrommeasuredMSCR values (Table 8), it can be noted that the bituminous binder
with 15% CRK without activating catalyst, or the bituminous binder with 15% CRK

with activating catalyst 2.5% by mass, perform the best. It is obvious that the Jnr
value increases with the increase of catalyst quantity.

Table 8 MSCR test results for assessed CRMB binders

Sample 0.1 kPa 3.2 kPa

Elastic recovery
[%]

Jnr [kPa−1] Elastic recovery
[%]

Jnr [kPa−1]

50/70 0.60 5.73 0.02 5.97

15% CRK 34.83 0.39 9.46 0.60

15% CRK + 10%
AKH

30.35 0.61 7.90 0.89

15% CRK + 5%
AKH

33.53 0.47 9.22 0.72

15% CRK + 2.5%
AKH

38.99 0.33 11.84 0.53

10% CRK + 2.5%
AKH

28.03 0.82 3.27 1.35
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Table 9 Dynamic shear modulus and phase angle values for T = 60 °C and f = 1.59 Hz

Sample G′ G′′ G* δ G*/sin(δ) G*x sin(δ)

[kPa] [kPa] [kPa] [°] [kPa] [kPa]

50/70 0.2 3.0 3.0 86.5 3.0 3.0

15% CRK 4.8 13.7 14.6 70.5 15.4 13.7

15% CRK + 10% AKH 3.8 11.0 11.6 70.8 12.2 10.9

15% CRK + 5% AKH 4.1 11.5 12.2 70.5 12.9 11.5

15% CRK + 2.5% AKH 5.4 13.6 14.6 68.4 15.6 13.5

10% CRK + 2.5% AKH 1.8 7.6 7.8 76.9 8.0 7.6

It is also noticeable that the content of CRk affects the value of irreversible shear
compliance and higher contents result in improved deformation characteristics By
evaluating the Frequency Sweep test results, Table 9, it can be confirmed that the CRk

content affects both the dynamic shear modulus and the phase angle which indicates
the degree of bitumen elasticity. Increasing content of AKH in the resulting CRMB
reduces the dynamic shear modulus |G∗|,—this shows a slightly negative impact on
deformation characteristics.

7 Conclusions

The incorporation of 5–15% CR to a 50/70 bitumen has resulted in harder CRMBs
but with low elastic recovery behaviour and storage stability deficiency. Rheolog-
ical properties determination also verified the bitumen hardening (as CR content
increased) and the not highly improved elastic behaviour.

All CRMBs have hardened after aging. With respect to dynamic shear modulus
|G∗|, dynamic viscosity and G*/sinδ after aging, CRMB-15 showed the highest
values from 33 °C to 55 °C and thus is expected to perform better in terms of
deformability than all the other bitumens tested. Phase angle determination after
aging, showed increased elastic behaviour of the CRMBs and more elastic behaviour
than the 50/70 bitumen, throughout the testing temperature range.

With respect to CRMBs with activated rubber, the new type of activating catalyst
has, a positive effect on the resulting characteristics of themodified bitumen if appro-
priate quantity of such additive is used. This confirms the often-repeated finding that
a higher proportion of activated rubber powder (ARP) in the bitumen improves the
deformation characteristics of the material on one hand while, on the other hand, it
reduces the dynamic viscosity value which, however, is an assumed dependence. It is
shown that in comparison to a CRMB without the catalyst, the addition of a catalyst
improves homogeneity, primarily in cases where 5–10 M% of the activating catalyst
is added.
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The tests carried out on DSR to predict the deformation behavior show that modi-
fied bitumens achieve very good values when using only 15% crushed rubber is used,
or when the 15% rubber and 2.5% activating catalyst are mixed.
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Performance Assessment of Rubberized
Mixtures Containing Reclaimed Asphalt
and a Viscosity Reduction Additive

Leonardo Urbano, Davide Dalmazzo, Pier Paolo Riviera, and Ezio Santagata

Abstract This paper illustrates the results obtained in a study which focused on the
mix design and performance-related characterization of rubberized dense-graded
mixtures containing a viscosity reduction additive and different percentages of
reclaimed asphalt. Following preliminary mix design, plant-produced mixtures were
employed for the construction of full-scale trial sections and were subjected to stan-
dard quality assurance tests and to advanced mechanical characterization tests. Anal-
ysis of results was performed by referring to typical acceptance thresholds and to the
outcomes of simplified viscoelastic continuum damage modelling. It was concluded
that reclaimed asphalt can have a non-negligible effect on performance properties
and that the considered rubberized mixtures, which can be compacted at reduced
temperatures, are suitable for paving applications.

Keywords Rubberized asphalt mixture · Reclaimed asphalt · Viscosity reduction
additive · Dynamic modulus · Flow number · Fatigue · Viscoelastic continuum
damage

1 Introduction

Recycling of waste materials and preservation of the ecosystem and of natural
resources are fundamental needs which have to be taken into account in the design of
today’s civil infrastructures. In such a context, new asphalt pavements are designed
in a framework in which sustainability is a key concept. In the specific case of
bituminous mixtures employed in paving applications, the combined use of crumb
rubber (CR) derived from end-of-life tires as a modifier of asphalt binders and of
reclaimed asphalt (RA) as a partial substitute of virgin aggregates is a technology
that can lead to significant benefits in terms of energy saving, environmental impact,
human health, and preservation of ecosystems (Farina et al. 2017; Pouranian and
Shishehbor 2019). Furthermore, rubberized asphalt mixtures containing RA have
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shown improved mechanical properties and performance in terms of indirect tensile
strength, moisture susceptibility, resilient modulus and rutting resistance (Xiao et al.
2007; Xiao and Amirkhanian 2008). In these mixtures the viscosity of the binder
is greatly increased by the presence of CR particles (Xiao and Amirkhanian 2008;
Santagata et al. 2012), thus leading to a significant increase of mixing and com-
paction temperatures. The use of viscosity reduction additives, conventionally used
for warm mix asphalt, can help to reduce these temperatures thereby leading to a
reduction of emissions and to a lower energy consumption in mix production and
compaction. The adoption of such a solution is encouraged by the fact that several
experimental works (Behroozikhah et al. 2017; Mogawer et al. 2013; Saberi et al.
2017) have shown that rubberized mixtures containing RA and viscosity reduction
additives exhibit an improved performance in terms of stiffness, rutting resistance
and fatigue life.

The Authors of this paper have addressed a multitude of issues related to the use
of rubberized mixtures in road pavements as part of the “TYREC4LIFE” project
funded by the European Commission through its “LIFE+” program. Investigations
were carried out in the laboratory and in the field, with the evaluation of several
alternative solutions that entailed the production of gap-graded and dense-graded
mixtures by means of dry and wet technologies (Zanetti et al. 2014, 2015; Santagata
et al. 2015, 2016).Due to the encouraging results obtained during its development, the
project was followed by supplementary activities, funded by the Italian Ministry of
the Environment, Land and Sea, which were focused on the evaluation of rubberized
mixtures of premium sustainability containing RA and viscosity reduction additives.
This paper provides a synthesis of some of the activities which were undertaken in
the “TYREC4LIFE” follow-up project.

2 Experimental Program

The investigation illustrated in this paper focused on dense-graded wearing course
rubberized mixtures containing RA and viscosity reduction additives. The experi-
mental program included an initial mix design phase (including characterization of
component materials) and a further phase of assessment of plant-produced mixtures
which were laid in full-scale field trial sections.

Mix design activities considered three different dense-graded mixtures—indi-
cated as ARS0, ARS10 and ARS20—containing increasing quantities of RA (with
dosages by weight of total aggregates equal to 0, 10 and 20%, respectively). Mixture
AS0, with no RA, was included in the study for comparative purposes.

Following their mix design, the mixtures containing RA were manufactured in a
batch plant (with corresponding codes ARS10-P and ARS20-P) and laid on site for
the construction of a pavement wearing course of an urban road. During construc-
tion, loose mixtures were sampled with the purpose of performing standard quality
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assurance (QA) tests and advancedmechanical characterization tests. TheQAassess-
ment included tests for the evaluation of the volumetrics of Marshall and gyratory-
compacted specimens, Marshall stability and indirect tensile strength. Advanced
mechanical characterization included tests for the evaluation of the dynamicmodulus
master curve, flow number and fatigue life.

3 Materials and Methods

The rubberized binder considered in the study was an asphalt rubber (AR), pro-
vided by an Italian supplier, fabricated by mixing a 50/70 penetration grade bitumen
with 20% CR. Particles constituting CR were entirely passing the 1.18 mm sieve in
accordance to ASTM D6114.

The viscosity reduction additive employed to decrease mixing and compaction
temperatures of bituminous mixtures was a synthetic microcrystalline wax produced
by means of coal gasification, characterized by the presence of long chain aliphatic
hydrocarbons (Jamshidi et al. 2013). Based on manufacturer’s recommendations, a
dosage of 3% by weight of binder was adopted during the entire investigation. In
the laboratory, the additive was blended with the AR binder at 190 °C by means of
a mechanical mixer operating at a constant speed of 400 rpm for 10 min.

The original AR and the AR containing the additive (ARS) were preliminarily
characterized in terms of their penetration at 25 °C (EN 1426) and of their softening
point (EN 1427). Furthermore, they were subjected to frequency sweep tests (EN
14770) for the construction of the master curves of the norm and phase angle of the
complex modulus at a reference temperature of 34 °C. Tests were carried out with a
dynamic shear rheometer equipped with parallel plates of variable diameter (25 mm
or 8 mm), operated in the frequency range of 1–100 rad/s and in the temperature
range of 0–82 °C. Dynamic viscosity tests (EN 13302) were carried out by making
use of a rotational viscometer equipped with a cylindrical spindle rotating at constant
shear rate of 6.8 s−1 in the temperature range comprised between 125 and 175 °C.

Bituminous mixtures were prepared by employing three locally-available aggre-
gate fractions (10/15, 3/8 and 0/8 mm), a mineral filler and RA material obtained
from the milling of wearing courses. Particle size distribution analyses of aggregates
and RA, before and after binder extraction, were carried out according to EN 933-1.
RA binder content was determined as per EN 12697-39. For the three mixtures con-
sidered in design (ARS0, ARS10 and ARS20), fractions were combined in order to
yield the same target gradation, typical of dense-graded wearing courses.

Optimum binder content of each mixture was identified by considering different
binder contents for each combination of aggregate fractions, filler and RAP. For each
binder content, four Marshall specimens (EN 12697-30, 75 blows per side) and four
gyratory specimens (EN 12697-31, 100 gyrations) were compacted at 155 °C. Vol-
umetric properties (EN 12697-5, -6, -8) were assessed for both sets of specimens.
Thereafter, Marshall tests (EN 12697-34) and indirect tensile strength (ITS) tests at
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25 °C (EN 12697-23) were performed on Marshall specimens and gyratory spec-
imens, respectively. Optimum binder content was identified based on acceptance
criteria defined in terms of Marshall air voids content (3–6%), Marshall stability
(≥9 kN) and Marshall flow (≥2 mm). ITS results were considered as supplementary
information which supported the choice derived from simple Marshall design.

QA tests and advanced mechanical tests were carried out on the ARS10-P and
ARS20-P mixtures manufactured in the asphalt plant and sampled during paving
operations. In addition to the specimens required for the QA assessment, six spec-
imens 180 mm thick and 150 mm in diameter were compacted at 155 °C with 40
gyrations of the gyratory compactor for each mixture. The specimens were then
cored and trimmed to obtain testing samples 150 mm thick and 100 mm in diameter
(AASHTO PP 60). The number of gyrations equal to 40 was defined by means of
a preliminary volumetric analysis which showed that they were those necessary in
order to obtain a target air voids content of 8.0% ± 0.5%.

Cyclic uniaxial compression tests (AASHTO T 378) at three temperatures (4, 20
and 40 °C) and six frequencies (25, 10, 5, 1, 0.5 and 1 Hz) were performed on all
ARS10-P andARS20-P specimens by applying an axial strain of approximately 100·
10−6 mm/mm, with the consequent evaluation of dynamic modulus and phase angle.
Flow number (FN) was obtained as the average of three replicates from repeated load
permanent deformation tests (AASHTO T 378) carried out at 58 °C by applying load
pulses of 600 kPa with a 0.1 s duration every 1 s. Resistance to fatigue cracking was
investigated by means of time sweep tests (AASHTO TP 107) performed at three
strain levels, in the direct tension configuration and in the strain-controlled mode, at
18 °C and 10 Hz. The first peak-to-peak strain was set equal to 300 · 10−6 mm/mm,
while the second and the third strain levels were selected as function of the failure
cycles obtained during the first test.

4 Results and Discussion

4.1 Characterization of Component Materials and Mix
Design

The original AR was characterized by a penetration of 29 dmm and a softening point
of 73 °C. Addition to the AR of the viscosity reduction additive led to important
changes in consistency, with the consequent reduction of penetration (25 dmm) and
increase of softening point (101 °C).

These results were consistent with those obtained from frequency sweep tests,
which are displayed in Fig. 1a in the form of master curves of the norm of the
complex modulus and of the phase angle (at 34 °C). It can be observed that binder
ARS exhibited complex modulus values which were higher than those of binder
AR at low and intermediate frequencies, while similar values were recorded at high
frequencies. On the contrary, the phase angle was slightly reduced by the presence
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Fig. 1 Complex modulus and phase angle master curves a and dynamic viscosity b of binders AR
and ARS

of the viscosity reduction additive mainly at intermediate frequencies. These effects
can be explained by the presence of a crystalline structure in the additive which may
provide an enhanced stiffness and elasticity to the ARS binder.

As proven by the results of viscosity tests (Fig. 1b), the abovementioned stiffening
effects were lost at temperatures above the melting point of the employed wax (i.e.
above 115 °C), where binder ARS displayed a viscosity which was significantly
lower than that of the original AR. Based on these results, compaction temperature
of the rubberized mixtures was set at 155 °C, at which the viscosity of the ARS
binder was in the 1.5–5 Pa s range, often referred to in specifications for acceptance
purposes.

Based on the results obtained from particle size distribution analyses (Table 1),
the RA material was classified as 10RA0/8, while its binder content coming from
ignition tests was found to be equal to 6.8% by the total weight of RA.

Table 1 RA gradation before and after binder extraction, gradation limits and job mix formula for
design mixtures ARS0, ARS10 and ARS20

Sieve size (mm) RA black curve
(%)

RA white curve
(%)

Gradation limits
(%)

Job mix formula
(%)

12.5 100 100 100–100 100

10 100 100 87–96 92

8 95.7 98.0 70–90 83

6.3 80.9 87.0 60–80 67

4 55.2 64.4 40–60 51

2 32.8 41.9 25–38 33

1 17.9 29.1 19–30 24

0.5 8.7 21.3 13–22 17

0.063 0.4 8.2 6–9 7.5
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Fig. 2 Mix design and quality assurance results: Marshall air voids content a, gyratory air voids
content b, Marshall stability, S c, ITS d, Marshall flow, F e, and theoretical maximum density, TMD
f

Design of the three mixtures included in the study (ARS0, ARS10 and ARS20)
was performed by referring to typical specification limits adopted for dense-graded
wearing courses and by considering a single target gradation (Table 1).

Results collected in the mix design phase are shown in Fig. 2, where the average
values of various volumetric andmechanical parameters are plotted, for eachmixture,
as a function of binder content (%B), expressed as the percentage of added ARS by
the total weight of aggregates (virgin and RA). Additional data points which are
shown in Fig. 2 (with indicators filled in black) refer to the results obtained in the
QA of the plant-produced mixtures (discussed in Sect. 4.2).

It can be observed that the introduction of RA into the mixtures led to a reduction
of air void contents (Fig. 2a, b), probably as a result of the presence of the additional
binder covering the RA particles which may allow these to more easily adapt to
the packed configuration reached during compaction. The resulting higher density
and the presence of the aged RA binder also led to an overall increase of stiffness
and strength, as shown by the higher Marshall stability (Fig. 2c) and ITS (Fig. 2d).
The presence of the additional binder coming from the RA, which reflected in a
TMD reduction (Fig. 2f), also provided the mixtures with a more ductile behaviour,
demonstrated by the higher values of Marshall flow (Fig. 2e).

Based on the results discussed above, optimum binder contents selected for the
mixtures containing RA were equal to 5.5 and 4.5% (by total weight of aggregates)
for mixtures ARS10 and ARS20, respectively.
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4.2 Quality Assurance and Performance-Related Evaluation

The two rubberized mixtures containing RA were manufactured at 175 °C in a
batch asphalt plant located 15 km from the construction site. Average compaction
temperatures recorded during paving, slightly lower than target, were equal to 145
and 153 °C for mixtures ARS10-P and ARS2-P, respectively.

Total binder content (by weight of aggregates) derived from ignition tests was
equal to 5.9 and5.8%formixturesARS10-P andARS20-P, respectively.By assuming
the presence of the design RA dosages, these values correspond to dosages of added
binder equal to 5.25 and 4.5%, which are very close to optimal mix design values.

Aggregate gradation showed significant deviations from target for both mixtures,
probably as a result of inconsistencies occurring in the filler dosage system at the
plant. While such a problem mainly reflected in the low filler content of mixture
ARS10-P (equal to 5.7%), it affected the entire fine fraction of mixture ARS20-P,
with very low percentages passing the 1.0, 0.5 and 0.063 mm sieves (equal to 18.6,
12.7 and 4.5%, respectively).

As mentioned in Sect. 4.1, the black indicators displayed in Fig. 2 refer to the
volumetric and mechanical properties of the two plant-produced mixtures. Thus, it
can be observed that the very high values of air voids contents of both Marshall and
gyratory specimens, probably due to the lack of filler, were not consistent with design
values and did not satisfy specification limits. On the contrary, Marshall stability and
ITS values were similar to those coming from design.

In order to derive master curves at a reference temperature of 20 °C, complex
modulus data collected at different temperatures and frequencies were fitted to the
sigmoidal model (Bonaquist and Christensen 2005) and to the Arrhenius equation
given in Eqs. (1) and (2), respectively. The limiting maximum modulus was esti-
mated from the composition and volumetrics of the mixtures by making use of the
relationships indicated in AASHTO T 378.

log
∣
∣E∗∣∣ = δ + (Max − δ)

1 + eβ+γ logfr
(1)

log a(T) = �Ea

19.14714

(
1

T
− 1

Tr

)

(2)

where |E*| is the norm of the complex modulus (MPa), Max is the limiting maximum
modulus, f r is the reduced frequency (Hz), a(T) is the shift factor at the generic test
temperature T (K), Tr is the reference temperature (K), and δ, β, γ, �Ea are fitting
parameters.

Master curves are represented in Fig. 3, while corresponding model parameters
are listed in Table 2. It can be observed that mixture ARS-20P was characterized by a
higher stiffness and greater elasticity (i.e. lower phase angle) with respect to mixture
ARS-10P. These outcomes are consistent with the higher RA content and lower
volume of binder which differentiates mixture ARS-20P from mixture ARS-10P.
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Fig. 3 Master curves of mixtures ARS-10P and ARS-20P

Table 2 Master curve parameters of mixtures ARS-10P and ARS-20P

|E*|Max (GPa) δ (-) β (-) γ (-) �Ea (kJ/mol)

ARS-10P 21.074 2.96 −1.44 −0.37 202

ARS-20P 21.145 3.03 −1.52 −0.38 211

Experimental data recorded during repeated load permanent deformation tests
were analysed by making use of the model proposed by Francken, given in Eq. (3),
which is capable of describing the primary, secondary and tertiary stages of the flow
process (Biligiri et al. 2007).

εP(N) = ANB + C (eDN − 1) (3)

where εP is the permanent axial strain in 10−6 mm/mm, N is the number of loading
cycles and A, B, C and D are the fitting parameters.

Average N-εP curves obtained for the two mixtures are displayed in Fig. 4a in
which the points corresponding to the FN values, that identify the number of load
repetitions at which shear deformation under constant volume is initiated, are also
highlighted. This information is supplemented by the data listed in Table 3, which
contains average FN values and the corresponding model fitting parameters. As in
the case of linear viscoelastic characterization (Table 2 and Fig. 3), the stiffening
effect caused by increasing quantities of RA in the mixtures is clearly visible. Thus,
mixture ARS20-P was found to be more rut resistant than mixture ARS10-P.

Results obtained in time sweep tests performed on specimens of the two plant-
produced rubberized mixtures were modelled by making use of the so-called simpli-
fied viscoelastic continuum damage approach (S-VECD). In particular, by following
the procedures suggested by Underwood et al. (2012), experimental data were fit-
ted to Eq. (4) and to Eq. (5), thereby obtaining the damage characteristic curve and
the number of cycles to failure corresponding to any given strain. Fatigue curves
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Table 3 FN values and model fitting parameters of mixtures ARS-10P and ARS-20P

FN A B C D

ARS-10P 935 2,171.0 0.36269 409.62 0.001837

ARS-20P 1,498 1,726.1 0.37306 49.84 0.002020

were then derived for both mixtures as shown in Fig. 4b, where the strain level
corresponding to one million loadings to failure (ε6) is explicitly highlighted.

C(S) = 1 − C11S
C12 (4)

Nfailure = (fred)
(

23α
)

Sα−αC12+1
f

(α − αC12 + 1)(C11C12)
α
[

(β + 1)
(

ε0,pp
)

(|E∗|LVE)
]2α

K1

(5)

whereS is damage,C(S) is the pseudo-secantmodulus,C11 andC12 fittingparameters,
f red is the reduced frequency, α is the damage evolution rate, Sf is the cumulative
damage at the failure point, β is the load form factor, ε0,pp is the peak-to-peak strain
magnitude, |E*|LVE is the norm of the complex modulus and k1 is the loading shape
factor. Calculated values of all the abovementioned fitting coefficients are listed in
Table 4.

Table 4 Damage model fitting parameters

C11 (-) C12 (-) fred (Hz) α (-) Sf (-) β (-) |E*|LVE
(GPa)

K1 (-)

ARS-10P 0.0056 0.4078 17.9 4.0 104627 0 7.1 0.27

ARS-20P 0.0034 0.4598 17.8 3.3 66961 0 7.6 0.30
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It was observed that the stiffening effects related to the presence of increasing
quantities of RA in the mixtures had a negative impact on their response under
repeated loading in terms of their fatigue resistance. In particular, as clearly shown
in Fig. 4b, mixture ARS-20P had a fatigue life which was shorter than that of mixture
ARS-10P.

5 Conclusions

The experimental results obtained in the investigation described in this paper indicate
that in the design of rubberizedmixtures it is possible to successfully combine the use
of reclaimed asphalt and of viscosity reduction additives.Aproper use of the additives
may allow compaction temperatures to be reduced by 15 °C, while the introduction
of reclaimed asphalt in the bearing skeleton of the mixtures can simultaneously lead
to an increase of their density and to an overall enhancement of stiffness, elasticity
and resistance to rutting. Residual concerns may be related to the fatigue properties
of these mixtures, for which further refinements in mix design may be necessary.

Although the considered rubberizedmixtures seem to be suitable for paving appli-
cations, it is envisioned that more research is needed in order to fully exploit their
performance potential and to develop comprehensivemix design guidelines and tech-
nical specifications. Furthermore, additional analyses are recommended for a full
quantitative assessment of the sustainability benefits which they bring to pavement
construction and maintenance.
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Evaluation of the Properties of Asphalt
Concrete Modified with Crumb Rubber
Using Marshall Test

Olumide M. Ogundipe, Omotola C. Aboloye, and Stephen O. Fatuase

Abstract This study examines the properties of asphalt concrete modified with
crumb rubber using Marshall test. In this study, 5 different mixtures containing 3,
5, 7, 9 and 11% crumb rubber by total mix were considered. The Marshall samples
were prepared, tested in the Marshall stability and flow equipment and analysed.
The results from the Marshall tests indicate that the stability of the asphalt concrete
increases with increasing bitumen content up to 6.2% bitumen content with the
mixture containing 7% crumb rubber having the highest stability. The flow initially
increased with the addition of crumb rubber up to 7%, but decreased gradually as the
percentage of the crumb rubber was further increased to 9 and 11%. Generally, the
study indicates that crumb rubber can be used tomodify typical asphalt concrete used
in Nigeria. This implies that economic gains could be derived by generating wealth
from the use of discarded tyre and job creation for those who will be responsible
for collecting and processing the discarded tyres and construction of roads that will
stand the test of time. Also, successful utilisation will solve the problem of disposing
the tyres.

Keywords Asphalt concrete · Crumb rubber · Flow ·Marshall · Stability · Tyre

1 Introduction

Road transport has been identified to be the most important out of all the modes
of transport, because roads are vital to economic development, as they link remote
places, facilitate movement of goods and are cheaper to maintain and run than other
modes. The commuters depend on it to access all other modes. An assessment of the
roads in Nigeria shows they are in state of disrepair. According to TRL (1993), it is
certain that road pavement will fail in one way or the other while in service, i.e., when
subjected to loading over time because of the nature of the materials used for con-
struction. However, the design life of the pavement could be elongated by modifying
the mixture. Hence, the need to modify the asphalt mixture used on Nigerian roads
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to improve the performance. As highlighted by TRL (2002), typical wearing courses
of a flexible pavement should possess the characteristics highlighted as follows: (i)
good deformation resistance; (ii) good fatigue resistance and the ability to withstand
high strains; (iii) adequate stiffness to reduce stresses in the layers lying below the
wearing course to levels, which are acceptable; (iv) sufficient durability, i.e., ability
to withstand environmental degradation; (v) low permeability to prevent water from
infiltrating the pavement; (vi) good workability to allow adequate compaction dur-
ing construction; (vii) good surface texture that can ensure good skid resistance in
wet condition and; (viii) predictable performance. All these characteristics cannot
be achieved without optimising the mixture, by modifying it.

Many additives like ethylene vinyl acetate (EVA), styrene butadiene styrene
(SBS), styrene-butadiene rubber (SBR), lime, sulphur, crumb rubber, etc. had been
used tomodify asphalt for the purpose of improving the properties. This study focuses
on the use of crumb rubber, a sustainableway of improving the road pavement. Santos
et al. (2018) observed that one of the main indicators for assessing the sustainability
of a project is the amount of secondary material consumed, i.e., the amount of the
recycled materials used in the project. Crumb rubber is derived from used tyres,
which are available in large quantities in Nigeria, because of the dominance of the
road transportation mode. As engineers seek to hold the two major failure modes
in pavements, which are fatigue cracking and permanent deformation to acceptable
limits within a pavement design life, it becomes necessary to use asphalt concrete
with improved performance. It has been documented that crumb rubber had been
used to great effect to improve the resistance of asphalt to fatigue and permanent
deformation. Marais et al. (2017) pointed out that the major driver for the use of
crumb rubber is the increased fatigue resistance. Wong and Wong (2017) reported
that crumb rubber resulted in higher performance of both binders andmixtures at high
temperatures. Also, Al-maamori and Hussen (2014) mentioned that desired stiffness
and viscosity with high resistance to, permanent deformation, fatigue cracking and
low temperature cracking of asphalt cement could be achieved by the modification
of binder with a suitable quantity and proper particle size of crumb rubber. Crumb
rubber could be introduced in two different forms called the wet and dry processes
(Heitzman 1992). In the wet method, the CRM particles are mixed with the bitumen
to produce a blend called asphalt rubber (AR); which in turn is used to produce
hot-mix asphalt concrete, while in the dry process CRM particles are mixed with the
aggregate (dried) before the bitumen is added (Bahia and Davies 1994). This study
adopts the wet process method.

Colucci et al (1994) worked on the possibility of adding crumb rubber modifier
(CRM) into hot-mix asphalt (HMA) to be used for pavements in Puerto Rico. They
found that in Puerto Rico, as it was in many parts of the mainland United States
of America, used motor vehicle tyres was a great problem and that using CRM
in asphalt concrete would give a partial solution to the problem of heap of used
worn out tyres facing Island. They concluded that the engineering benefits that could
be derived from the use of asphalt rubber for road surfacing were not certain; the
high cost associated with its use could not be justified by better performance and
durability. Mashaan et al (2014) observed that the use of crumb rubber produced
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from used/worn out automobile tyres was not only advantageous in the form of cost
reduction contrary to the observation of Colucci et al. (1994), but also had reduced
impact on the ecology by ensuring the environment is clean and providing better
balance for the natural resources. They stated further that the use of crumb rubber
as reinforcement for asphalt was a smart solution for sustainable development as
waste material was being reused. CDOT (2003) stated that asphalt rubber binders
(ARBs) could bemade to give satisfactory performance under any climatic condition.
They mentioned that at intermediate and high temperatures, the physical properties
of asphalt rubber differed significantly from those of neat paving grade asphalts,
because, the rubber stiffened the binder and improved the elasticity (proportion of
deformation that is recoverable) over operating temperatures of the pavement; which
in turn reduced pavement’s susceptibility to temperature and improved the permanent
deformation (rutting) and fatigue resistance with small impact on the properties at
cold temperature (CDOT 2003).

Bahia and Davies (1994) studied the impact of crumb rubber modifiers on
performance-related properties of asphalt binders. In their study, they obtained the
rubbers from whole passenger tyres. They employed three different methods to get
the rubber. The first was obtained by ambient shredding (AS), the second by cryo-
genic grinding (CG) and the third by a special extrusion process with the use of some
additives (TP). The three rubbers obtained from the tyres had similar size distribu-
tion and the maximum particle size was about 1 mm. They worked on four asphalts
(two AC-10 grade asphalts, an AR-2000, and a 200/300 pen). They observed relative
change in properties before and after the pressure aging vessel (PAV) aging; which
showed that the use of rubber in the asphalt might result in the decreased hardening
because of oxidative aging. The thin film oven test (TFOT) data showed that the use
of rubber resulted in increase in the loss mass. Both the PAV and the TFOT data
indicated that the aging characteristics data were not specific for the type of rubber
production method employed.

Wulandari and Tjandra (2017) investigated the effect of introducing crumb rubber
into asphalt mixture using wet process. They considered two rubber contents—1 and
2% according to theweight of the asphalt mixture and two different rubber sizes - #40
and #80. They observed that the using crumb rubber in asphalt mixture resulted in
increased strength and quality of the asphalt mixture, but highlighted concern about
the durability caused by lower bitumen content. Generally, they recommended crumb
rubber as additive in asphalt mixture because all the results of the tests conducted
were observed to be within the standard requirements. Mehta et al. (2005) studied the
effect coarse ground tyre rubber (GTR) and crumb rubber on rutting performance of
Superpave asphalt concrete. They used the locally available uniformly graded coarse
rubber as replacement for aggregate particles. They examined nine different levels of
rubber percentages; 0–4.0% at 0.5%, increments. They maintained the well-graded
Superpave gradation. Also, in order to find the optimum percentage of coarse and
fine rubber particles that could be used in the asphalt concrete mixture, they used
fine crumb rubber particles (No 80 and No. 20 mesh) in proportions of 5 and 15%.
They found that the coarse rubber particles improved rutting resistance when used
up to 3.5%, while the rutting performance of the mixture improved significantly



472 O. M. Ogundipe et al.

with addition of fine rubber up to 15% according to the total weight of binder. Also,
Room et al. (2014) investigated the impact of introducing crumb rubber into asphalt
concrete. The crumb of size ranged from 0.60 mm to 0.75 mm and it was heated
at 150 °C at a rate of 5, 10, 15 and 20% by mass. They adopted the wet process.
Their results showed that the values for resilient modulus and creep stiffness were
greater than the conventional asphalt, while the accumulated strain values were less;
implying implied improved performance.

Marais et al. (2017) carried out a study to compare the South African technology
in crumb rubber modified bitumen (CRMB) with what was obtainable in the United
States of America, where the technology originated. One of their tasks involved
using the Arizona crumb size (<2 mm), which is coarser than the South African
crumb size (<1 mm) to make a CRMB blend and assessing them by performing the
full range of specified tests. They discovered that the viscosity of the Arizona blend
with 18% crumbs (with no addition of extender oil) at 190 °C was much lower than
typical South African CRMB, Again, they stated that higher blending and reaction
temperature would be required to properly blend the mixture and obtain suitable
reaction. Their flow values confirmed that there was poor reacted blend, as the values
were extremely high for blends that were reacted at 190 °C for up to 3 h and were
only within the acceptable range from 4 to 5 h reaction time. They decided it was
better to use the South African crumb grading and CRMB composition specification
as it has a proven track record and the technology is well understood in the local
industry. Generally, the literature review indicates that results are mixed and more
studies are required, especially in countries like Nigeria.

It is therefore pertinent that we employ crumb rubber to improve the performance
of the asphalt mixture. This will go a long way in ensuring the use of the waste
material which will positively affect the economy in terms of job creation, wealth
generation and improvement in the performance of the pavement. Therefore, this
study focuses on examining the effects of crumb rubber on a typical asphalt mixture
used in Nigeria. A successful utilization of the crumb rubber in asphalt will not only
work for the optimisation of the asphalt mixture, but will help in putting the waste
tyres into good use, thereby solving the problem that may arise from the disposal.

2 Materials and Method

The materials used for the studied were sourced locally. The materials and the
methodology are discussed in this section

2.1 Materials

The materials used in the preparation of the asphalt mixture in this study are:
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Table 1 Mix Compositions

Materials Specimens

1 (%) 2 (%) 3 (%) 4 (%) 5 (%)

12.5 mm Aggregates 45 45 45 45 45

10 mm Aggregates 25 22 20 20 20

River sand 25 25 25 23 21

Quarry Dust 2 3 3 3 3

Crumb rubber 3 5 7 9 11

60/70 Bitumen (% of total mix) 5.4 5.8 6.2 6.6 7

(i) 12.5 mm aggregates; (ii) 10 mm aggregates; (iii) Quarry dust (stone dust); (iv)
River sand(fine aggregates); (v) 60/70 penetration grade bitumen; (vi) Crumb rubber
in powdered form.

The 12.5 mm and 10 mm aggregates, quarry dust and the river sand were sourced
from the yard of a Construction company at Ifaki—Ekiti, Ekiti State. The crumb
rubberwas gotten fromwaste tyres. Thewaste tyreswere collected, washed and dried
to remove dirt that could contaminate the crumb rubber. The steel fibres in the tyres
were removed and theywere cut into small pieces before being ground into powdered
form using a grinding machine. The ground crumb rubber passing 0.075 mm sieve
was used for the study. The particle size distributions of the aggregateswere evaluated
using the sieve analysis method (BS 1377 1990).

2.2 Methods

2.2.1 Mix Composition

The mix compositions adopted for the research are shown in Table 1. These mix
compositions were selected to get the optimum mixture for the asphalt concrete
modified with crumb rubber. The mixtures were prepared in conformity with the
specification for roads and bridges (FGN 1997).

2.2.2 Specimen Preparation and Marshall Test

TheMarshall stability equipment is shown in Fig. 1. In preparation of the specimens,
1200 g of the dry aggregates (mix composition) were measured as shown in Table 1
and mixed thoroughly. The aggregates were placed in a pan and heated to 150 °C
in the oven. The crumb rubber was added to the bitumen and mixed with a stirrer.
The modified bitumen (60/70 penetration grade) was placed in the oven and heated
to 150 °C. It was added to the aggregates and mixed until the aggregates were fully
coated. The mould, other accessories and the compaction hammer were placed in the
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Fig. 1 Marshall stability
and flow test equipment

oven and heated to 150 °C. The mould was set properly and the asphalt mixture was
filled in the mould. The surface of the mixture was smoothened. The top and bottom
of the mixture were given 75 blows of the hammer at temperature of 140 °C. The use
of 75 blows was recommended by the General Specifications—Road and Bridges
(FGN 1997). The sample was removed from the mould using sample extractor and
allowed to cool.

Density determination: The density was determined by weighing the asphalt con-
crete samples both in the air and in clean water at room temperature. The difference
between the measurements and the density were calculated.

Stability and flow determination: The asphalt concrete samples (cores) were
placed in the water bath to bring the samples to the test temperature of 60 °C. Then
the asphalt concrete cores were tested for stability and flow.

3 Results and Discussion

The particle size distribution curves for the aggregates used in the study are presented
in Fig. 2. This shows that they conform with the standards specified in the General
Specifications—Roads and Bridges (FGN 1997). The Marshall stability values of
the asphalt concrete with and without crumb rubber are shown in Fig. 3. The results
indicate that the Marshall stability of asphalt concrete increases as the bitumen con-
tent increases up to 6.2% bitumen content. The asphalt concrete modified with the
crumb rubber follows the same trend as the one not modified and maximum stability
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Fig. 2 Particle size distribution curve
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was recorded with 7% crumb rubber. Generally, the results imply that modifying the
asphalt concrete with crumb rubber improves its stability. The increase in stability
of the crumb rubber- modified asphalt can be linked to the improved bond (adhe-
sion) of the asphalt concrete. However, further addition of the crumb rubber resulted
in a reduction in the stability of the mix, which might be because of the reduced
adhesiveness caused by inadequate binder in the mix as observed by Wulandari and
Tjandra (2017).

The Marshall stability of the asphalt concrete containing crumb rubber ranges
from 4.25–7.25 kN. These values are adequate and meet the specification of greater
than 3.5 kN of the General specifications - Road and Bridges (FGN 1997). The
optimum Marshall stability of 7.25 and 5.60 kN were obtained at 6.2% bitumen
content for crumb rubber mix and conventional mix respectively.

The flow values of the asphalt concrete without crumb rubber and those with
various percentages of crumb rubber are presented in Fig. 4. The flow increased
initially with the increase of the crumb rubber up to 7%, but decreased gradually as
the percentage of the crumb rubber was increased to 9 and 11%. The low flow values
recorded for 9 and 11% crumb rubber is caused by the increase void spaces in the
asphalt because of the introduction of high percentage of crumb rubber.Generally, the
results show that the introduction of crumb rubber into the asphalt concrete reduces
its flow. The flow value of 4% for 6.2% bitumen and 7% crumb rubber is within the
range specified by the General Specifications—Roads and Bridges (FGN 1997).
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Fig. 4 Flow of the asphalt
concrete with and without
crumb rubber (CR) with
varying bitumen contents

3% CR 5% CR 7% CR
9% CR 11% CR

0

5

5.4 5.8 6.2 6.6 7

M
ar

sh
al

l F
lo

w
 (m

m
)

Bitumen Content (%) 

0% Crumb Rubber

Fig. 5 Bulk density of the
asphalt concrete with and
without crumb rubber (CR)
with varying bitumen
contents
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The bulk density of the asphalt concrete modified with crumb rubber was lower
than that of the asphalt concrete without crumb rubber. As shown in Fig. 5, the bulk
density of the asphalt reduces as the crumb rubber content increases. The resulting
decrease in the bulk densities of the asphalt concrete modified with crumb rubber
mixtures is because of the density of the crumb rubber which is lower than that of the
mineral aggregates. However, the decrease in the density did not result in reduction
of the stability of the asphalt concrete. This further confirms that the introduction of
the crumb rubber improves the bond of the mixture of the aggregate, binder and the
crumb rubber, which implies improved stability.

The values of the air voids for the asphalt concrete with and without crumb rubber
are presented in Fig. 6. The values showed that increasing the crumb rubber content
in the mixture reduces the air voids in the mixture. The decrease in air voids while
the crumb rubber content is increased depends partially on the total filler content.
The air voids decrease slightly due to partial replacement of mineral aggregates by
crumb rubber which increases the amount of filler resulting in reduction the void
spaces between the granular particles in the compacted mix.

Figure 7 shows the void filled with bitumen of the asphalt concrete with and with-
out crumb rubber. It shows that the percentage of void filled with bitumen decreased

Fig. 6 Air voids of the
asphalt concrete with and
without crumb rubber (CR)
with varying bitumen
contents
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Fig. 7 Void filled with
bitumen of the asphalt
concrete with and without
crumb rubber (CR) with
varying bitumen contents
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with increasing crumb rubber content. The resulting decrease in the percentage of
void filled with bitumen will result in improved permanent deformation resistance
of the asphalt concrete modified with crumb rubber.

4 Conclusions

This experimental study on the introduction of tyreswaste (crumb rubber) into asphalt
concrete indicates that:

(i) tyres waste in form of crumb rubber can be introduced into asphalt concrete
to optimise its performance; (ii) introducing crumb rubber into asphalt concrete
improves its resistance to deformation at high temperature (stability); (iii) the highest
stability was recorded for mixture with 7% of crumb rubber; and (iv) the lowest flow
was recorded for mixture with 11% crumb rubber.

These imply that economic gains could be derived by generating wealth from the
use of waste tyre and job creation for those whowill be responsible for collecting and
processing the waste tyres and construction of roads that will stand the test of time.
It is therefore recommended that further research into the performance of asphalt
concrete modified with crumb rubber will be worthwhile.
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Influence of Source and Ageing
on the Rheological Properties
and Fatigue and Rutting Resistance
of Bitumen Using a DSR

Mrinali Rochlani, Sabine Leischner, Gustavo Canon Falla, Puneet Goudar,
and Frohmut Wellner

Abstract Bitumen of penetration grade 50/70 is the most commonly used binder in
asphalt pavements of Europe. This research attempts to differentiate between three
bitumen of penetration grade 50/70 that have been acquired from three sources. The
rheological properties, fatigue and rutting resistance were analyzed and compared
using the results of Dynamic Shear Rheometer (DSR) tests. The rheological test data
acquired were modelled and further approximated using the 2S2P1D model. Addi-
tionally, to understand the changes in performance due to ageing, all the DSR tests
were repeated for Rolling Thin Film Oven Test (RTFOT) aged and Pressure Aging
Vessel (PAV) aged bitumen. Finally, the tests results were summarized in a perfor-
mance diagram to aid in overall ranking of the bitumen taking into consideration
relevant parameters.

Keywords DSR tests · Rheology · Rutting · Fatigue · Ageing · 2S2P1D

1 Introduction

Owing to the large expenditure invested in construction and maintenance of road
networks, it has become crucial to take into account the quality considerations for
bitumen. The quality of bitumen varies not only with the refining procedure used,
but also with the crude oil source (Singh and Jain 1997; Oner et al. 2017). Bitumen
acquired from a particular refinery might meet the existing specifications, however,
fail to provide the required performance during the in-service period under heavy
traffic and changing environmental conditions, indicating the insufficiency of the
specifications that exist. As of now, conventional testingmethods inGermany include
needle penetration, softening point ring and ball, flash point, Frass breaking point
methods, etc; belonging to the empirical (catalog) approach, these fail to define
the rheological properties of the bitumen (Wegmann and Vienenkötter 2017). In
Germany the Dynamic Shear Rheometer (DSR) temperature sweep between 30 to
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90 °C has been added recently as an additional procedure to gather information,
however, it is not a requirement (Wegmann and Vienenkötter 2017).

Other than source related problems, bitumen deterioration due to ageing is of
grave concern. Due to bitumen ageing, physical changes and chemical reactions
occurwithin the structures. Physical changes include bitumen hardening and changes
in rheology that could result in an increased cracking susceptibility of the pavement
(Petersen 2009; Alfaqawi et al. 2018).While, chemical changes include alterations in
the reactions with oxygen, evaporation of lighter molecules, polarity changes, crys-
tallisation of paraffinic saturates to name a few affect adsorption, aggregate bonding
abilities along with viscosity (Hunter 2015). Hence, it is of utmost importance to
study changes in performance due to ageing; this is generally simulated in the lab
using short-term (significant rate of ageing due to construction processes—mixing,
transport, placement) and long-term ageing (ageing at a much lower rate during the
service life of around 8–10 years) procedures to understand the changes in perfor-
mance of bitumen, thereby affecting those of the final asphalt mix (Jemere 2010).
Short-term and long-term ageing can be done using various methods, with Rolling
ThingFilmOven (RTFOT)being apopular choice for short-termandPressureAgeing
Vessel (PAV) for long-term.

It would be therefore beneficial to have more detailed specifications that would
includemore than just the empirical testing procedures so as to enable in the selection
of a bitumen on the basis of specific desired performance (Singh and Jain 1997; Oner
et al. 2017). Accurate specifications for bitumen could include tests using just one
machine - the DSR; each batch of bitumen could be tested for the rheology, ageing,
rutting and fatigue performance within a reasonable time and cost frame at point of
origin, i.e. as soon as it is derived from the source (Rochlani et al. 2019). This would
help in differentiating between batches of superior and inferior quality and saving
maintenance costs in the long run (Rochlani et al. 2019).

The desired goal of this research was to verify the performance of three bitumen
of the same grade but from three different sources using the results of DSR tests.
Performance includes rheology, rutting and fatigue are to be tested to be able to
compare and rank. Additionally, a method to appropriately rank all the materials
using different parameters from the tests would be required.

2 Materials and Methodology

2.1 Materials

A total of three materials and three ageing conditions were tested, which include
three unaged bitumen, three RTFOT aged and three PAV bitumen. The table below
summarizes the bitumen used along with their short descriptions. (Table 1)
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Table 1 List of bitumen
samples tested—each source
with 3 aging conditions

Bitumen source Sample name (unaged, RTFOT aged, PAV
aged)

1 B1, B1 RTFOT, B1 PAV

2 B2, B2 RTFOT, B2 PAV

3 B3, B3 RTFOT, B3 PAV

2.2 Ageing Procedure

In order to investigate the short-term and long-term performance of the bitumen, the
bitumen were artificially aged in the laboratory. For short-term ageing, the materials
were put in a RTFOT at 163 °C for 75 min (EN 12607-1 2007). On the other hand,
to replicate the short term + long term ageing effect, generally RTFOT procedure
mentioned followed by PAV at 100 °C for 20 h and 3.2 MPa is used. However, in
this research, short + long term ageing was simulated using only PAV at 100 °C
for 25 h at 2.07 MPa based on the findings of by Migliori and Corte (2007), who
concluded that 5 h of PAV is equivalent to the standard RTOFT aging procedure,
thereby simplifying the ageing procedure.

2.3 Dynamic Shear Rheometer Tests

An Anton Paar Modular Compact Rheometer 502 was used to evaluate the rheol-
ogy, fatigue and rutting performance of the bitumen. To study rheology, strain and
frequency sweeps were conducted in the temperature range of −10 to 70 °C. The
strain sweeps were firstly undertaken to evaluate the linear viscoelastic limit (LVE)
strain, which are required to conduct the frequency sweeps. The strains were further
reduced by 20% to ensure the LVE region was maintained for the frequency sweeps.
A frequency range of 0.0159 to 47.7Hzwas used and the results acquiredwere super-
posed and approximated further using the time-temperature superposition principle
and the 2 spring – 2 parabolic elements – 1 dashpot (2S2P1D) rheological model
respectively (Benedetto et al. 2007). This model is valid for any rheologically sim-
ple bituminous material for relevant pavement conditions in terms of frequency and
temperature and describes the performance of the material through seven parameters
(Benedetto et al. 2007).

Secondly, for evaluating the rutting performance, single stress creep recovery
(SSCR) tests were undertaken. This test follows the same procedure as Multiple
Stress Creep Recovery (MSCR) test (AL MSCR-Test (DSR) FGSV 723 2016) where
a sample is subjected to stress for one second, followed by nine seconds without
stress, allowing the material to relax at a temperature of 60 °C with the 25 mm plate.
This step is repeated consecutively 10 times. The only difference between MSCR
and SSCR is that, in MSCR tests multiple stresses are used, while in SSCR tests
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only a single stress of 3.2 kPa was utilized. From each cycle two variables—non-
recoverable compliance, Jnr , and percentage recovery, %Rec were calculated and
averaged.

Lastly, fatigue performance was determined using stress-controlled tests on col-
umn cylindrical samples. The tests were carried out at a temperature of 200 C and
frequency 10 Hz for both unaged and aged samples. For each material, a total of nine
samples were tested at three different stress levels. The stress levels were determined
using pre-tests so as to attempt to keep the initial strain level of each material within
the range of 0.5 to 2.2% This was done to remain the LVE region.

3 Results and Discussion

3.1 Frequency Sweep Tests

The frequency sweep test datamodeled using the time-temperature superposition and
2S2P1Dmodel is presented in terms of the master curves for dynamic shear modulus
and phase angle in Fig. 1a and b respectively. Black diagrams and Cole-Cole plots in
Fig. 2a and b are presented for only one material (aged and unaged) to observe and
appreciate the fit of the model, while 2c an d represent model data for all materials.

From Fig. 1a and b, the dynamic shear modulus and phase angle of different
bitumen and the changes that occur can be visually observed. It can be seen from the
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Fig. 2 a Black Diagram b Cole-Cole Diagrams for B1 with measured test data (denoted M) and
2S2P1D data for Bitumen B1

shear modulus master curve, for unaged materials, B1 and B3 tend to overlap, while
B2 has slightly lower moduli values than the others at lower reduced frequencies (i.e.
higher temperatures). If RTFOTaged bitumen are observed,B1has the greatest visual
shift, with an increase of approximately 600% at higher temperatures to 3% at lower
temperatures (higher reduced frequencies), followed by B2with an increase of 134%
at higher temperatures and as low as 2%at lower temperatureswhile B3 shows almost
overlapping results for unaged and RTFOT aged, with a numerical increase ranging
from 20 to 6.5% as temperatures reduce. For PAV aged materials, all three bitumen,
show a relatively higher increase, as expected. B1 shows a numerical increase in the
range 4700 to 5% from higher to lower temperatures, while B2 showed 1940% at
higher temperatures to 3% at lower temperatures and lastly the highest increase was
observedwithB3,with 7952%at higher temperatures and 46%at lower temperatures.
On the other hand, if the master curves for phase angle are observed, with RTFOT
ageing the phase angles reduce slightly, however a much higher decrease is visible
for PAV aged materials. As ageing increases, the stiffness increases along with phase
angle reductions, that signify a more elastic, rather than a viscous behavior. Overall,
B1 and B3 with overlapping curves for PAV ageing would be expected to perform
similar and better than B2 due to their increased stiffness and reduced phase angles,
signifying an increased elasticity at higher temperatures. This would enable these
materials to resist the stresses, and recover faster. A better numerical evaluation of
the effect of ageing could be observed using the aging index. From this test, the
parameters of shear modulus at 20 and 60 °C at 10 Hz in RTFOT aged conditions
were chosen in order to compare and rank the materials in the later section. These
conditions were chosen as these are typical conditions for permanent deformation
and fatigue criterion of asphalt.

Figure 2 shows the Black diagrams and the Cole-Cole plots using the 2S2P1D
model data. The Black diagrams show the relation between the phase angle and the
dynamic shear modulus values. The Cole-Cole plots are used to show the model fit
between the actual test data and the model data. Below in Fig. 2a and b, show the fit
of the model with the test data and for clarity purposes only one material, B1, unaged
and aged, is presented below. As observed, the fit is sufficiently visually accurate,
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therefore the model can be appropriately used for better comparison purposes to
obtain smoother curves and approximate further data.

3.2 Ageing Index

The ageing of bitumen can be expressed numerically in terms of the ageing index.
This index is calculated in terms of ratios corresponding to several physical grading
tests and is given by the following equation:

A.I. = Paged
Punaged

(1)

Where, Punaged is any physical parameter (e.g. viscosity, softening point, stiffness,
etc.) of the unaged bituminous materials and Paged is the same physical parameter as
for an aged bituminous materials.

The A.I. was calculated for dynamic shear moduli (bars) and phase angles (lines)
at 20 and 60 °C at a frequency of 10 Hz. The lower the ageing index value, lower is
the effect of the ageing sensitivity on the material.

From Fig. 3a which represents the A.I. stiffness (with full colors bars for RTFOT
and dashed for PAV). At 20 °C for RTFOT, all materials have almost the same A.I. in
the range 1.35 to 1.5, while at 60 °C, B1 has the relatively higher A.I. with 2.8, than
the 2.0 and 2.1 of B2 and B3. For PAV aged materials, at 20 °C, B3 shows a much
higher susceptibility to ageing with the highest value of 3.9 while B1 and B2 are both
around 2.5. At 60 °C however, B3 has the lowest A.I., closely followed by B1, with
60% higher than B3. From the results, it can be concluded that B3 was most affected
by RTFOT ageing, with B2 being the most susceptible and B3, the least susceptible
to PAV ageing at higher temperatures. For phase angles (Fig. 3b), the changes at each
temperature and ageing suggest very similar values, with almost horizontal lines for
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every temperature and ageing type. The phase angle A.I. for PAV are almost double
of the RTFOT values for the same temperatures. Themain parameters for this section
include the A.I. (Stiffness) at 60 °C for RTFOT materials, as rutting occurs at earlier
in the lifetime and at higher temperatures, while the A.I. (Stiffness) at 20 °C for PAV
materials w.r.t fatigue. For comparison and ranking, the A.I at 60 °C for RTFOT
and 20 °C for PAV were taken into consideration for purpose of rutting and fatigue
evaluations.

3.3 Single-Stress Creep Recovery (SSCR) Test

SSCR tests were undertaken to evaluate the rutting performance. These tests were
carried out on unaged andRTFOTagedmaterials. PAVagedmaterialswere not tested,
as rutting is crucial in the initial lifespan of a pavement and fatigue is more critical
in the long term performance. The test results are presented in Fig. 4—showing the
deformation with time for ten cycles of loading and unloading.

FromFig. 4, it can be seen that the unagedmaterials havemuch higher deformation
than the RTFOT aged materials, with values for unaged being in the order of 105
to 45 to being less than 25 for aged. There are vast differences between the unaged
materials,withB1having a significantly higher cumulative deformation.After ageing
however, B1 and B3 overlap, with B2 being slightly higher. In order to evaluate
numerically the rutting performance, the Jnr and %R values were calculated and are
presented in Fig. 5. Unaged B2 has the highest recovery and lowest Jnr value, as
desired, however, for RTFOT, it has the lowest recovery and the highest Jnr value.
With RTFOT ageing being more important, it can be concluded that bitumen B1
and B3 performs similar. It can be concluded that all three bitumen show significant
different rutting performance - in particular bitumen B2 has much better rutting
performance than the other two bitumen. The standard Jnr values were considered in
RTFOT aged condition of comparison purposes presented in the later section as this
is the standard value used under the German standards (AL MSCR-Test (DSR) FGSV
723 2016).

Fig. 4 Stress dependant
fatigue functions for the
bitumen tested
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3.4 Fatigue Tests

The fatigue test results were analysed using the Dissipated Energy ratio approach.
This states that the dissipated energy of bitumen at failure can be calculated as a
function of the product of number of load cycles and the corresponding dynamic
shear modulus. For these stress controlled tests, the stress levels were chosen in a
way to maintain an initial strain level at 100 load cycles within the range of 0.5 to
2.2%. Due to this, the unaged were tested at a stress range of 100 to 200 kPa, RTFOT
at 150 to 250 kPa and PAV at 250 to 400 kPa. This is expected due to an increase
in stiffness with an increase of ageing, therefore, causing a lower strain for the same
stress. The fatigue curves for applied stress versus the number of load cycles at failure
are presented in Fig. 6.

From the figure, it can be observed that there is a clear distinction between the
unaged, RTFOT and PAV aged bitumen curves, with the slope for all the materials
other than B1 being relatively similar. The slope could be an indicator of the type
of failure, the testing temperature and frequency. Also, all materials showed high R2

values of at least 0.96, indicating a high accuracy of the test.

R² = 0.98

R² = 0.97

R² = 0.96R² = 0.99

R² = 0.99

R² = 0.99

R² = 0.98

R² = 0.99

R² = 1.00 

1E+3

1E+4

1E+5

1E+6

1E+7

100 150 200 250 300 350 400

LC
 to

 F
ai

lu
re

, N
f
[-

]

Applied Stress [kPa]

B1
B1 RTFOT
B1 PAV
B2
B2 RTFOT
B2 PAV
B3
B3 RTFOT
B3 PAV

Fig. 6 Stress fatigue curves for the bitumen tested
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If the ranking is considered, B2 seems to have the highest fatigue curves, with
RTFOT being significantly higher than the other two materials. B3 fails the fastest
for unaged and aged materials. For comparison purposes, PAV aged material can be
considered the main parameter of this test for ranking purposes in terms of the stress
required by the bitumen to achieve 100,000 load cycles. All the values are given in
Table 2 below.

3.5 Synthesis of the Results

Using the characteristic parameters of the tests undertaken, the diagram presented in
Fig. 7was constructed using to pictorially rank the admixtures basedon their stiffness,
ageing indexes, fatigue, and rutting behavior. This diagram, which was introduced by
the authors in a previous work (Rochlani et al. 2019), gives the possibility of ranking
bitumen on the basis of any of the specific parameters studied in this research and
obtained via the DSR instrument. From the figure, the ageing indexes and Jnr value
axis is reversed, as performance relates inversely to these parameters. This gives the

Table 2 Fatigue performance parameter

Unaged Stress [kPa] @
1E+5 LC

RTFOT Aged Stress [kPa] @
1E+5 LC

PAV Aged Stress [kPa] @
1E+5 LC

B1 123 B1 RTFOT 222 B1 PAV 325

B2 118 B2 RTFOT 320 B2 PAV 350

B3 105 B3 RTFOT 212 B3 PAV 290
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opportunity to rank thematerials in a way that a larger enclosed area suggests the best
performance overall for the parameters used. Another way to use the diagram is be
able to identify the particular material based on properties required. According to the
figure, B1 is the best and overall performing bitumen, while for specific properties—
B1 is best where rutting is critical, while B2 where fatigue performance is of value.
This material is also less sensitive to aging compared to the other two bitumen at both
aging conditions. It is to be noted that these diagrams can be modified to incorporate
other relevant parameters when necessary; and if properties are considered to be
more relevant than others for a specific project, it could be possible to add scalar
weights to each axle, which will impact the computation of the overall area.

4 Conclusion

Bitumen of grade 50/70 from three different sources were tested in terms of rheology,
rutting and fatigue resistance using the DSR. Moreover, testing was also done for
RTFOT and PAV aged materials. It was found that despite the similar penetration
grade, there were vast differences found in terms of specific performances. While
bitumenB1 andB3 provided almost similar rutting resistance, B2 had the best fatigue
related performance, while B3 had the lowest performance in this criteria. While for
ageing, the materials had similar phase angle ageing indexes, but their stiffness
varied significantly with ageing. It can therefore be concluded that more detailed
specifications are necessary for bitumen evaluation, and could bemade possible using
just the DSR, which provide a cost and time efficient option. Finally, to bring together
all test results, important parameters were chosen from each test and synthesized in
one performance diagram, to give a visual differentiation between the materials,
and provide the opportunity to choose a bitumen required for specific purposes.
These diagrams would be further developed at TU Dresden to provide a range of
values in each specific performance for bitumen using the results of DSR tests. The
test results clearly prelude that the current procedure to group materials using the
results of needle penetration and ring and ball tests is not an appropriate procedure
to characterize bitumen according to their actual performance.
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Permanent Deformation
Characterisation of Gap-Graded
and Continuous Graded Aggregate
Blends for Bituminous Mixtures

V. T. Thushara and J. Murali Krishnan

Abstract One of the major parameters which influence the performance of bitu-
minous mixtures is a packed aggregate skeleton with minimum particle rearrange-
ment during traffic loading. The current practice of aggregate design for bituminous
mixtures is mostly based on the Fuller-Thomson model to achieve maximum den-
sity. However, this approach does not explicitly take into account the volumetric
requirements of the bituminous mixture in terms of rutting and fatigue. This study
investigates the mechanical behavior of bituminous mixtures prepared using aggre-
gate gradations, designed based on binary particle packing model of Powers (1964)
extended to multicomponent packing by Lees (1970). One control sample and two
designed gradations are analysed, in which the first one is a continuous gradation,
whereas the second one is a gap gradation.A binder content of 5% is used for the three
bituminous mixtures. Samples are subjected to dry rut wheel testing and repeated
creep and recovery test with a modified test protocol to quantify their rutting per-
formance. Test results indicate superior rut resistance of the gap-graded aggregate
mix. Also, the link between aggregate gradation, compactability, and rut resistance
of bituminous mixtures is established for a given binder content.

Keywords Particle packing theory · Gap-graded · Continuously-graded ·
Aggregate gradation design · Bituminous mixtures · Rutting

1 Introduction

Bituminous concrete is a heterogeneous mixture consisting of bitumen and aggre-
gates. Achieving the expected performance, in terms of rutting and fatigue cracking,
is the major criteria in the design of bituminous mixtures. The performance of bitu-
minous mixtures is influenced by the quality and quantity of the constituents, as
well as the packing characteristics of the mixture. The aggregate skeleton forms
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the backbone of bituminous mixtures and is responsible for resisting the permanent
deformation. The current gradation designmethodology follows Fuller and Thomson
(1907) model to achieve maximum density. Even though this model works very well
for materials such as concrete, in which there is no particle reorientation while in
service; it cannot explicitly take into account the requirements of Hot Mix Asphalt
(HMA) in which there can be evolution of the aggregate structure during service.

Typically in bituminous mixtures, there are two stages of densification, one due
to roller compaction and the other due to passage of traffic wheel loads. The existing
mix design procedures for HMA, specify an initial air void requirement of 6–7%
while opening for service and a final air void of 3–4% at the end of design life. The
presence of high air voids in the initial stages will lead to particle rearrangement
with traffic passes leading to the damage due to rutting. This densification will make
the mixture stiffer, which will further aggravate damage due to fatigue. Hence, it
is seen that the density restrictions are contradictory, and due to the peculiar nature
of dense gradation, it is challenging to balance the performance. If the gradation is
designed such that aggregates form an interlocked skeleton during the compaction
phase and will not evolve substantially further with traffic loading, it is expected to
result in a balanced bituminous mixture (Cooper et al. 2014) which is resistant to
rutting and fatigue. In this context, the framework of particle packing approaches
will facilitate gradation design in a rational manner. This knowledge, in turn, can
aid designers to select the optimum combination of aggregates, which will form
interlocked internal structure and will show increased resistance to accumulation of
permanent deformation as well as fatigue damage.

Various particle packing approaches are reported in the literature, for discrete and
continuous aggregate combination. Furnas (1928), outline the procedure to estimate
the optimum proportion for maximum packing of two components based on the void
values of the separate component for size ratio=0.Here, the size ratio is defined as the
ratio of the diameter of smaller particles to the diameter of larger particles in a binary
mix. This method is extended by Powers (1964), in terms of specific void content
graph for size ratio= 0. In real aggregates, the size ratio is never zero, and there exist
interactions among aggregates. Many interactions are postulated, and these include
(i) wall effect (ii) interference effect and (iii) wedge effect. If the average particle
dimension of fines is small enough compared to that of coarse particles, the wall
effect is linear, and the interference effect is non-linear (Olard and Perraton 2010).
Olard and Perraton (2010) have applied the principles of packing based on Baron’s
approach for optimization of aggregate gradation for high-performance bituminous
mixtures.

In this study, one control sample and two gradations designed appealing to particle
packing are investigated. One of the designed gradations is a continuous gradation,
whereas the other one is a gap gradation. The discrete model-based approach due to
Powers (1964) is used to get the proportion of aggregate size ranges, for minimum
void index. Rutting caused due to densification and shear flow, has a direct influ-
ence on aggregate gradation. The rut magnitude can be minimised if an aggregate
skeleton that will not evolve much during loading could be designed. The verifica-
tion/quantification of the achievement of such an aggregate skeleton is complex with
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the available test protocols. In this study, the formation of the designed aggregate
skeleton is ascertained in a gross sense using some measures of compactability and
laboratory based rut resistance measurements. The compactability of the mix with
different gradations indicates the gradations which require substantial effort for par-
ticle rearrangement at compaction temperature. Such gradations are most likely to
have lesser particle rearrangement due to traffic passes at lower service temperatures,
leading to higher rut resistance. The rutting performance of the bituminous mixtures
produced from the designed gradations in this study showed a link to compactabil-
ity when quantified in terms of dry rut wheel experiments and repeated creep and
recovery tests done with modified trapezoidal protocol at 60 °C.

2 Material Used

Quarry located at Madurantakam, Kanchipuram, India is the source of granite aggre-
gates used in this investigation. The specific gravity is 2.717, 2.774, and 2.752 for
coarse aggregates, fine aggregates, and filler, respectively. The selected size range of
aggregates is passing 13.2 mm to 75 µm; the range for bituminous concrete grade
II as per the current Indian guidelines (MoRTH 2013). The binder used is of VG 30
grade as per Indian Specifications for paving bitumen (IS 73, 2013). The binder used
has a penetration of 40 dmm at 25 °C, a softening point of 51 °C and viscosity at
60 °C of 2511 Poise. Binder content of weight equal to 5% by weight of total mix is
used for all the mixes.

3 Design of Gradations

Three mixtures designated as Mix A, Mix B, and Mix C with different aggregate
gradations are used in this study. Mix A, the control sample, is the mid-gradation
of conventional dense-graded Bituminous Concrete Grade II specification, as per
the current Indian specification, MoRTH (2013). Mix B and Mix C are designed
gradations based on the concepts of Powers (1964), which is an adaption of Furnas
(1928) binary model. Lees (1970) notion of an extension of binary component mix
to the multicomponent domain is followed for the gradation design of Mix B and
Mix C. The optimum proportion of aggregate size ranges are estimated targeting a
minimum void index in stages. The procedure adopted for the gradation design of
Mix B and Mix C includes measurement of void ratio and stage by stage estimation
of optimum proportion for minimum voids. The design steps are detailed below.
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Step 1: Selection of aggregate size ranges
MixB is designed to have continuous gradation, as a ternary blend, inwhich optimum
proportion of coarse aggregates (CA), fine aggregates (FA), and filler is estimated.
The definition of coarse aggregate and fine aggregate is taken from Bailey’s method
of gradation design (Vavrick et al. 2002). As per this procedure, the sieve which
differentiates the coarse and fine aggregates is dependent on the Nominal Maximum
Aggregate Size (NMAS) of the mix as 0.22 × NMAS. The 0.22 factor is the average
condition of many different packing configurations of two dimensional and three-
dimensional analysis of the packing of differently shaped particles. Also, it is stated
that 0.22 is only a suggestion, and it can vary from 0.18 to 0.28 (Vavrick et al.
2002). The 0.22 factor is considered here for Mix B design. Accordingly, coarse
aggregate for Mix B has NMAS 13.2 mm, fine aggregate has NMAS 1.18 mm, and
filler constitutes material passing 75 µm. The ratios of mass median diameter D50

of consecutive components are kept below 0.2, to minimize interaction effects. The
gradation details of the coarse, fine, and filler components are given in Table 1.

MixC is designed as a gapgradedmixwith aggregate size ranges passing 13.2mm.
The criterion followed for gap graded design is that the size of the fine component to
be mixed with the coarse component at any stage of grading is to be approximately
equal to the size of voids in the coarse aggregate skeleton (Lees 1970). Therefore
Mix C has only specific sizes of aggregates with the constraint of size ratio ≈0.2
between adjacent size ranges so that the fine aggregates are filled in the voids created
by the coarse aggregate skeleton with minimum interference effect. In this selection
process, many size ranges in between are skipped to meet the size ratio criterion,

Table 1 Gradation of coarse,
fine and filler components of
Mix B

Sieve size (mm) Cumulative percentage passing

Coarse
aggregate

Fine aggregate Filler

19 100 100 100

13.2 75 100 100

9.5 50 100 100

4.75 25 100 100

2.36 0 100 100

1.18 0 67 100

0.6 0 33 100

0.3 0 0 100

0.15 0 0 67

0.075 0 0 33

pan 0 0 0

D50 9.5 0.85 0.11

Size ratio D50FA
D50CA

= 0.09 D50FA
D50Filler

= 0.13
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and hence the overall gradation is gap graded in comparison with the control mix A.
Mix C gradation is quinary with aggregate sizes 9.5, 2.36, 0.6, 0.15 mm and material
passing 75 µm

Step 2: Determination of void index
The void index is calculated by subjecting the known quantity of the required blend
to vibratory tamping in the relative density apparatus. Vibratory tamping is continued
until the height of the sample becomes constant. The final height of the compacted
sample is measured, and the volume of the compacted sample is calculated. Knowing
the mass and specific gravity of the components mixed, the solid volume and the
corresponding void index of the blend are calculated.

Step 3: Determination of optimum proportion for a binary mixture
The void index due to 100% fine aggregate as well as 100% coarse aggregate are
measured and are plotted in the void index vs. coarse aggregate volume proportion
plot. The left ordinate of the graph represents 100% fines (0% coarse), and the
right ordinate represents 100% coarse (100% fines). From the void index value of
100% fine aggregate, the theoretical boundary line of the fine dominant mixture is
drawn to the opposite vertical ordinate value of 0. Also, the void index value of
100% coarse aggregate is connected to the value −1, in the opposite ordinate, to get
the theoretical boundary line of the coarse dominant mixture. The values 0 and 1
represent the theoretical minimum void index, as discussed by Powers (1964). The
proportion corresponding to the intersection point of the two theoretical boundary
lines for size ratio = 0 is adopted as the optimum binary blend proportion for the
minimum void index, assuming that the locus of optimum proportion for size ratio
≈0.2 will not deviate much horizontally from that for size ratio 0 (Powers 1964).

Different volume proportions of coarse and fine components are mixed, and their
measured void indices are plotted in the void index graph, to compare the trend in
experimental data with the theoretical estimation. The optimum proportion determi-
nation of the largest two components (Binary Stage 1) for Mix B and Mix C is given
in Fig. 1a and b respectively.

Step 4: Extension to the multi-component mixture
The optimum binary blend proportion of the largest two aggregate size ranges under
consideration estimated in stage 1 is combinedwith the next finer component, and the
optimum ternary proportion is calculated in stage 2. This procedure is repeated to get
an optimum multi-component mix (Lees 1970). Stage 2 details of Mix B and Mix C
aregiven inFig. 2a andb, respectively.MixBblends theoptimumproportionof coarse
aggregates and fine aggregates obtained in stage 1 with filler passing 75 µmwhereas
MixCcombines theoptimumblendof9.5mmand2.36mmwith0.6mmin the second
stage. Stage 3 and stage 4 of Mix C further find the optimum combination of stage 2
optimummix with 0.15 mm and filler passing 75 µm respectively (Fig. 3a, b).

The gradation details of the three mixes chosen are given in Table 2.
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Fig. 1 Binary stage 1 (a) Mix B (b) Mix C

Fig. 2 Gradation design stage 2 (a) Mix B (b) Mix C

Fig. 3 Mix C gradation design stages (a) Stage 3 (b) Stage 4
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Table 2 Gradation details Sieve size (mm) Cumulative percentage passing

Mix A Mix B Mix C

19 100 100 100

13.2 95 93.9 100

9.5 79 72.3 62.6

4.75 62 51.8 62.6

2.36 50 39.7 47.7

1.18 41 33.6 47.7

0.6 32 28.7 31

0.3 23 25.5 31

0.15 16 19.6 12.2

0.075 7 15.2 12.2

Pan 0 0 0

4 Sample Preparation

Three sets of bituminousmixtures are designedwith the three gradations A, B, and C.
Experiments are designed to capture the effect of designed gradations, and hence to
keep the number of variables minimal the binder is kept constant as 5% by weight of
the total mix. Preheated aggregates at 170 °C are mixed with binder heated at 165 °C
so that a temperature of 165 °C is maintained during mixing. The prepared mixtures
are kept for 4 h short-term aging at 135 °C and are compacted at 155 °C. Sample
compaction is carried out in shear box compactor (ASTM:D7981-152015), to a beam
of size 450 mm × 150 mm × 145–180 mm. All the samples are compacted in such
a manner that the air voids of the cored/sliced test samples are identical in the range
of 6 ± 0.5%. The shear box compactor ensures uniform compaction of the sample
throughout and uniform air void distribution for the test samples (Priyadharshini and
Krishnan 2014). For the rut wheel test, slab samples of 300 mm× 150 mm× 50 mm
are sliced, and for flow number tests cylindrical samples of 150 mm diameter ×
100 mm height are cored from the shear box compacted beam samples. The samples
with an air void range of 6 ± 0.5% are used for both dry rut wheel and flow number
tests. From each shear box compacted beam, three flow number samples or two rut
wheel slabs can be obtained.
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5 Results and Discussion

5.1 Compactability

Due to the varying nature of the gradations, different compactive effort in terms of
a number of shear cycles has to be given to achieve target air voids of 6 ± 0.5%.
The shear box compaction data captured during compaction of the three mixtures
are analysed, and the normalized percentage air voids vs. the number of cycles of
compaction are plotted in Fig. 4. This plot indicates the relative compactability of
the mixtures prepared from the three gradations considered for the combination of
higher load level at high temperature (during compaction) and it is assumed that as
the temperature and load level reduces during service, the material which exhibited
higher resistance during compaction will indeed exhibit identical levels of resistance.
The number of compaction cycles required to reach the target air void, in this case, for
Mix A, Mix B, and Mix C is 17, 14, and 26 cycles, respectively. From the data, it can
be interpreted that the gap graded mix, Mix C is difficult to be compacted compared
to the other two. On the other hand, Mix B requires a lesser number of compaction
cycles to achieve the same target air voids, which is an indication of the ease of
compaction. Permanent deformation measurements in this study also indicated that
less compactable mixtures are more rut resistant.

Fig. 4 Compactability of mixes
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5.2 Rut Wheel Tracking Test

A dry wheel tracker is used to determine the rut depth of the bituminous mixtures.
In this test, a standard loaded wheel (700 N) moves forward and backward on top of
the bituminous concrete sample at a speed of 26.5 rpm at a controlled temperature.
The rut depth at each cycle is calculated using the mean rut depths measured at every
4 mm interval along the wheel path. In this study, the rut wheel samples are tested
at 60 °C. The termination criteria for the test are set as either 30,000 wheel passes
or 10 mm rut depth, whichever occurs first.

The slab samples prepared with 6 ± 0.5% air voids are tested after 6 h of tem-
perature conditioning, and 500 conditioning passes. The test results are reported in
Fig. 5. It is observed that the gap graded Mix C is more rut resistant, followed by
control sample Mix A. Mix B with continuous gradation has the least rut resistance,
despite the expected coarse aggregate skeleton structure. The reason for this may
be attributed to the use of the same binder content of 5% in this study, for all the
mixtures, irrespective of the gradation used. Mix B is physically a rich mixture in
terms of binder content. The compactability data presented in Fig. 4, indicates the
same as its air voids are getting reduced rapidly in the initial cycles. In reality, the
specific surface area is different for the three mixtures owing to the variation in the
gradation. This, in turn, will demand varying binder content to satisfy the coating
requirements as well as the packing requirements.

Fig. 5 Rut Depth vs. no of passes
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5.3 Flow Number Test

Flownumber test is a cyclic creep and recovery test inwhich the specimen is subjected
to repeated load cycles. Different load waveforms are available in the literature (Roy
et al. 2016) to simulate the field loading. The standard test protocol as per AASHTO
T378-17 (2017) suggests using a haversine pulse load of duration 0.1 and 0.9 s
rest under confined or unconfined conditions. However, it is reported (Gayathri et al.
2016) that the existing 0.1 s haversine loading protocol, will not lead to a steady-state
response, and it captures only the transient response of the material. Also, the rest
period of 0.9 s may not give enough time for the material to recover all the strains,
and the residual deformation at the end of each cycle may not be a true residual strain
but strain at a transient state. Hence, in order to capture the steady-state behavior in
cyclic creep and recovery, a modified test protocol of trapezoidal loading with 1 s
loading and 2 s rest period is given for the current work.

The loading pattern is given as a ramp load increment in 0.1 s, followed by the
constant load for 0.8 s and then unloading by ramp load decrement in 0.1 s. A
maximum compressive deviatoric load of 200 kPa is applied. Confinement pressure
of 200 kPa is applied. After the application of 1 kPa seating load, confinement
pressure is ramped up in 100 s and is held throughout the test. The loading protocol
adopted is given in Fig. 6. The tests are conducted at 60 °C. Termination criteria are
given as 10,000 cycles of load repetitions or a maximum actuator displacement of
25 mm. The software interface is modified to measure the applied deviatoric load
and confinement pressure, as well as the corresponding sample response in terms of
actuator displacement, at every 0.001 s through the data acquisition system.Therefore

Fig. 6 Trapezoidal loading protocol (not to scale)
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Fig. 7 Residual deformation vs. time

each cycle of loading is captured using 3000 data points, which essentially captures
the complete creep and recovery response.

The creep and recovery test results can be presented in termsof cumulative irrecov-
erable strain value at the end of each load cycle vs. the time of loading. The test results
for the three mixes are shown in Fig. 7. The results also show a similar trend as that
of the rut wheel test result. The rut resistance ranking of the mixtures is in the order
of Mix C, Mix A, and Mix B.

6 Conclusion

The study provides a rational gradation design approach based on particle packing
method, so that well packed bituminous samples, with an interlocked coarse aggre-
gate skeleton, is targeted with minimum void index. Three sets of gradations are
considered, in which the first one is a control sample with conventional dense grad-
ing. The other two gradations are designed based on the particle packing approach
given by Powers (1964) and Lees (1970), in which the first one is a continuous gra-
dation and the second is a gap gradation. Particle sizes are selected such that a coarse
aggregate skeleton structure is formed in the mix, and the finer materials will be
filled in the void space in the coarse skeleton without disturbing the structure with
minimum interactions. The samples are cast identically with the 5% binder content
and compacted to identical air void content for all the three gradations, and are tested
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for capturing its rutting performance using dry rut wheel testing and repeated creep
and recovery using trapezoidal loading protocol.

The mechanical test results in terms of rut depth from dry rut wheel test and
residual deformation from flow number tests show the superior rut resistant behavior
of gap graded mixes, followed by the control sample having conventional dense
gradation. The optimal gradation design adopted may have formed an interlocked
aggregate structurewhich in turn contributes to the higher rut resistance ofMixC.The
lower rut resistance of Mix B, irrespective of the expected coarse aggregate skeleton
may be attributed to two reasons. (i) gradation design rationalization is found to be
more effective in gap gradation, as theoretically a telescopic fit of smaller particles
into the void space created by larger aggregate skeleton is possible. (ii) the use of the
samebinder content of 5% in this study. The applied binder contentwill formdifferent
mastic volume in the mixture, due to the varying surface area of the aggregates. This
will affect the coating and packing characteristics of the mixtures. The tender nature
of Mix B is reflected in the compactability data, as the air void reduction rate is high
in comparison to other mixtures during the initial number of cycles. This points to the
need to determine optimum binder content for effective packing. Further studies are
to be carried out to identify the optimum amount of binder for the different gradations
to have similar binder richness, based on the surface area of aggregates.
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Linear Viscoelastic Properties of a Half
Warm Asphalt Mixture (HWMA)
with Bitumen Emulsion

Silvia Angelone, Marina C. Casaux, Luis Zorzutti, and Fernando Martinez

Abstract Half Warm Asphalt Mixtures (HWAM) with bitumen emulsion are a rel-
ative new, cost effective and environmental friendly emerging technology. HWAM
are produced using a combination of aggregates heated up to approximately 120 °C
and a percentage of a bitumen emulsion heated to a temperature around 60 °C in
order that the mixing and compaction temperature results between 80 to 90 °C.
Hence, this procedure involves great savings of energy and low harmful emissions.
Although there are recommendations for the formulation of this type of mixtures and
references to their conventional mechanical properties, there is a lack of informa-
tion regarding their rheological properties. This paper presents preliminary results
concerning the design and performance of a Half Warm Asphalt Mixture using bitu-
men emulsion with the aim to evaluate the linear viscoelastic behaviour of this kind
of materials. A HWMA was formulated using a cationic super stabilized bitumen
emulsion and the Dynamic Modulus (E*) and the Phase Angle (φ) at different tem-
peratures and loading frequencies were measured to produce experimental data for
pavement design procedures based on mechanistic principles. It is considered that
those findings could encourage greater confidence in promoting the use of these types
of sustainable asphalt mixes.

Keywords Half Warm Asphalt Mixture (HWMA) · Bitumen emulsion · Linear
viscoelasticity · Dynamic Modulus

1 Introduction

Sustainability and environmental care have become key concepts in our lives. In
road engineering, these concepts are related to more reliable pavement design pro-
cedures based on mechanistic principles, longer pavement design lives and more
efficient pavement conservation strategies. Also, the reuse or recycling of materials
looking for lower consumptions of natural or non-renewable materials, lower mixing
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and compaction temperatures for asphalt materials and lower energy consumptions
during the overall construction process must be considered.

Traditionally, the asphalt mixtures were classified in two groups: Hot Asphalt
Mixture (HMA) and Cold Asphalt Mixture (CMA).

HMA uses bitumen heated at 150 °C or above to reduce its consistency and in this
condition, is mixed with the hot aggregates and compacted in the pavement. HMA is
the most common type of material used for construction and maintenance of flexible
pavements with an excellent mechanical performance. However, this is a material
with a high demand of energy to reach the required high temperatures with large
amounts of emissions of pollutants gases during production and construction stages.
These emissions pollute the air, intensify the greenhouse effect and are harmful for
the health and working conditions of the workers.

CMA uses bitumen emulsions and the mixing with the aggregates and the com-
paction in the field are at ambient temperature. This kind of mixtures is less used
and they do not require the heating of the aggregates or the binder. CMA has lower
emissions of harmful gases, lower energy consumptions and an excellent environ-
mental footprint but its mechanical performance is poorer compared to HMAmainly
at early age and hence, its use is limited to low and medium traffic levels or in roads
of developing countries as a first paving alternative.

To mitigate the energy and emission disadvantages of HMA but with the same
mechanical performance as those, a kind of mixtures made at lower temperatures
called Warm Asphalt Mixtures (WMA) has been developed where the production
and placing are at temperatures between 30 to 40 °C below the normal temperatures
used for HMA. Different technologies have been proposed to produce lower asphalt
viscosity, better workability of the mix or lower harmful emissions (Rubio et al.
2012).

The advantages of these lower temperatures related to the environmental care
are significant but still there is a necessity of achieve high temperatures to dry the
aggregates and then, the energy savings are not enough important.

Looking for the optimization of this issue, a new generation of asphalt mixtures
called HalfWarmAsphalt Mixtures (HWMA) is in development. These mixtures are
prepared and compacted at temperatures below the water evaporation temperature
(100 °C) with bitumen emulsion as the binder to obtain a similar mechanical perfor-
mance as for the HMA. They have gained a lot of acceptation in Spain and Portugal
where road sections of low volume of traffic have been built with this technology for
surface and base layers.

Lopez et al. (2017) have compared a Half Warm Asphalt Mixture with bitumen
emulsion to a Hot Asphalt Mixture using samples compacted by impact (Marshall)
and gyratory compaction. They conclude that it is not possible to achieve the same
volumetric properties than in the HMA when the impact compaction procedure is
used. When the gyratory compaction procedure is applied, it is possible to obtain the
same degree of compaction but the mechanical properties of the HWMA are poorer
than those of the HMA used for comparison.
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Sangita et al. (2015) have carried out an experimental study comparing the
mechanical properties of a HWMA and a CMA. The study concludes that HWMA
have higher Marshall Stability and Indirect Tensile Strength than the CMA.

Dinis-Almeida et al. (2010) have presented a case study about the use of a Half
Warm Asphalt Mixture with bitumen emulsion and Reclaimed Asphalt Pavement
(RAP) for the rehabilitation of a road section in Portugal. A large number of lab-
oratory specimens were produced for both Marshall and immersion-compression
tests.

The experience obtained in this case study indicates that RAPgradation, recovered
bitumen content from the RAP, mixing and compaction temperatures, as well as
curing period, should be taken into account for mix design of the HWMA. Also,
considering the results obtained using the Marshall mix design method compared to
the immersion compression tests used for Cold Asphalt Mixtures, it can be pointed
out that theMarshall procedure seems to bemore adequate formix design ofHWMA.

Lizarraga et al. (2017) describe a study about the use of a Half Warm Mixture
with high Reclaimed Asphalt content in wearing courses. For this purpose, HWMA
with 70 and 100% Reclaimed Asphalt Pavement (RAP) and emulsion were designed
in the laboratory. In a second stage, HWMA were manufactured in-plant, and laid
and compacted in an Accelerated Pavement Test track. The results from the tests
conducted with both laboratory specimens and cores showed that the performance
of HWMRA is comparable to that of HMA. In a similar study, Garcia Santiago and
LucasOchoa (2014) have proposed a specificmethodology for the asphaltmix design
of HWMA when an amount of RAP up to 100% is used.

Other study by Swaroopa et al. (2015) compared the mechanical properties of
a CMA, a HWMA with bitumen emulsion and a Mild Warm Asphalt Mixture
(MWMA) where the aggregates were heated up to 70 °C and the mix was com-
pacted at 50 °C. Results from performance tests indicated that MWMA was better
than CMA and comparable with HWMA.

Since there is not a regulatory framework for the HWMA (Miranda Perez et al.
2013), all of these studies were carried out using different procedures regarding
the temperatures of aggregates and bitumen emulsion, the compaction methods or
the curing conditions. Looking for the standardization, the Technical Association of
the Bitumen Emulsion (ATEB for Asociacion Tecnica de la Emulsion Bituminosa
in Spanish) has promoted a monographic study that could be used as a guide for
the design of Half Warm Asphalt Mixtures (ATEB 2014). Also, a road authority in
Spain (Agencia de Obras Publicas de Andalucia in Spanish 2012) has developed
some recommendations about the materials, asphalt plants, placing and quality con-
trol when HWMAwith bitumen emulsion are used. It can be concluded that HWMA
can be used in road construction with a similar performance as for other asphalt mix-
tures conventionally used. Also, some of these papers have analyzed the volumetric
and conventional mechanical properties (Marshall Stability and Indirect Tensile or
Compressive Strength) but there is a lack of information about their rheological
properties.
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The objective of this paper is the evaluation of the rheological properties (dynamic
modulus and phase angle) of a HWMA for different conditions of testing temper-
atures and loading frequencies to have experimental results that could be applied
in pavement design procedures based on mechanistic principles. A description of
the experimental procedures, used materials, obtained results and conclusions are
presented and discussed. Other material properties like moisture sensitivity, fatigue
and permanent deformation resistance will be published in future studies.

2 Viscoelastic Response of Asphalt Mixtures

In this paper, the Huet-Sayegh Model (H-S Model) was adopted for the characteri-
zation of the rheological behaviour of the asphalt materials (Sayegh 1967). This is
an analogical model composed by two parabolic dampers and two springs connected
in parallel and series as it is shown in Fig. 1. The analytical formulation of the H-S
model is given by:

E∗(iω) = E0 + E∞ − Eo

1 + δ(iωτ)−k + (iωτ)−h
(1)

where E∗(iω) is the complex modulus, ω is the angular frequency, E∞ is the glassy
complex modulus for ω → ∞, E0 is the static complex modulus for ω → 0, h
and k are exponents characterizing the damper characteristics, δ is a dimensionless
constant, τ is the characteristic time and i is the imaginary number (i = √−1).

The characteristic time τ varies only with temperature and its evolution is given by
a shift factor aT that describes the temperature dependency of thematerial on the basis
of the principle of frequency-temperature superposition for thermo-rheologically
simple materials:

aT = τ

τ0
(2)

Fig. 1 The Huet-Sayegh
model (H-S)

E - E0

E0 k

h
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where τ is the characteristic time at the experimental temperature Ti and τ0 is the
characteristic time at the Reference Temperature TR.

In this paper the shift factor aT was modelled according to an Arrhenius equation
in the form of:

aT = e
CA

(
1
Ti

− 1
TR

)
(3)

where CA is the Arrhenius material constant and Ti and TR are temperatures in °K.
Using complex algebra, it is possible to obtain the components of the complex

modulus and finally, the Dynamic Modulus |E*| and the Phase Angle φ. Several
authors have used the H-S model describing the viscoelastic behaviour of asphalt
materials (Yussof et al. 2011; Olard 2003; Cauhapé et al. 2017).

3 Materials and Procedures

3.1 Half Warm Asphalt Mixture with Bitumen Emulsion
(HWMA)

In this investigation a HWMA has been designed according to the recommendations
developed by the Spanish road authority previously referred, for a semi-dense grada-
tion with amaximum aggregate size equal to 19mm. For comparison purposes, a Hot
Asphalt Mixture (HMA) was also considered as is described latter. The gradation
curves of both mixtures are presented in Fig. 2.

For the HWMA, a slow setting cationic emulsion with conventional bitumen that
satisfied the requirements of the Argentinean standards has been used (IRAM 2019).
The main characteristics of this emulsion are shown in Table 1.

Fig. 2 Gradation curves for
the considered mixtures
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Table 1 Characteristics of
the bitumen emulsion

Property Test results

Polarity Positive

Residue by evaporation (%) 61.1

Residue penetration at 25 °C (0.1 mm) 90.1

Softening Point Ring & Ball (°C) 46.3

Breaking value (g/100 g) 170

Table 2 Characteristics of the HWMA and the HMA

Mixture Bitumen content
(%)

Air voids
(%)

VMA
(%)

VFA
(%)

S
(kN)

F
(mm)

S/F
(kN/mm)

HWMA 5.0 4.8 16.9 71.7 3.77 3.2 1.2

HMA 5.1 3.8 15.7 72.5 9.92 3.1 3.2

S: Marshall Stability F: Marshall Flow

For the preparation of the samples, the aggregates were heated up to 120 °C and
the emulsion at 60 °C to manually produce the mixture at a temperature ranging
between 80 to 90 °C. Marshall samples were compacted with 75 blows per face and
different contents of emulsion to determine an optimum content of residual bitumen
as in the conventional procedure used for hot asphalt mixtures.

After mixing, the loose mixture was placed in an oven at 90 °C during 30 min and
then, the compaction was immediately carried out at this temperature. Compacted
samples were cured at room temperature during 72 h when constant weight was
reached.

Finally, on the basis of these results and the recommendedminimum value (ATEB
2014), the amount of emulsion that provide a residue of bitumen equal to 5% referred
to the total weight of the mixture was adopted.

As it was previously stated, a HMA was also considered for comparison pur-
poses. This mixture was formulated with a very similar aggregate gradation as the
HWMA and conventional bitumen with comparable characteristics to the residue of
the emulsion.

The volumetric and mechanical properties of the HWMA and the HMA finally
considered in this study are listed in Table 2.

3.2 Dynamic Modulus Tests

The dynamicmodulus tests were experimentally carried out with the Indirect Tension
(IDT)modewith haversine loadings under controlled stress conditions using a servo-
pneumatic machine. Displacements were measured along the horizontal diameter on
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a gauge length equal to 60 mm using LVDT’s mounted on both faces of the samples.
The load capable to produce a measurable displacement by the recording device was
adjusted at each testing temperature. Marshall specimens were used. The test frame
is enclosed into a temperature chamber where the temperature control system is able
to achieve the required testing temperatures ranging from 0 to 50 °C. Two samples of
each asphalt mixtures were tested and the obtained results were averaged. The |E*|
and φ results were determined for 7 frequencies (5, 4, 2, 1, 0.5, 0.25 and 0.10 Hz) and
5 temperatures (0, 10, 20, 30 and 40 °C) to have a full rheological characterization
of the asphalt mixtures.

4 Obtained Results

Based on the experimental results obtained for both samples of each mixture, the
parameters that define the H-Smodel were adjusted by an optimization process using
the Solver function of the Excel spreadsheet. A Reference Temperature TR = 25 °C
was adopted and the obtained values are listed in Table 3. Figure 3(a) and (b) show
a comparison of measured and modelled values using the adjusted H-S models for
the dynamic modulus |E*| and the Phase Angles φ respectively. The line of equality
is also included in these figures.

A visual and qualitative evaluation of this figure shows that the points of com-
parison are tightly located along and on both sides of the line of equality indicating
that the H-S model is able to describe the viscoelastic behaviour for the two asphalt
mixtures and the conditions of frequency and temperature considered in this study.

Table 3 Parameters of the H-S model for the HWMA and the HMA

Mixture E∞ (MPa) E0 (MPa) δ k h CA (°K) τ0 (s)

HWMA 17,230 22 1.01 0.48 0.48 17,644 2.043 × 10−3

HMA 21,360 111 1.00 0.47 0.47 23,122 6,710 × 10−3
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Fig. 3 Comparison of measured and modelled |E*| values (a) and φ values (b)
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Fig. 4 Master curves of |E*| (a) and φ (b) for the mixtures

Figure 4(a) and (b) present the Master Curves of |E*| and φ at TR = 25 °C. As
expected for conventional HMA, the dynamic modulus increases with increasing
frequency (and decreasing temperature). Also, the phase angle increases as the fre-
quency vary from high to medium frequencies (from low to medium temperatures)
where it reaches a maximum value and then, the phase angle decreases with decreas-
ing frequencies from medium to low (from medium to high temperatures). For the
HWMA, the |E*| values are lower and the φ values are higher than those of the HMA
showing that the HWMA has a softer and more viscous behaviour. For the range of
temperatures and frequency experimentally covered, the |E*| results for the HWMA
are approximately 47% of those of the HMA and φ results are 11° greater compared
to the HMA.

Figure 5(a) and (b) present the results for the mixtures in the Black and the Cole-
Cole diagrams. Black diagram expresses the relation between the material modu-
lus |E*| and the phase angle φ while the Cole-Cole diagram expresses the relation
between the E1 and E2 components of E*.

The existence of a continuous curve in both diagrams shows that both mixtures
can be considered as linear thermo-rheologically simple viscoelastic materials and
validates the application of the principle of frequency-temperature superposition for
them. From the Black diagram and for a given |E*| value, it can be observed that
both mixtures show almost the same behaviour for the range of medium to high |E*|
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Fig. 5 Black (a) and Cole-Cole (b) diagrams for both mixtures
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Fig. 6 Shift factors aT for
the analyzed mixtures
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values where both curves are superimposed while for lower |E*| values, the HWMA
shows higher φ values than the HMA with a more viscous behaviour.

From the Cole-Cole diagram and also for a given value of the component E1

(elastic), the same behaviour is observed because the component E2 (viscous) of the
HWMA is always greater than those of the HMA.

Figure 6 shows the shift factor aT as a function of the temperature for both
mixtures. The HMA has a steeper curve than the HWMA indicating that HWMA is
less sensitive to temperature changes and its stiffness has smaller variations when
the mixture is subjected from low to high temperatures.

5 Conclusions

In this paper, the rheological behaviour of a Half Warm Asphalt Mixture (HWMA)
with bitumen emulsion has been investigated. This mixture was formulated using
a semi-dense gradation and a slow setting bitumen emulsion. For comparison pur-
poses, a Hot Asphalt Mixture (HMA) was also formulated with the same type and
a very similar aggregate gradation as the HWMA and conventional bitumen with
comparable characteristics to the residue of the emulsion.

Dynamic modulus tests were carried out at different frequencies and temperatures
for both asphalt mixtures. The obtained results of dynamic modulus |E*| and phase
angle φwere modelled according to the Huet-Sayegh model. This rheological model
was able to describe the viscoelastic behaviour for the two asphalt mixtures.

Master curves of |E*| and φ were constructed using the principle of frequency-
temperature superposition. For the HWMA, |E*| values were lower and φ values
were higher than those of the HMA showing that the HWMA has a softer and more
viscous behaviour within the range of temperatures and frequency experimentally
covered in this study. Experimental results were also drawn using the Black and
Cole-Cole diagrams. The existence of a continuous curve in both diagrams shows that
both mixtures can be considered as linear thermo-rheologically simple viscoelastic
materials and validates the application of the principle of frequency-temperature
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superposition for them. Finally, it could be considered that those findings could
encourage greater confidence in promoting the use of this kind of sustainable asphalt
mixtures in mechanistic pavement design procedures.
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Long Lasting Asphalt Materials
with Highly Modified Asphaltic Binder

Laurent Porot, Erica Jellema, and David Bell

Abstract Onmature road networks, there is a constant need for long-term pavement
preservation solutions. In the 1980s, SBS polymer brought a breakthrough technol-
ogy with superior performance for surface layer. In more recent years, highly modi-
fied asphaltic binder,HiMA, took a step further for structural layerswith fatigue resis-
tance. At the same time, circular economy enhances the valorisation of Reclaimed
Asphalt. However, its reuse in top layers is challenging, as RAmay deteriorate crack-
ing resistance. This paper presents results of laboratory evaluation of an asphalt mix
combining 25% RA and the use of highly modified bitumen with 7.5% specific SBS
polymer and compared with a same mix using a normal Polymer modified Bitumen
25/55-55. The evaluation was carried out with compactability, rutting resistance,
complex modulus, fatigue and low temperature cracking susceptibility. From the
mixes, binders were extracted and recovered for further evaluation similarly to the
asphalt mixes. This study demonstrated the benefits of both standard PmB and highly
polymer modified bitumen to achieve high performance asphalt mix combined with
RA. The HiMA binder was able to restore, to a greater extend, the lost properties
against cracking and still maintaining the benefits in terms of rutting resistance. This
emphasises the benefit for PmB usage for both structural and surface layers, even
when using Reclaimed Asphalt, for sustainable modern asphalt pavements.

Keywords Asphalt mix · Polymer modified Bitumen · HiMA binder · Pavement
preservation

1 Introduction

The asphalt industry is continuously improving quality and performances of the
asphalt materials to answer the increasing demand of traffic and user needs. In the
1980’s Polymer modified Bitumen (PmB) was successfully developed to answer
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to the increase of traffic in volume and loading (Lu and Isacsson 1995). It is now
commonly used for binder and surface layers. It enhances the rutting resistance and
ensures durable surface integrity towards ravelling and surface cracking. In the last
recent years, the use of highly modified bitumen, HiMA, were further developed for
structural layers and rolled out over theworld as the next step in pavement engineering
(Habbouche et al. 2017).

The European commission has set up a road map for the implementation of cir-
cular economy in March 2019 (European Commission 2019) which reinforces the
valorisation of any material at the end of its life. This is particularly valid for asphalt
materials which are 100% reusable. However the usage in surface layers is still
limited due to the risk of lost characteristics especially for cracking resistance.

When PmB is used in asphalt mix containing Reclaimed Asphalt (RA), there is a
need to compensate the potential deficit of polymer network from theRA.With higher
polymer content, HiMA binder offer the possibility to manufacture new asphalt mix
containing RA similarly to high performance mix (Porot et al. 2019).

Recent development of Styrene-Butadiene-Styrene (SBS) polymer has made pos-
sible increasing polymer content in binder and still having stable bitumen for normal
use at the mix plant. When blended with bitumen, SBS polymers, swell and increase
by 5 to 10 times in volume. When increasing the polymer content, phase inversion
occurs between a rich-bitumen phase to a rich-polymer phase. Usually at 5% the
binder displays a balanced phase between bitumen and polymer, while at 7.5%, the
polymer phase is predominant and the behaviour is more rubber like (Xia et al. 2016).

When increasing the SBS content in bitumen, the binder may be more difficult to
produce with storage stability issues or higher viscosity leading to excessive mixing
temperatures for producing asphalt mix. Special SBS grade, with high vinyl content,
can mitigate these different potential drawbacks. It has a smaller size, which keeps
the binder viscosity in reasonable range.

The concept of HiMA binder has been initially investigated by Delft Technical
University in 2004–2008 (Molenaar et al. 2008). The outcomes showed that its use
in structural layer can lead to substantial thickness reduction under a wide range of
flexible pavement structures. Later the concept was validated in full scale experiment
at theNationalCenter forAsphalt Technology,NCAT, in theUSand confirmedhigher
service life as compared to conventional binder, using the same designed asphalt mix
(West et al. 2012).

This paper presents a comparative study between asphalt mix with 25% RAmade
with standard PmB and HiMA. It includes asphalt mix characterisation and also
properties of the extracted and recovered binder from the mixes.
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2 Experimental Plan

2.1 Materials

For the purpose of the study a highly polymer modified bitumen (HiMA) was com-
paredwith a commercial PmB, graded as 25/55-55. TheHiMAbinder wasmadewith
a 70/100 base bitumen andmodifiedwith 7.5% of special vinyl SBS polymer, D0243.
This tailored SBS polymer is especially designed to have better compatibility with
a wider range of bitumen sources and thus enables high concentration in bitumen.
The structure and low molecular weight enable keeping the viscosity of the PmB at
a reasonable level, limiting the mixing temperature to maximum 160–170 °C. The
HiMA binder was graded as PmB 45/80-85 according to EN 14023.

2.2 Binder Testing

Binder testing was conducted on the original binders and on binders recovered
from the mixes themselves. They were evaluated through conventional character-
isation with penetration value at 25 °C and softening point temperature. The original
binders were subjected as well to laboratory aging, with Rolling Thin Film Oven
Test (RTFOT) and further with Pressure Aging Vessel (PAV). Fundamental testing
was done using Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer,
BBR.

Binder Fatigue testing was also performed using DSR in repeated shear loading
stress according to the RILEM protocol (Partl et al. 2013). The test consists of
applying a cyclic shear load to a bituminous binder at different strain levels and
recording the shear modulus. The fatigue life is determined when the remained shear
modulus is equal to 50% of the initial value. In this study, to shorten the experiment,
one strain level was used. The test was performed with an 8 mm plate, 2 mm gap at
10 Hz and 10 °C on the recovered mix binders.

2.3 Asphalt Mix Testing

The mixes used were an optimised AC 16 asphalt concrete mixture with a maximal
aggregate size of 16mm according to German specifications for binder layer applica-
tion. They were both similar and contained 25% Reclaimed Asphalt (RA) with 4.8%
final binder content. Table 1 shows the asphalt mix composition for both mixes.

The mixes were produced according to EN 12697-35 with the same mixing
temperature of 170 °C and stored in an oven at 145 °C before compaction and
testing.
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Table 1 Asphalt mix formulation for AC16

Sieve, mm 0.063 0.25 2 5.6 8 11.2 16 22.4

Passing, % 5.4 9.3 25.1 44.8 51.0 63.6 97.8 100

Gyratory compaction was performed according to EN 12697-31. The specimen
height is recorded along the number of gyrations and a curve of void content versus
number of gyrations is derived. The test was carried out up to 400 gyrations to have a
wide range of compactability, while usually a compaction at 60 gyrations is indicative
parameter for binder layer to be laid in 6 cm thickness.

The resistance to permanent deformation (rutting) was determined using the Ger-
man wheel tracking test (WTT) according to EN 12697-22 with a rubber wheel. The
WTT was carried out at 60 °C for 10,000 cycles and rut depth recorded.

Stiffness modulus was measured by 4-point bending test, 4PBT, according to EN
12697-26, where a sinusoidal load is applied to beam at an initial strain level of
50 μstrain. The test, for each sample, was performed at four different temperatures
ranging from −10 to +20 °C in frequency sweep from 0.1 to 30 Hz. This enables to
produce master curves in a wide range of temperatures.

Fatigue performance was determined with the 4-Point-Bending Test, 4PBT,
according toEN12697-24. Initial strainswere applied in a range of 125 to 250μstrain
at temperature of 20 °C and loading frequency of 10 Hz. The resulting stiffness mod-
ulus is recorded along the test duration and fatigue performance is determined when
the modulus is decreased by 50% from the initial value.

Finally, the low temperature cracking susceptibility was evaluated through Ther-
mal Stress Restrained Specimen Tests (TSRST) on prismatic samples, according
to EN 12697-46. During the test, the specimen is kept at a constant length, while
temperature decreases from 20 to −40 °C at a constant rate of −10 °C/h. With
temperature decrease, the specimen shrinks. During the test, the force to maintain
zero deformation is recorded and the induced stress is calculated, until the specimen
breaks.

3 Results

3.1 Initial Binder Evaluation

A full evaluation on the original binder, as used later in the asphalt mixes, was made
with empirical properties determined as per EN 14023 for PmB. Table 2 displays the
main results. The HiMA binder combined very high softening point temperature and
intermediate penetration value, still keeping the viscosity in a similar range, and at
the same time having a higher elastic recovery. This results from the specific features
of the high vinyl SBS used in the formulation.
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Table 2 Empirical binder properties for both binders PmB and HiMA

Properties Standard Unit PmB 25/55-55 HiMA binder

Penetration value at 25 °C EN 1426 0.1 mm 42 56

Softening point EN 1427 °C 58.4 °C 90.0 °C

Penetration index 0.28 5.90

Resistance to hardening
Mass loss

EN 12607-1 % 0.13% 0.09%

Viscosity at 135 °C EN 12595 mm2/s 1510 2270

Elastic recovery at 25 °C EN 13398 % 77% 98%

Table 3 Change of binder properties after lab aging for 20/30 and HiMA binders

PmB 25/55-55 HiMA binder

Penetration
value

Softening point
(°C)

Penetration
value

Softening point
(°C)

Original binder 42 0.1 mm 58.4 56 0.1 mm 90.0

RTFOT 29 0.1 mm 63.6 41 0.1 mm 89.0

Change * 69% +5 73% −1

RTFOT+PAV 19 0.1 mm 71.2 26 0.1 mm 90.0

Change * 45% +13 46% 0

*as compared to original binder

Aging was also evaluated on the binders for short-term and long-term aging con-
ditioning with RTFOT, and PAV. Table 3 displays the changes of properties. Usually,
bitumen ages by one grade harder through short term and further another one for long
term aging. On the contrary, the HiMA binder did not show important changes in
the properties; especially the softening point temperature hardly changed. However,
it is worth noticing that RTFOT is not always best ad hoc test for PmB due to high
viscosity that limits thin film formation in the bottle.

Furthermore rheological measurements were carried out. Shear moduli were
measured using DSR in temperatures ranging from −30 to +90 °C at a fixed
frequency.

Figure 1 displays the shear modulus |G*| vs. temperature. For a given temperature,
the HiMA binder had lower values, less stiff, although for the high temperature range
both binders displayed similar values.

Figure 2 displays the DSR results in Black Space with phase angle versus shear
modulus.

The lower the phase angle is, the more elastic response thematerial has, which is a
benefit at high temperature against permanent deformation. Both binders displayed
a clear rubber plateau for low shear moduli, high temperature domain. It is more
pronounced for the HiMAbinder starting at 107 vs 3.105 Pa for the PmB, respectively
corresponding to temperature of 10 and 40 °C.
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Fig. 1 DSR shear modulus results for both PmB and HiMA binders

Fig. 2 DSR Black Space for both PmB and HiMA binders

Additionally, BBRwas performed. This, in combinationwithDSRmeasurements,
allows determining the PG grading of the binder. Table 4 displays the main criteria
determining PG grading. The HiMA binder displayed a higher temperature PG, and
at the same time a lower temperature PG, as compared to the 25/55-55 PmB.

Table 4 Results of PG grading for PmB and HiMA binder

Criteria PmB 25/55-55 HiMA binder

High temperature (original) |G*|/sinδ ≥ 1.00 kPa 81.6 °C 97.3 °C

High Temperature (RTFOT) |G*|/sinδ ≥ 2.20 kPa 79.5 °C 90.4 °C

Intermediate T (RTFOT+PAV) |G*|sinδ ≤ 5000 kPa 25.9 °C 17.3 °C

Calculated intermediate T (highT + lowT)/2 + 4 32 °C 34 °C

Low temperature BBR
(RTFOT+PAV)

S ≤ 300 MPa
m-value ≥ 0.300

−15.7 °C
−13.0 °C

−19.6 °C
−20.1 °C

True PG 80–23 90–30

PG grade PG 76-22 PG 88-28



Long Lasting Asphalt Materials with Highly Modified Asphaltic Binder 523

3.2 Asphalt Mix Characterisation

Asphalt mixture characterisation was carried out following the European perfor-
mance approach, in place for more than 15 years. It is based on compactability using
the gyratory compactor, resistance to permanent deformation throughWTT, and, for
structural layers, mechanical characteristics with modulus and fatigue. While it is
not mandatory, low temperature cracking susceptibility was also measured.

Compactability was addressed with gyratory compaction at 145 °C shown in
Fig. 3. Despite different properties especiallywith higher softening point temperature
for the HiMA binder, both mixes did not exhibit any difference in compactability
and after 60 gyrations achieved void contents between 6 and 8%.

The resistance to permanent deformation was carried out through WTT at 60 °C.
Figure 4 displays the results with the rut depth in mm vs. the number of passes. Both
mixes performed very well with rut depth kept below 2.5 mm.

Fig. 3 Gyratory compaction
for both mixes with PmB and
HiMA binders

Fig. 4 Wheel Tracking Test for both mixes with PmB and HiMA binders
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The mechanical characteristics were evaluated with stiffness modulus at different
temperatures and frequencies and fatigue resistance at 20 °C and 10 Hz, with four
point bending beam test.

For stiffness modulus, master curves were developed using sigmoid model and
Arrhenius equation. Figure 5 displays these master curves at a reference frequency
of 10 Hz. They both displayed high values, although slightly lower for the HiMA
mix. At 20 °C in the range of 10,000 MPa, while standard asphalt mixes are more
between 5000 to 8000 MPa. This may be a result of the use of the 25% RA in the
mix.

Figure 6 displays the fatigue life curves for both asphalt mixes with strain level vs.
number of cycles. For the same strain level, the number of repeated loading cycles
was higher for the HiMAmix. With extrapolation of the curve, at one million cycles,
the strain would be respectively 128 and 110 μstrain for the HiMA and PmB mix.

Fig. 5 Stiffness modulus for asphalt mixes with PmB and HiMA binder

Fig. 6 Fatigue life for asphalt mixes with PmB and HiMA binder
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Fig. 7 TSRST results for mix with PmB and HiMA binder

Finally, the low temperature cracking susceptibility was assessed with TSRST, on
three replicates for each mix. Figure 7 displays the results of the mean value of each
mix in terms of stress curve vs temperature, the error bars being for min and max of
failure values. The HiMA mix showed the lowest failure temperature as compared
with the PmB mix. This is consistent with the binder evaluation where the HiMA
binder had the best performing low temperature PG grading.

3.3 Recovered Binder Evaluation

From the asphalt mixtures, the binders were extracted and recovered according to
EN 12697-3 and further tested. In addition to conventional characterisation, funda-
mental testing was performed and only discussed below. It is worth to notice that the
mixes had 25% RA, which affected the recovered binder. RTFOT aged binders were
compared with recovered binders and the original binders being for reference.

DSRmeasurementswere investigated via theBlack Space, and displayed in Fig. 8.
For each binder, the curves overlapped with a contraction from left to right. The
rubber plateau remained either after RTFOT or from the recovered mixes. There is a
slight change in the shape, the curvature of the curve, between RTFOT and recovered
binder, this is most likely due to the presence of RA binder in the latter.

In addition to DSR test, binder fatigue test was performed at 10 °C with repeated
shear loading. Figure 9 displays the percentage of remained shear modulus vs. the
number of load cycles at same strain level of 1.3%. For the PmB, after a slight increase
of the shearmodulus, it decreased after 3.104 cycles.With theHiMAbinder, the shear
modulus slowly continuously decreased but without reaching the 50% criteria.
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Fig. 8 Black space comparison of fresh and recovered binders, HiMA and PmB mixes

Fig. 9 Binder fatigue life for the recovered binder from PmB and HiMA, change in shear modulus

4 Conclusion

The asphalt industry is continuously developing solutions to address the current
and future needs of road network. Polymer modified Bitumen, developed 40 years
ago, has addressed the need for increased traffic, in volume and load. The European
Commission is implementing Circular Economy across all industries. This implies
for road mature network the necessity to reuse more Reclaimed Asphalt into surface
layer.

The use of highly modified bitumen in combination of RA in asphalt mix can
mitigate the potential risk of premature cracking failure.

This study focused on the comparison of standard PmB and HiMA binder in
asphalt mixtures with 25% RA. Asphalt mix results showed that both can miti-
gate potential cracking risk either fatigue or thermal without compromise in rutting
resistance. The HiMA binder offered even better cracking resistance than standard
PmB.
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The evaluation carried on the binder with fresh and recovered binder from the
asphalt mixes have shown the effect of polymer modification and were consistent
with mix characteristics. The HiMA binder demonstrated higher performance either
on pen grading system or PG grading system with broader temperature interval.
Fatigue testing on recovered binders showed that the HiMA binder displayed very
long life spam.

Overall, it is possible to reuse 25%RA in asphalt mix for surface layer application
with polymermodified bitumenwithout compromise on cracking and rutting. The use
of HiMA offer an even better solution maintaining reasonable modulus and ensuring
lower cracking susceptibility.
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Mechanical Properties of Bio-Asphalt
on Recycled Asphalt Pavement Binder

Atmy Verani Rouly Sihombing, Bambang Sugeng Subagio,
Eri Susanto Hariyadi, and Anwar Yamin

Abstract Recycling asphalt technology is a technology that reuses of aged asphalt
pavement that has been damaged and recycled as a new asphalt mixture material
which in using it requires a modifier to restore the performance of aged asphalt.
Bio-asphalt which is a fraction of bio-oil derived from biomass containing lignin has
the potential as a modifier/rejuvenator for aged asphalt. The objective of this study is
to determine the potential of the bio-asphalt as a modifier. Bio-asphalt modified aged
asphalt binder is tested and evaluated based on AASHTO requirements. Best bio-
asphalt content is suggested for modifying aged asphalt binder. Bio-asphalt modified
aged asphalt binder were tested to know the mechanical properties by dynamic shear
rheometer (DSR) temperature sweep test and frequency sweep test. In this study, the
bio-asphalt used are coconut shell bio-asphalt (BioCS) and BitutechRAP, each of
which was mixed with Aged asphalt binder from recycled asphalt pavement (RAP)
extraction and controller asphalt binder use pen 60/70 (PG 64). The result showed
that bio-asphalt can improve the mechanical performance of aged asphalt binder
close to pen 60/70 as a controller.

Keywords Bio-asphalt · Aged asphalt · RAP · DSR · Mechanical properties

1 Introduction

1.1 Background

Bio-asphalt is asphalt derived from non-petroleum materials that can be renewed.
The use of this bio-asphalt, in addition to being used as a modifier/rejuvenator (10%
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usage), can also be used as an additive in binders (25–75% use) and binder use
(100% use) (Peralta et al. 2012). In Indonesia, research on bio-asphalt, namely bio-
asphalt from coconut shells, has begun to be carried out using for binders, while the
optimal results obtained using bio-asphalt as a binder is 1% (Kusuma and Haryanto
2014; Perdana and Utomo 2013). The use of bio-asphalt as a binder, according to the
authors, has not provided an optimal potential for the number of uses produced, so the
authors have a hypothesis as the potential of this coconut shell bio-asphalt may be as
amodifier/rejuvenator for aged asphalt. Based on previous research, from basic phys-
ical properties, chemical and morphological characteristics, the use of bio-asphalt in
aged asphalt uses its potential as a rejuvenating agent. To increase confidence in this
potential, further testing was carried out by looking at the mechanical properties of
aged asphalt which has been equipped with bio-asphalt based on the results of DSR
temperature sweep test and DSR frequency sweep test.

1.2 Objective

The purpose of this study is to discover the potential of bio-asphalt as a rejuvenating
agent by looking at themechanical characteristics of aged asphalt before and after bio-
asphalt is added using the results of theDSR temperature sweep and frequency sweep
test. As a comparison for the rejuvenating process in aged asphalt after the addition
of bio-asphalt, virgin asphalt pen 60/70 (PG 64) is used as an asphalt controller,
because this asphalt is commonly used as a binder in Indonesia.

2 Experimental Plan

Theobjective of this research canbe achievedbydeveloping the researchplan (Fig. 1).
Two types of bio-asphalt (Bio-asphalt coconut shell/BioCS and BitutechRAP) are
added to the aged asphalt (extraction bitumen from RAP). Samples were prepared
by mixing bio-asphalt and aged asphalt using magnetic stirrer with speed rotation
0.4 –0.6 kr/sec and mixing temperature of 120 °C for 15–20 min (Williams and
McCready 2008;Williams et al. 2010).While the variation of bio-asphalt percentage
to the weight of aged asphalt is 2, 4, 8, 16, 20, 25, and 30%. Penetration and softening
point tests are basic tests to find out the characteristics of asphalt which have been
used since the late 19th century (Read and Whiteoak 2003) thus the bio-asphalt +
RAP bitumen mixture was then tested for penetration and softening point (SNI 06-
2434 1991; SNI06-2456 1991) and compared to pen 60/70 to obtain the optimum
content. The content of bio-asphalt are 23% for BioCS and 17% for BitutechRAP
by weight of Aged Asphalt (Sihombing et al. 2019; Sugeng and Sihombing 2019).

The temperature sweep of bio-asphalt + aged asphalt was test in unaged, RTFO
and PAVT conditions by using Dynamic Shear Rheometer (DSR) tools. This test
was carried out based on AASHTO (AASHTO T315-10 2010) at a test frequency of
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Aged asphalt from 
extraction RAP

1. Bioasphalt from coco-
nut shell, BioCS

2. BitutechRAP 

Pen 60/70 as a control 

Penetration and 
Softening Point Test 

Aged asphalt and bioasphalt (2%, 4%, 8%, 16%, 20%, 
25%, 30%) are mixed using magnetic stirrer with speed ro-

tation 0,4 kr/sec and mixing temperature 120 °C for 15 

Samples  
(Aged Asphalt with 

optimum Bio-asphalt)  

- Aging Properties
- DSR Temperature Sweep
- DSR Frequency Sweep

• Master Curve
• Black Diagram

Fig. 1 Research plan

1.59 Hz, where the test on the original condition was carried out at 12% strain and
a temperature range of 52 to 76 °C at 6 °C interval, test on the RTFO condition was
carried out at 10% strain and temperature range of 52 to 76 at 6 °C interval, and test
on the PAVT condition was carried out at 1% strain and temperature range of 22 to
28 °C at 3 °C interval. The complex shear modulus G*, phase angle δ, and the rutting
factors G*/sinδ of the bio-asphalt + aged asphalt, were measured and analyzed.

DSR frequency sweep test is carried out to measure the change in rheology due
to variations in loading time (frequency) at a certain temperature, testing is carried
out in the frequency range of 0.2–100 Hz, at temperatures of 25, 45, and 60 °C with
a 0.1% strain magnitude.

The effect of bio-asphalt addition was evaluated by looking at its effect on aged
asphalt before and after bio-asphalt was added compared to the performance of virgin
asphalt with DSR test results parameters.

3 Materials

The material used in this study is: PG 64-22 (pen asphalt 60/70) was chosen in
this study as virgin asphalt which controls asphalt, the aged asphalt used is asphalt
from RAP extraction taken from old pavement dredging in Karawang, West Java,
Indonesia. Extraction is donewith the help of trichloroethylene (TCE) chemical using
a centrifugal extractor (Burr et al. 1990, 1991), and the bio-asphalt used is the coconut
shell bio-asphalt produced by PT Nuciferra and BitutechRAP from Hydrogreen.
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Table 1 Characteristics of asphalt pen 60/70, aged asphalt, bio-asphalt and aged asphalt

Test Unit Specification Pen
60/70

Aged
asphalt

BioCS
+ Aged
asphalt

BitutechRAP
+ Aged
asphalt

Penetration,
25 °C, 100 gr, 5 s

0.1 mm 60–70 65 10 65 65

Kinematic
viscosity 135 °C

cSt ≥300 409.6 – 463.5 421.1

Softening point °C ≥48 51 80 54 53.8

Ductility, 25 °C,
5 cm/minute

cm ≥100 >100 38 >100 >100

Flash point with
Clevelen open
cup

°C ≥232 340 240 325 335

Solubility in
trichloroethylene

% ≥99 99.868 – 99.735 99.805

Specific gravity ≥1 1.024 1.061 1.015 1.022

Mass loss %
weight

≤1 0.15 0.75 0.51 0.35

Penetration
RTFO

% initial ≥54 58.8 – 54 58

Softening point
RTFO

°C – 56 – 59 56

Ductility RTFO cm ≥100 110 – 115 105

4 Test Result

4.1 Asphalt Characteristic

The optimum percentage of use of bio-asphalt on aged asphalt, then used as samples
with the samemixing process as before and tested further. The rheological character-
istics of aged asphalt mixedwith BioCS and BitutechRAP (with optimum percentage
values) are outlined in Table 1. Based on these rheological data, it can be proved that
the addition of bio-asphalt on aged asphalt can meet specifications for asphalt pen
60/70.

4.2 Aging Properties

The aging properties reviewed in this study are penetration, softening point, ductility
and mass loss in unaged and RTFO conditions. Figure 2a, b, and c illustrates the
change in physical properties of asphalt after RTFO, where the penetration of each
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a. Penetration b. Softening Point

c. Ductility d. Mass Loss asphalt after RTFO

Fig. 2 Physical properties of asphalt binder before and after RTFOT and mass loss asphalt after
RTFO

type of asphalt decreases, the softening point increases and the ductility decreases.
The addition of bio-asphalt in RAP bitumen in RTFO condition has characteristics
that are still in accordance with the specifications.

Mass losses between unaged and RTFO aged are shown in Fig. 2d. Superpave
specification recommends that the mass loss of asphalt binder subjected to standard
RTFO test should be lower than 1%. Pen 60/70 demonstrates only 0.15% mass loss
while the extracted RAP binder exhibits significant reduction (0.75%) of volatile
fractions and barely passes the requirement. During the RTFO aging any residual
solvent would evaporate thus contributing to the mass loss. Both of bio-asphalt can
reduce the mass loss of aged asphalt, although not the same as virgin asphalt. This
shows that bio-asphalt can reduce susceptibility to aging.

4.3 Result of DSR Temperature Sweep

DSR temperature sweep test is usually done to verify the grade of asphalt in the
PG system. The test was conducted at a test frequency of 10 rad/s with the test
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Table 2 Critical temperature of asphalt

Conditions Requirements Test result (°C)

Virgin asphalt Aged asphalt BioCS +
Aged asphalt

BitutechRAP
+ Aged
asphalt

Original Min 1,00 kPa 65.3 110.7 75.6 72.7

RTFOT Min 2,20 kPa 63.6 120.2 111.7 85.2

PAVT Max
5000 kPa

23.7 52.8 53.7 25.5

temperature referring to the temperature range contained in the PG AASHTOM320
(AASHTO 2013) asphalt specification table. The determination of PGwas only done
at the upper limit of critical temperature and was not done to the lower limit. This
was because Indonesia has a tropical climate that does not have low temperatures.
According to Table 2, asphalt pen 60/70 has PG of 64, aged asphalt has PG of 112,
bioCs + aged asphalt has PG of 76, and bitutechRAP + aged asphalt has PG to 70.
Thus, mechanically bio-asphalt + aged asphalt shows changes from aged asphalt
with a smaller PG value, although it does not reach the PG of pen 60/70.

4.4 Result of DSR Frequency Sweep

A. Master Curve
The combined master curve in Fig. 3 shows the comparison between the aged asphalt
master curve before and after mixing BioCS and BitutechRAPwith the virgin asphalt
master curve. The position of the aged asphalt master curve tends to be at a high
modulus, indicating that the aged asphalt is elastic, this tendency is indeed found in
aged asphalt. Whereas the virgin asphalt master curve is in a position with a small
modulus, indicating that virgin asphalt is more viscous. The addition of bio-asphalt
as a modifier/rejuvenator to the aged asphalt is expected to be close to the position
of the virgin asphalt master curve. From the drawing of the merging of the master
curve into the four types of asphalt, it can be seen that the addition of bio-asphalt can
change the position of the aged asphalt master curve more closely to virgin asphalt,
meaning that elastic aged asphalt becomes more viscous after adding bio-asphalt.

The addition of bio-asphalt to the aged asphalt changes the aged asphalt master
curve sloping to become more gentle. This shows that the addition of bio-asphalt to
aged asphalt can improve the performance of asphalt by increasing the temperature
range and time of loading which results in the easier use of aged asphalt in the field.

The addition of BioCS to aged asphalt is more resistant to rutting due to the
higher modulus in bitutechRAP at slow loading. Quantitatively, the effect of adding
bio-asphalt to aged asphalt can be seen from the comparison of G* and Sbit values
based on shift factors. The smaller the difference in value to the virgin asphalt, the
better the performance of the asphalt produced. To get the target value of Sbit in
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Fig. 3 Master curve by DSR frequency sweep

low frequency and high temperature conditions by using a speed value of 5.65 km/h
(critical point) at a frequency of 0.10 Hz where the log value (frequency) = (−1)
then a vertical line is drawn to intersect the master curve is then drawn to the left to
get the value G* (complex shear modulus) which will later be converted to the target
value of Sbit (stiffness modulus).

The results obtained as a minimum target (critical point) value of the stiffness
modulus (Sbit) of BioCS and aged asphalt are greater than bitutechRAP and aged
asphalt.

B. Black Diagram
Black Diagram illustrates the relationship of Stiffness modulus (Sbit) and Phase
Angle (Francken 1998). Some things that can be conveyed, as an analysis of the
Black Diagram (Fig. 4), are as follows:

1. The addition of bio-asphalt to aged asphalt affects the value of Sbit, the value of
Sbit decreases after the addition of bioasphalt.

2. The value of Sbit decreases with increasing PhaseAngle, showing that increasing
the proportion of viscous (G′′) will decrease Sbit.

3. Changes in behavior occur at the level of asphalt stiffness modulus 1000 Pa, at
that level a decrease in asphalt modulus of rigidity together with an increasing in
phase angle (increase in viscous portion), behavior changes at the modulus level
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of 10,000,000 Pa occur with an decrease in the value of the phase angle (increase
portion of elastic). This phenomenon is in accordance with the theory of black
diagrams by Franken (1998).

4. The addition of bioCS to aged asphalt, aging faster than BitutechRAP to aged
asphalt, this is seen in the RTFOT conditions, where asphalt modulus of stiffness
at 10,000,000 Pa changes at 45 °C, and in the PAVT condition, the BioCS curve
and aged asphalt are the sameas the aged asphalt curve. This indicates the addition
of BioCS faster stiff or faster aging.

The Sbit value of the shifting factor master curve is then plotted on the black
diagram. Plotting is done to determine the value of the phase angle (δ) of each type
of asphalt. The phase angle of the plotting results as described in Table 3.

According to (Francken 1998), the value of phase angle (δ) is one of the factors
that influence the age of road pavement services. Based on the black diagram of each
type of asphalt with the results of the plotting presented in Table 4. It can be seen
that the addition of BioCS gives a smaller phase angle value than BitutechRAP, it

Fig. 4 Black diagram by frequency sweep

Table 3 Sbit target of
bio-asphalt dan aged asphalt
by shift factor

Asphalt type G* target (Pa) Sbit target (Pa)

Virgin asphalt 180300 540900

Aged asphalt 20100000 60240000

BioCS and aged asphalt 280000 838500

BitutechRAP and aged
asphalt

197000 589500
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Table 4 Phase angle by Sbit
target master curve

Asphalt type Phase angle (δ)

Virgin asphalt 83

Aged asphalt (has exceeded the elastic
limit)

BioCS and aged asphalt 70

BitutechRAP and aged
asphalt

66

shows that the addition of BitutechRAP has more influence on the service life of
road pavement.

5 Conclusions

The conclusions that can be drawn from the experiment on the effect of adding bio-
asphalt to aged asphalt mechanically from the results of the DSR temperature sweep
test and DSR frequency sweep are:

1. The addition of bio-asphalt can affect the PG value of aged asphalt, the high PG
value of aged asphalt can change to small. The addition of BitutechRAP is more
influential in reducing the value of PG compared to BioCS.

2. The addition of BioCS is more resistant to rutting as seen from Sbit which is
greater than BitutechRAP at slow loading.

3. The addition of BitutechRAP is more resistant to fatigue, it can be seen from the
Sbit value which is smaller than BioCS.

4. The addition of BitutechRAP has more influence on the service life of road
pavement compared to BioCS.
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The Effect of Fly Ash Based Geopolymer
on the Strength of Problematic Subgrade
Soil with High CaO Content

Nawfal Farooq Kwad, Ahmed H. Abdulkareem, and Taher M. Ahmed

Abstract The weak subgrade soil is one of the major challenges for civil engi-
neering applications such as roads and foundations. This study aims to find out the
influence of fly ash-based geopolymer on the strength of weak soil to fulfill the
requirements of the subgrade layer in the pavement structure. Fly ash particles of
class F was used as a raw material for geopolymer synthesis. The alkaline liquid
consists of the Sodium hydroxide (NaOH) at 8 molars solution and Sodium silicate
Na2Sio3 in liquid form and the ratio of NaOH:Na2Sio3 remained constant at 60:40
by weight. Low plasticity sandy silt was utilized in the study and stabilized using
various proportions of fly ash (5, 10, 15, 20, 25, and 30%). Laboratory investigation
involves the compaction properties of soil-fly ashmixtures in addition to themechan-
ical properties including the Unconfined Compressive Strength (UCS) test and the
Indirect Tensile Strength (ITS) test. The UCS test results revealed that the compres-
sive strength of the soil greatly improved after adding the fly ash-based geopolymer
and 20% of fly ash content achieved the highest UCS at 28 days of curing time. The
ITS test results exhibited a progressive increase in the tensile strength of the soil
with fly ash geopolymer, which corresponds to a great resistance for cracking in the
soil. Geopolymer gel was observed in the stabilized soil, as confirmed by the SEM
analysis.

Keywords Subgrade soil · Geopolymer · Chemical stabilization · Calcium ·
Unconfined compressive strength
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1 Introduction

Soil stabilization is the process of modifying the physical and mechanical properties
of weak and fine-grained soils to increase the strength and long-term performance.
Soil stabilization by cement or lime is the most common method to improve the
strength of the soils. According to Davidovits (2015), the cement manufacturing
releases 0.85–1.0 ton of Carbon dioxide CO2 for one ton of the Ordinary Portland
Cement (OPC). This harmful effect on the atmosphere has made a necessary action
to find a suitable alternative material that is environmentally friendly and has similar
or better properties than the OPC and to have a practical approach to utilize waste
materials. Geopolymers are inorganic polymers consist of chains or 3D network
ofmineral molecules produced from the reaction between high alkali solution and the
alumina-silicates materials at low temperatures, normally below 100 °C (Davidovits
2017). In the high calcium materials, the significant amount of calcium that exists in
the raw material will produce C–S–H gel phase, which is the dominant phase, while
in the low calcium mixtures, a poly-condensation process occurs by sharing the
oxygen ions to form Si–O–Si and Si-O-Al bonds which define the three-dimensional
structure of geopolymer. This component is very stable and durable termed as the
geopolymer (Cristelo et al. 2012). Fine-grained soil with a high content of clay and
silt are less proper material as a pavement subgrade.

The addition of fly ash geopolymer to the soil can develop a cementitious bond
which results in strength gain, the strength of soil increases as fly ash content increases
(Santos et al. 2011). The previous studies have demonstrated the effectiveness of fly
ash geopolymer in soil stabilization, where the stabilized soil with fly ash and slag
geopolymer passed 12 cycles of wetting and drying conditions with only 14%weight
loss (Amulya et al. 2018). A study conducted by Dungca et al. (2018) concluded that
the fly ash-based geopolymer is an effective technique to increase the CBR index
of the embankment material by adding 30% of fly ash geopolymer to achieve a
significant increase in the CBR value up to 34%. It is evident from Phani et al.
(2004) that swelling pressure and swell potential of the clayey soil were decreased
by approximately 50% after fly ash addition and both of compression index and
secondary consolidation coefficient of the expansive and non-expansive clay were
decreased by 40% after adding 20% of fly ash to the soil. Many researchers (Cristelo
et al. 2011; Cristelo et al. 2013; Yaghoubi et al. 2018) have studied the effects of fly
ash-based geopolymer on the soil, they concluded that the fly ash-based geopolymer
is an appropriate material for soil stabilization and increasing the fly ash content to
a certain limit improves the UCS and the performance of the soil. In addition to the
UCS, it is important to investigate the tensile property of the stabilized soil especially
after the geopolymer incorporation, as the new structure is being fully boundmaterial
within the soil. The fatigue life of the stabilized soil is an important factor to be
considered in the design of pavement layers as the cracking behavior of the soil is
one of the factors that affect it. Generally, the increase of the horizontal tensile strain
of cement-stabilized material results in a decrease in fatigue life (González et al.
2013). Many researchers (Cristelo et al. 2012; Khater 2011; Yip et al. 2005) have
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studied the influence of calcium components in the fly ash on the geopolymerization
products, they concluded that the high amount of calcium in the fly ash contributes in
precipitation of both the calcium silicate hydrate (C-S-H) gel and the geopolymeric
gel. Also, the high content of calcium in the raw material increases the short-term
strength and may prevent the formation of the 3D structure of geopolymer which
is important for the long-term performance of soil (Cristelo et al. 2012). C-S-H
gel is likely to exist in the calcium-based materials that contain alumina and silica,
alongside the geopolymer binder (Link et al. 2001).

2 Materials

2.1 Soil Properties

Low plasticity sandy silt was used in the study, collected from Ramadi City. The
physical properties of the soil are listed in Table 1. The particle size analysis in Fig. 1
shows that the soil consists of 60% of silt, 9% of clay and 31% of fine sand. The
chemical composition of the soil is listed in Table 2. It is known that the soil in the
western part of Iraq was formed originally from the natural lime and silicates and
consists mostly of lime rocks with marl, which is found largely in the western desert
of Iraq (Muhaimeed et al. 2014). It is clear that the soil has a high content of calcium
oxide (CaO), this component is known as quicklime and it is soluble in water. This
study aims to predict the influence of this component on the strength of soil-fly ash
geopolymer mixture.

Table 1 Geotechnical
properties the soil

Property Standard
designation

Value

Liquid limit (%) ASTM D4318-10 38

Plastic limit (%) ASTM D4318-10 27

Plasticity index ASTM D4318-10 11

Specific gravity ASTM D854-14 2.66

Unified soil
classification
system (USCS)

ASTM D2487-11 ML-low plasticity
sandy silt

Optimum moisture
content (%)

ASTM D1557-12 15.5%

Maximum dry
density (g/cm3)

ASTM D1557-12 1.73 g/cm3
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Fig. 1 Particle size analysis of the soil

Table 2 The chemical composition of the soil and fly ash

Component SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O SO3 MnO

Soil 37.64 6.5 23.43 4.06 3.9 1.3 1.1 0.7 0.1

Fly ash 53.23 25.91 4.95 6.46 1.2 0.1 1.4 0.78 0.16

2.2 Geopolymer Synthesis

2.2.1 Fly Ash

According toASTMC618-12, thefly ash is classified asClass Fdue to the lowcontent
of calcium. This type of fly ash is preferred in the geopolymer synthesis, where it
produces higher strength and better response in Sodium-based geopolymers. The
chemical composition of fly ash through X-Ray Florence is listed in Table 2. The
specific gravity of the fly ash is 2.14.

2.2.2 Alkaline Solution

The alkaline solution consists of Sodium hydroxide (NaOH) pellets of 99% purity,
and Sodium silicate (Na2SiO3). The NaOH concentration was 8 mol and the molec-
ular weight is 40 g/mol. The Sodium silicate (Na2SiO3) was in liquid form and
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contains 32.5% of SiO2, 13.4% of Na2O and 54% of water. The ratio of 60:40 of
NaOH:Na2SiO3 was used to activate the fly ash and soil particles. The high concen-
tration of NaOH was used to ensure the dissolution of fly ash particles alongside the
soil components that may be affected by the alkaline solution.

3 Experimental Work

3.1 Sample Preparation

The dry mixing of soil and fly ash was used to prepare the samples of the unconfined
compressive strength (UCS) and the indirect tensile strength (ITS) tests. The soil was
thoroughly mixed with fly ash for five minutes to provide a homogenous mixture.
Various percentages of fly ash (5, 10, 15, 20, 25, and 30%) by weight of soil were
used in the study. NaOH pellets were dissolved in distilled water to avoid undesirable
reactions and left for 24 h prior to blending with the Na2SiO3 to ensure the efficiency
of the dissolution. Sodium silicate is already in liquid form and can be mixed with
NaOH solution to produce the alkaline solution. After getting a uniform mixture
of soil and fly ash, the alkaline solution of NaOH and Na2Sio3 was added as a
replacement of the optimum water content of soil-fly ash mixture and thoroughly
mixedwith the solids using amechanical mixer for 10min to ensure the homogeneity
of the geopolymer material with the soil. The extra quantity of the alkaline solution
was added to compensate NaOH solids which are dissolved in the solution based
on a previous study conducted by Adhikari (2017). For the UCS and ITS tests, the
stabilized samples were molded and cured in a drying oven for 48 h at 65 °C, then
removed from the oven and protected in Zip-lock and kept at room temperature to
be tested after 7 and 28 days. To obtain moisture density relationships, the modified
proctor test was conducted according to ASTM D 1557-12. The soil was dried for
24 h at 110 °C before mixing with various proportions of fly ash. The time from
mixing with water until getting the compacted specimen did not exceed 30 min to
avoid the conglomerate of fly ash particles or any effectual reactions with water or
soil components.

4 Results and Discussion

4.1 Compaction Test

According to the modified compaction test results, the maximum dry density (MDD)
of the soil is 1.73 g/cm3 and the optimummoisture content (OMC) is 15.5%. Figure 2
shows the relationships between the dry density and moisture content for the soil
and soil-fly ash mixtures at various fly ash percentages. It can be noticed from the
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Fig. 2 Moisture-density relationship of soil-fly ash mixtures

compaction results that the maximum dry density of soil-fly ash mixtures exhibited
an increasing trend from 1.73 g/cm3 for the pure soil to the maximum dry density
of 1.78 g/cm3 at 30% of the fly ash content. While the optimum water content of
soil-fly ash mixtures decreased from 15.5% for the untreated soil to the maximum
dry density of 13.5% obtained at the soil with 30% fly ash mixture. However, this
increase in the MDD was observed clearly beyond 15% of fly ash addition and the
lower content of fly ash did not affect the MDD significantly.

The high density of soil+30% of fly ash mixture may be attributed to the interac-
tion of fly ash particles into soil voids resulting in higher density. Furthermore, there
is a noticeable fluctuation in the optimum water content where the OMC increases
when fly ash increase to 15%, and decreases beyond this content. This increase in
the OMC may be due to the hydration reactions of the fine fly ash particles which
require more water (Santos et al. 2011). However, if the fly ash content increase to
more than 15%, the OMC decrease while the MDD increases. The MDD of soil-fly
mixture varying with test conditions and preconditioning period, which is the period
between adding the water and compaction.

4.2 Unconfined Compressive Strength (UCS) Test

Unconfined compressive strength test (UCS) conducted to evaluate the effectiveness
of the fly ash geopolymer as a soil stabilization agent. The subgrade layer exposes
to compressive stresses imposed by the traffic loads and this test is very important
to evaluate the ultimate strength of the stabilized soil under excessive loads. Soil
and soil-fly ash mixtures were prepared and compacted into large size cylindrical
molds, i.e. 100 mm diameter and 200mm height according to ASTMD4219-08. The
alkaline solution was used in soil-fly ash mixtures as a replacement of the optimum
water content. The samples were initially cured at 65 °C for 48 h and tested after 7
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and 28 days of curing at room temperature. Three samples were prepared for each
mixture. The unconfined compressive test was performed by a constant loading rate
of 0.1 kN/s. The results of 7 and 28 days cured specimens are shown in Fig. 3.
The highest compressive strength was recorded at the optimummixture that consists
of the soil with 20% of fly ash irrespective of the curing period. The highest UCS
values were 20.7 and 22.2 MPa after 7 and 28 days of curing respectively. Any
further increase in the fly ash content led to strength reduction as shown in Fig. 4.
The significant increase in the UCS was during the initial seven days of curing, and
there is no significant variation in the results of the 7 and 28 days cured specimens.
This trend may be attributed to the formation of the geopolymer binder at the early
ages of curing at 65 °C and the subsequent reactions in the first 7 days which improve
the strength significantly (Fig. 5).

Fig. 3 Results of the UCS test for 7 and 28 days cured specimens

Fig. 4 Variation of UCS with fly ash increase
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Fig. 5 Failure of UCS test
specimen

The significant increase in the strength is related directly to the curing temperature
and period, where the heat-curing has a substantial effect in accelerating the chemical
reactions of geopolymer paste and longer curing period enhances the polymerization
process (Rangan 2009). In addition to that, the high compressive strength of the
stabilized soil may be attributed to the combined effect of the geopolymer binder
and CaO in the mixture. The great increase in the compressive strength of the soil
after adding the fly ash geopolymer reveals the effectiveness and feasibility of the
fly ash-based geopolymer in the silty soil stabilization.

4.3 Indirect Tensile Strength (ITS) Test

The split cylinder test or known as the Brazilian test is the indirect method that
determines the tensile strength of the material by applying compressive loads in
the diametrical plane of a cylindrical specimen placed horizontally in the loading
machine. It is a key factor in evaluating the cracking behavior of the stabilized soil
when used in pavement structure or the other earth structures. There is limited infor-
mation regarding the tensile strength of soil-fly ash geopolymer mixtures. Burmister
(Burmister et al. 1944) concluded that the tensile stresses in a layered system will
be developed at the locations of interfaces between the layers especially when the
upper layers have a modulus of elasticity higher than underlying pavement layers.

The study involves preparing compacted specimens into cylindrical molds that are
the same as the modified compaction molds, i.e. 101.6 mm diameter and 116.4 mm
height, at alkali content corresponding to the optimum moisture content of the mix-
ture. The influence of the cylindricalmold sizewas studied byWright (1955), Thomp-
son (1966), they concluded that the size of the cylindrical mold has a little effect on
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the tensile strength results and specimens with the larger size showed a smaller
coefficient of variation. The indirect tensile strength at failure is given by:

σ t = 2P

πdt
(1)

Where

σ t = Tensile strength (MPa)
P =Maximum load at failure (N)
d = Diameter of specimen (mm)
t = thickness of specimen (mm)

The test results are shown in Fig. 8, and the variation of ITS with fly ash content is
shown in Fig. 6. For the untreated soil, the indirect tensile strength was 0.04 N/mm2

which is not effectual. When fly ash geopolymer was added to the soil and after 7 and
28 days of curing, the tensile strength increased significantly to 3.6 and 3.9 N/mm2

respectively. These results observed at 20%of fly ash content and any further increase
in the fly ash content decreased the ITS irrespective of the curing period. The reduc-
tion in the tensile strength may be attributed to the unreacted amount of fly ash which
acts as a filter material at the early ages of curing. It is obvious from the test results
that the stabilized soil by fly ash-based geopolymer acts as a rigid material and the
failure of specimens is clear splitting in the longitudinal plane and similar to the
brittle materials as shown in Fig. 7.

Fig. 6 Variation of ITS with fly ash increase
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Fig. 7 Failure of ITS test
specimen

Fig. 8 Indirect tensile strength test results

4.4 Effect of CaO Content and Curing Conditions

The role of calcium compounds such as CaO is critical in the geopolymer synthesis.
CaOeffectmayenhance themechanical performanceof theflyash-basedgeopolymer
when it is cured at low temperatures. However, the high content of calcium can affect
polymerization development and change the microstructure of the product material
(Temuujin et al. 2009). The previous studies showed that the alkaline activation of
metakaolin and furnace slag will produce the calcium silicate hydrate (C-S-H) gel
and geopolymer paste and both of them be formed simultaneously (Yip et al. 2003,
2005). Furthermore, the presence of CaO has a substantial effect on the hardening
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time of geopolymers. The high content of CaO in the fly ash accelerates the initial
setting time of geopolymer paste (Wijaya et al. 2016).

It is proved that the hydration process of the Portland cement produces (C-S-H)
gel and Ca(OH)2 and the (C-S-H) gel provides the high strength to the mix. While
the calcium hydroxide is unstable component and can easily react with CO2 in the
air and produce calcium carbonate which is the main reason behind concrete dete-
rioration (Temuujin et al. 2009). According to the chemical composition, the soil
contains 23% of the calcium oxide (CaO) which may participate in C-S-H gel for-
mation alongside the geopolymer binder from the activation of fly ash (Bagheri et al.
2017). Many researchers (Temuujin et al. 2009; Cristelo et al. 2012; Canfield et al.
2014) corroborate this idea especially in the activation of the high calcium fly ash
as they concluded that the C-S-H gel will be formed in addition to the geopolymer
binder. Figure 9 shows the SEM analysis of the soil with 20% of fly ash geopolymer
mixture. It can be seen that the geopolymer binder acts as a glue material to bond the
soil particles resulting in a dense matrix in addition to the poorly crystalline C-S-H
gel. Also, micro-cracks were observed in the structure and may be attributed to the
reactive-silica reaction with the sodium hydroxide that produces a material absorbs
the water in the mixture and increase the volume resulting in cracks formation (Slaty
et al. 2015). This analysis is very comparablewith strength results as the high strength
of specimens indicates the precipitation of C-S-H gel and geopolymer. In addition
to the CaO, heat-curing contributes positively to the chemical reactions that occur in
the geopolymer paste and longer curing period enhances the polymerization devel-
opment and strength gain in the fly ash geopolymer (Hardjito et al. 2005). Soil-fly
ash geopolymer mixtures were cured at 65 °C for 48 h to accelerate the reaction of
the alkaline activator and mixture components which is highly affected by curing
temperature. Both of the UCS and ITS of soil-fly ash geopolymer increased with
curing time after exposing the specimens to the heat-curing for 48 h.

a b

Fig. 9 SEM images of soil and fly ash geopolymer mixture with 23% of CaO content in the soil,
a 2 µm magnification b 1 µm magnification
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5 Conclusions

This study presents the influence of fly ash-based geopolymer on the mechanical
properties of fine-grained soil and the following conclusions are estimated:

• The fly ash-based geopolymer has been demonstrated to be an efficient additive to
the weak soil by satisfying the required strength and compaction properties of the
subgrade layer and exhibited excellent performance in terms of the compressive
and tensile strength of the soil.

• The unconfined compressive strength of the stabilized soil increased significantly
after the addition of fly ash geopolymer. The stabilized soil exhibited high com-
pressive strength at both 7 and 28 days and soil with 20% of fly ash content
achieved the highest compressive strength by 22 MPa at 28 days of curing time.
The indirect tensile strength increased up to 80 times and the highest ITS value
was 3.9MPa recorded also at soil+20% fly ashmixture. The UCS and ITS values
are comparable to the strength of concrete, and specimen failure similar to brittle
materials.

• Generally, the addition of fly ash increased the dry unit weight of the soil and
reduced the optimum water content. However, the OMC increased slightly at the
low content of fly ash below 15%. The maximum increase in the dry density from
1.73 to 1.78 g/cm3 occurred after adding 30% of fly ash to the soil.

• The high content of CaO in the soil improved the short-term performance of the
soil-fly ash mixtures. However, the exact role of the calcium oxide in the soil is
not obvious in terms of the new products in the soil and durability.

• Durability tests are essential to predict the long-term performance and stability
of the new structure in the soil which may be affected by the leaching of CaO
and unstable bonds in the alkali-activated material especially after exposure to
the water and severe environmental conditions.
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Low Temperature Behavior of Asphaltite
Modified Binders and Asphalt Concretes

Andrea Themeli, Emmanuel Chailleux, Cyrille Chazallon,
and Nicolas Bueche

Abstract Natural asphalts are often used as stiffeners to obtain hard bitumens. With
the decrease of the global production of hard bitumens, the use of natural asphalts as
stiffeners becomes increasingly interesting. The main concern when natural asphalts
are used as modifiers, is the behavior at low temperature (LT). Studies have shown
a brittle behavior in the LT domain, especially when high-content-asphaltene nat-
ural asphalts, like the Gilsonite, are used. In the context of a wider study, carried
out in IFSTTAR, we have tested the low-temperature behavior of asphaltite modi-
fied bitumens (AMB) and that of corresponding asphalt concretes. The Selenizza®
asphaltite is used at 5, 10 and 15% to modify a pure petroleum bitumen of 50/70
penetration grade. Asphalt concretes of type EME were then produced. 3P bend-
ing tests on notched bitumen bars were performed in order to assess the cracking
temperature of binders. On the asphalt concrete scale, thermal stress restrain tests
and traction resistance tests at low temperatures were carried out in order to assess
the low temperature behavior. Equivalent materials (pure refinery binders and EME
produced with hard petroleum binder) were also tested in order to have references.
Compared to these equivalent materials, the asphaltite stiffened materials (AMB and
corresponding asphalt concretes) present comparable, and in some cases, better LT
behavior.
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1 Introduction

Hard bitumens are of real interest in pavement engineering nowadays. They are used
in the production of high modulus asphalt concretes (HMAC). HMAC allow the
reduction of thickness of structural pavement layers and/or the prolongation of the
pavement lifetime (Corté 2001; Geng et al. 2013).

Hard bitumens are produced in petrol refineries by processing the residue of
the vacuum distillation of petrol by means of different techniques as air blowing,
oxidation, solvent deasphalting etc. (Eurobitume 2011). A shortage of hard bitumens
is observed and appeals aremade to a careful use (Lombardi 2012). For these reasons,
several studies aim to develop alternatives for the production of hard bitumens.
These alternatives very often consist in the modification of soft petroleum bitumens
by various modifiers (Bardesi et al. 1999). Research is dedicated to understand the
impact of various bitumenmodifiers on themechanical properties (Aflaki et al. 2014;
Aflaki and Tabatabaee 2009;Ameri et al. 2011;Huang and Shu 2009;Kök et al. 2011;
Yildirim 2007).

Asphaltites have a good potential for the production of hard pavement bitumens.
Asphaltites are hard natural bitumens, chemically similar to petroleum bitumens.

In a wider work (Themeli 2015), the authors of this paper have shown that the
asphaltitemodification of pure petroleum bitumens lightly affect their chemical com-
position in terms of SARA fractions and molecular associations determined by GPC.
But the mechanical behavior is strongly affected (Themeli et al. 2015; Themeli et al.
2017).

One of the main concerns when using asphaltites as modifiers, is the behavior
at low temperatures (LT). In general, hard bitumens and the corresponding asphalt
concretes are susceptible to show a brittle behavior at LT.

The natural asphaltite used in this study is mined in Albania in the region of Sel-
enizza. The asphaltite modification of soft petroleum bitumens gives hard binders.
With these binders, HMACs which satisfy the European standards can be obtained.
However, we do not know how asphaltite modified bitumens (AMB) and asphaltite
modified HMACs behave at LT. So, the scope of the work presented in this work
is to study the LT behavior of Selenizza® modified bitumens and HMACs. The
LT behavior of modified bitumens is studied by a three-point bending test per-
formed on notched bitumen bars. The LT behavior of HMACs is studied by thermal
stress restrained specimen test (TSRST) combined with uniaxial tension stress test
(UTST). In addition, the results are comparedwith them of equivalentmaterials (pure
petroleum bitumen and HMAC produced with hard petroleum bitumen). This allows
to make relevant comparisons and to draw clear conclusions on whether asphaltite
modified bitumens can substitute or not hard petroleum bitumens as binders for
HMAC production.
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2 Experimental

2.1 Tests on Modified Bitumens

3P bending test on notched bitumen bars are performed on aged bitumens.

2.1.1 Ageing Procedure

PAV ageing for 25 h at 100 °C and under a pressure of 2.1 MPa are applied. The
additional 5 h compared to a standard PAV test (which takes 20 h) allow to skip
the RTFOT tests normally performed before PAV. Indeed, it has been shown that
5 h of PAV exposition give an aged bitumen with penetrability, R&B, asphaltene
percentage, creep and complex modulus equivalent to those of bitumens submitted
the RTFOT ageing (Migliori and Corte 1998). Extended PAV tests are often used in
the literature (Guern et al. 2010a).

2.1.2 Test for the Low Temperature Crack Behavior

The LTmechanical behavior of bitumens is studiedwith a 3P bending test on notched
bitumen bars. The test is based on the principles of fracture mechanics adapted for
bitumens (Lee and Hesp 1994; Morrison et al. 1994; Ponniah and Hesp 1996). The
test geometry is optimized (Chailleux et al. 2008) (Fig. 1) and a viscoelasticity
analysis is used to interpret the results (Guern et al. 2010a).

The test is carried out in a bath ofwater and potassium acetate (concentration 42%)
at constant temperatures. A vertical displacement, of constant speed 0.01 mm/s, is
applied at the mid-length of the beam and the resulting force is recorded.

Depending on the test temperature, the specimen presents a fragile crack or an
excessive plastic deformation (Fig. 1b). The cracking limit temperature (CLT), which
corresponds to the temperature below which the sample presents a fragile rupture,

(a) (b)
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Binder Aluminium insertsSlit Notch

F
Dimensions :

B = 12,5 mm
S = 100 mm
W = 25 mm
L = 40 mm
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T<CLT

T>CLT

Fig. 1 3P bending test on notched bar: a geometry, b failure modes
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defines the transition between the fragile and non-fragile state. The test is very sen-
sitive to the temperature and allows to determine the CLT to the degree, i.e. if the
CLT is 3 °C, the sample always cracks at 3 °C and not at 4 °C.

The test allows to calculate the critical energy recovery rate (GC ) at failure. Its
value, derived from a viscoelasticity analysis (Guern et al. 2010a) is given by the
expression:

GC = 409.7 · Fu · du (1)

where Fu and du are the force and the deformation at the failure moment.

2.2 Tests on HMAC

The LT behavior of HMAC is determined by thermal stress restrained specimen
tests (TSRST) combined with uniaxial tension stress test (UTST) according to the
European standard EN 12697-46. These tests allow the calculation of the tensile
strength reserve.

2.2.1 UTST

The specimen maintained at constant temperature is subjected to a tensile stress with
a constant deformation rate of 0.625 ± 0.025%/min until failure. The test results
are expressed as tensile resistance βt (T ) and deformation at rupture ε f ailure(T ).
Different specimens of the same material are to be tested at different temperatures.
The results are reported on a temperature-resistance diagram. The test results at
different temperatures are fitted by a cubic polynomial function.

2.2.2 TSRST

The sample maintained at a constant length is subjected to a constant decrease in
temperature of 10 °C/min. Due to the restrained shrinkage, cryogenic stress develops
in the specimen. The test results are the evolution of cryogenic stress as a function of
temperature σcry(T ), the ultimate stress σcry, f ailure and failure temperature, T f ailure.

2.2.3 Tensile Strength Reserve

The tensile strength reserve expresses the decrease in the mechanical tensile strength
due to the presence of thermal tensile stresses. At a given temperature T the strength
reserve is given by the expression:



Low Temperature Behavior of Asphaltite Modified Binders and Asphalt Concretes 557

�βt (T ) = βt (T ) − σcry(T ) (2)

with βt (T ) the tensile resistance and σcry(T ) the cryogenic stress at temperature T
determined respectively by means of UTST and TSRST.

3 Materials

3.1 Bitumens

The bitumens considered in this study are presented in the Table 1.

3.1.1 The Asphaltite

The asphaltite is mined in Albania in the region of Selenizza. In its natural state it
contains 15–18%of finemineralmaterial. The organic phase,which is used tomodify
the petroleum bitumens, is isolated by dissolution in tetrachloroethylene and filter-
centrifugation. The composition and some basic properties of the asphaltite are given
in Table 2 in comparison with the properties of the petroleum bitumen P50/70 and the
properties of the Gilsonite. The SARA fractions, the FTIR indices, the agglomerate
contents and the glass transition temperatures are determined according to methods
explained by Le Guern et al. (Guern et al. 2010b).

Table 1 Bitumens considered in this study

Reference Description Pen. (dmm) R&B (°C)

Selenizza® Organic phase of asphaltite
extracted in deep layers of the
mine

NA 120

P50/70 Petroleum bitumen of 50/70
grade to be modified

54 49.0

P35/50 Petroleum bitumen of 35/50
grade used for comparison

44 56.4

5%AS + 95%P50/70 50/70 grade petroleum bitumen
modified with 5% of Selenizza®

38 52.6

10%AS + 90%P50/70 50/70 grade petroleum bitumen
modified with 10% of Selenizza®

28 56.2

15%AS + 85%P50/70 50/70 grade petroleum bitumen
modified with 15% of Selenizza®

20 61.6
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Table 2 Characteristics of Selenizza® asphaltite; comparison with other materials

Test Selenizza® P50/70 Gilsonite (Huang
et al. 2006)

c7—precipitation
(NF T60-115)

Asphaltenes c7 (%) 43.8 10.2

Maltenes (%) 56.2 89.8

SARA fractions Saturates (%) 1.7 ± 0.35 6.7 ± 0.65 2–6

Aromatics (%) 24.8 ± 2.29 50.5 ± 1.81

Resins (%) 35.1 ± 1.35 26.1 ± 1.64 21–37

Asphaltenes
Iatrosc. (%)

38.4 ± 1.88 16.7 ± 1.42 57–76

Oxidation (FTIR**
indexes)

Sulfoxyde 6.36 –

Carbonyl 3.99 –

Agglomerate content (HS-SEC*) (%) 2.4 0.92

Glass transition temperature (°C) −1.1 −22.9 85–107

Penetrability (0.1 mm) (EN 1427) NA 54 0

R&B Temperature (°C) (EN 1426) 119 49 129–204

|E*|(15 °C, 10 Hz) (Pa) 1.23 · 109 1.26 · 108

*High speed size exclusion chromatography
**Fourier transform infrared spectroscopy

3.1.2 The Modified Bitumens

The modifying process consists in adding the fine grained asphaltite (� < 1 mm) in
the preheated soft petroleum bitumen P50/70. The blend is carried out by mixing
both materials with a high shear mixer for 1 h at 180 °C. Modification rates of 5, 10
and 15% are chosen (Table 1). The modified binders get harder with the modification
rate. They satisfy the European Norms (EN 12591, EN 13924).

3.1.3 The Petroleum Bitumen P35/50 for Comparison

The petroleumbitumen used for the comparison is found in the database of IFSTTAR.
It was chosen to be compared with the 5%AS + 95%P50/70 bitumen because of the
rheological similarity between the two bitumens (Fig. 2).

3.2 HMACs

The HMACs considered in this study are given in Table 3.
The comparison of EME-02 with EME-03 allows to study the impact of the mode

of introduction of asphaltite on the properties of asphalt mixes. The comparison of
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Fig. 2 Complexmodulus of the 5%AS+ 95%P50/70modified bitumen compared to the petroleum
bitumen P35/50 (Tref = 0 °C): a norm of the complex modulus, b phase angle

Table 3 The HMACs considered in this study

Reference Description

EME-01 HMAC produced with hard petroleum bitumen of penetration grade 20/30

EME-02 HMAC produced with asphaltite modifieda 50/70 petroleum bitumen

EME-03 HMAC produced with petroleum bitumen of grade 50/70b and asphaltite addedc

in the asphalt mixer

aThe quantity of asphaltite in order to obtain the |E∗| at 15 °C/10 Hz of the hard petroleum bitumen
of grade 20/30 of the EME-01 is determined according to a dosage calculation procedure which is
developed and can be found in Themeli (2015)
bThe 50/70 is the same petroleum bitumen which is modified and used for the production of the
EME-02
cThe quantity of the asphaltite equal to the quantity that is used to modify the bitumen 50/70 of the
EME-02

these two asphalt mixes with the EME-01 allows to compare the alternative solutions
produced with asphaltite, with what is produced with hard petroleum bitumens.

The EME-01 is optimized according to the French method for asphalt concrete
design in order to have a HMAC of class 2. The design is based on gyratory tests,
2P complex modulus and 2P fatigue tests. The bitumen content is 5.6% of the total
asphalt mix mass. The EME-02 and the EME-03 have the same constitution as
the EME-01 (granulometric curve, bitumen content). The HMACs are produced at
180 °C.
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The mixing time for the EME-01 and the EME-02 is as follows:

– Aggregate homogenization: 30 s; Mixing with the binder: 2 min

The mixing time for the EME-03:

– Aggregate homogenization: 30 s; Mixing with crushed asphaltite (∅ ≤ 2 mm):
30 s; Mixing time with petroleum bitumen: 2.5 min.

4 Results and Discussion

4.1 Asphaltite Modified Bitumens

The evolution of the CLT and of theGC with the asphaltite content are given in Fig. 3.
Modified bitumens become more fragile with the modification rate. The comparison
of the 5% AMB with the petroleum bitumen 35/50 of Fig. 2 shows that the AMB is
more resistant to cracking (Fig. 3a). It will be interesting in the future to compare
the CLTs of the other modified bitumens with petroleum bitumens of equivalent
viscoelastic behavior. The trend observed in Fig. 3b seems to show that 10% of
asphaltite is a threshold at which the GC begins to decrease. However, the error
ranges of the measurements do not allow to validate this conclusion.

4.2 HMACs

As stated before, the LT behavior of the HMACs is studied by TSRST and UTST
tests. The results of these tests are combined in order to calculate the tensile strength
reserve.

Fig. 3 Evolution of the cracking limit temperature (a) and of the critical energy recovery rate (b)
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Fig. 4 Uniaxial tensile strength (a) and failure deformation (b)

4.2.1 Uniaxial Tensile Strength (UTST)

The tensile strength is determined at−20,−10, 5 and 20 °C. The results presented in
Fig. 4 show that asphalt mixes with asphaltite (EME-02, EME-03), in the majority of
the covered temperature range, have higher tensile strengths than the EME-01 which
is produced with 20/30 petroleum bitumen. For example, at 5 °C, the tensile strength
of the EME-01, is 4.87 MPa, while the tensile strength of EME-02 is 6.06 MPa. The
results presented in Fig. 4b show that EMEs with asphaltite are more ductile. For
example, the EME-02 has a failure deformation of 1.625‰ at 5 °C. On the other
hand, the failure deformation of the EME-01 at 5 °C is 0.528‰.

4.2.2 Thermal Stress Restrained Specimen Tests (TSRST)

The results in Fig. 5 show that the EME-01 is more thermo-rigid than the EMEs with
asphaltites, which perform better at LT. The failure temperature of the EMEs with
asphaltite are 3.5–4.5 °C lower than the failure temperature of the EME-01 (Table 4).
We observe in Table 4, that for the EME-03, in which the asphaltite is added directly
to the asphalt mixer, the deviation of the results is more important. We note the same
thing for the UTST results presented in Fig. 4. These observations can be explained
by a non-uniform repartition of the asphaltite within the EME-03.

Fig. 5 Thermal stress
during TSRST
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Table 4 TSRST results

Ref. T f ailure (◦C) σcry, f ailure (MPa)

Mean value Standard deviation Mean value Standard deviation

EME-01 −21.4 0.27 4,523 –

EME-02 −25.1 0.48 4,752 0.13

EME-03 −24.9 1.47 4,715 0.36

Fig. 6 Tensile strength
reserve

Table 5 Tensile strength reserve characteristics

Reference TF (◦C) σF (MPa) T
(
�βt,max

)
�βt,max

EME-01 −21.7 4,470 1.0 4,900

EME-02 −26.0 5,091 2.7 6,000

EME-03 −22.5 4,021 1.8 5,759

4.2.3 Tensile Strength Reserve

The EMEs produced with asphaltite present a higher tensile strength reserve (Fig. 6).
Based on failure temperatures TF and on the other results presented in the Table 5,
the EME-02 presents the best low-temperature performance.

5 Conclusions

The scope of the present paper was to study the LT behavior of Selenizza® modi-
fied binders and of HMAC produced with the Selenizza® natural bitumen. The LT
behavior of these materials was compared with the behavior of typical materials
(hard petroleum bitumens and associated HMAC) actually present in the market and
widely used in for road construction. In order to assure a relevant comparison, care
was made to choose/produce materials for comparison which are equivalent to the
materials obtained by Selenizza® modification. It resulted that:
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– The Selenizza gives hard bitumens. A 50/70 bitumen gives 35/50, 20/30 and 10/20
bitumens with 5, 10 and 15% of Selenizza respectively.

– The comparison of the LT behavior of the 35/50 modified bitumen with a 35/50
petroleum bitumen with similar viscoelastic behavior, shows that the Selenizza
modified 35/50 has a lower cracking limit temperature (3 vs. 5 °C).

– HMAC of type EME of class 2, can be obtained by a 50/70 bitumen modified
with Selenizza or with a 50/70 bitumen and addition of Selenizza in the asphalt
mix.

– TSRST, UTST results and the calculated values of the uniaxial strength reserve
show that the LT performance of HMACs that contain Selenizza® is higher than
that of the HMAC produced with 20/30 petroleum bitumen. The HMACs with
asphaltite are more ductile and in the majority of the covered temperature range,
present higher tensile strength and higher tensile strength reserve. In addition, the
T f ailure determined by TSRST is 3.5–4.5 °C lower for HMACs with Selenizza.

So, these findings suggest that Selenizza can be used for the production of hard
bitumens and of HMACs and can be an alternative to hard petroleum bitumens.
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Repeatability Study on the Laboratory
Production Process of Cement Bitumen
Treated Materials with Foamed Bitumen

Simone Raschia, Amir Rahmanbeiki, Daniel Perraton, Alan Carter,
Andrea Graziani, and Andrea Grilli

Abstract Cold recycled materials are mixes with high percentages of reclaimed
asphalt (RA),while the binding phase is commonly composed of Portland cement and
bitumen (emulsion or foam). The reproduction of such materials in the laboratory is
an important issue for an accurate mix design, evenmore when applying a volumetric
approach. Particularly, the lack of a specific control on the reliability of the foaming
bitumen machine seems to hinder the potentiality of these mixtures. Hence, the goal
of this study is to assess the composition variability of several batches produced in
the laboratory starting from a specific cement-bitumen treated materials (CBTM)
recipe and production procedure. An ignition oven was used to measure RA binder
and the effective foamed bitumen amounts in produced specimens and a comparison
betweenmaximumdry density and theoretical maximumdry density was carried out.
The results have shown that the volumetric approach is a suitable tool to obtain the
desired volumetric properties in CBTM produced with foamed bitumen. A certain
variability between the theoretical maximum dry density and the measured value can
be caused by the variability of bitumen content in the mixture.

Keywords Cold recycling · Foamed bitumen · Reclaimed asphalt · Repeatability ·
Volumetric approach

1 Introduction

Cold recycling of bituminous pavements can be processed in-place or in-plant, and
the reclaimed asphalt (RA), up to 100% of the granular mass, is usually treated with
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a bituminous binder in form of bituminous emulsion or foamed bitumen, and cement
(Bowering 1970; Jenkins 2000).

Even ifmany successful sections using cement-bitumen treatedmaterials (CBTM)
have been built over the past 25 years (Kowalski and Starry 2007; Bergeron 2005),
the use of cold recycling seems still limited to specific project and commonly not
adopted as a design tool. The gaps among scientific knowledge and relationship
between the laboratory procedures and field performances and the definition of a
representative curing methodology are still open challenges (Cardone et al. 2015;
Gandi 2018).

2 Background and Research Objective

The intrinsic heterogeneity of the testedmaterials related to the sampling, preparation
and testing methods cause a certain variability of the results. When using RA, the
result variability is generally greater than when using virgin aggregates (FHWA
2011; Zaumamis et al. 2018). Obviously, this discrepancy can be reduced when the
RA storage and treatment processes are managed properly (Nady 1997; West 2009).

For CBTM, there is limited information on the acceptable variability for the dif-
ferent characteristics and mix performance. For example, Carter et al. (2007) have
shown a coefficient of variation (COV) of 11% on Marshall Stability measured on
106 specimens of the same field samples of cold recycled material. This is higher
than themaximum6%COV limit according toASTMD6927-15 standard for asphalt
mixtures. High variability has also been shown for laboratory measured rutting and
fatigue resistance in the project “Characterization of Advanced Cold-Recycled Bitu-
men Stabilized Pavement Solutions” (COREPASOL) (Čížková et al. 2015) that was
done specifically on cold recycled materials. According to the authors, the variabil-
ity may be due to the variability of the RAP itself and also because of the different
compaction method used. The variability in the maximum specific gravity was also
evaluated in COREPASOL, and the highest standard variation measured was 0.288
(Batista et al. 2014) which is higher than the usual 0.016 limit used for asphalt
mixtures for different laboratories according to ASTM D2041-19.

In most of the studies available in the literature, part of the variability measured
can be linked to the different compaction methods, the variability of the RAP source
and to the mix design methodology. Differently to hot mix asphalt (HMA), most
CBTMmix design are not based on the volumetric properties.An accurate volumetric
approach for CBTM in the fresh state (Grilli et al. 2012) can help in reducing the
variability of the mix and results. The aim of the study is to evaluate the composition
variability of CBTM with foamed bitumen and cement following a volumetric mix
design procedure.
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Table 1 RA aggregate properties

Property Standard Unit Value

Binder content ASTM D6307 % 4.79

Nominal maximum particle dimension ASTM D448-03 mm 16

Maximum specific gravity ASTM C127-128 – 2.482

Table 2 Basic properties of
bitumen for foaming

Property Standard Unit Value

Penetration EN 1426 0.1 mm 64

Softening point EN 1426 °C 52

3 Materials and Methodology

3.1 Materials

Main properties of the RA aggregate employed in the CBTM produced are listed in
Table 1, whereas the characteristics of the bitumen used for foaming are collected
in Table 2. Foamed bitumen was produced by a laboratory unit at a temperature
of 170 °C and a foaming water content of 1.9% by bitumen weight. The cement
is a general use (GU) type (CSA A3000) with compressive strength at 28 days of
43.9 MPa (ASTM C109).

3.2 Mixtures

Table 3 shows the typical mix composition for a 30 000 g batch, containing 90%
of RAP, 5.7% filler (virgin aggregate), 1.4% Portland cement and 2.9% of foamed
bitumen.

Six different 30 kg CBTM batches (Table 4) were prepared in this study to limit
the effect of the possible variability of the foam dosage. In fact, the capacity of the
pug mill is suitable for 30 kg batches and a reduced amount would probably mean a
not uniform blending between the granular material and the foamed bitumen.

Each batch produced was then compacted in laboratory with different techniques
(Marshall hammer, Shear Gyratory Compaction (SGC) 100 mm and 150 mm, and
Proctor rammer).

After curing for 14 days at 40 ± 2 °C and RH of 55 ± 5% specimens were tested
and the remaining material was crashed to conduct control tests on the mixtures,
such as maximum dry density tests by pycnometer (Gmm) and bitumen content by
ignition oven (3 repetitions of each test on each batch produced).
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Table 3 CBTM mixes composition

Components

RAP Filler Cement Bitumen Intergranular
water

Absorbed
water

Total

Mass (g) MRAP MFILL MCEM MBIT MWI MWA

26005.2 1659.9 415.0 830.0 830.0 260.1 30000.0

Density
(g/cm3)

2.486 2.650 3.015 1.015 1.000 1.000

Volume
(cm3)

VRAP VFILL VCEM VBIT VWI VWA

10486.0 626.4 137.4 817.7 830.0 260.1 482.4

Proportion
(% by
mass of
mix)

86.7 5.5 1.4 2.8 2.8 0.9 100.0

Proportion
(% by
volume of
mix)

79.7 4.8 1.0 6.2 6.3 2.0 100.0

Table 4 CBTM batches
produced and experimental
tests

Batch number Compaction
technique

Experimental tests

B1 Marshall 3 × Gmm (total of
18)
3 × Ignition oven
(total of 18)

B2 SGC 100

B3 SGC 150

B4 SGC 150

B7 Proctor 150

B8 Proctor 150

3.3 Methodology

A CBTM mixture was produced in the laboratory using fixed constituent materials
and dosages. After checking the bitumen content by ignition testing, the theoretical
maximum specific gravity was calculated and compared with the maximum specific
gravity measured on laboratory samples.

Considering that replicate batches of a homogeneous mix have to show the same
value of the maximum specific gravity, the variability of the mixes was assessed
by monitoring the maximum specific gravity on the cured samples (after 14 days at
40 °C and 55% of RH) from each batch according to the ASTMD2041/D2041M-19
standard.

The total bitumen content (bitumen in the RA and added foamed bitumen) was
measured with the ignition oven.
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The theoretical maximum specific gravity can be calculated through Eqs. 1 and
2. With Eq. 1, the Gmm is calculated according to the total volume of the loose mix,
with no voids, and with Eq. 2 the Gmm only considers the solid particles, not the
bitumen.

Gmm = MDRY

VDRY
= MRAP + MFI LL + MCEM + MBIT

MRAP
ρRAP

+ MFI LL
ρF I LL

+ MCEM
ρCEM

+ MBIT
ρBI T

(1)

Theoretical Gmm,s (with respect to the solid phase: RAP, filler and cement)

Gmm,s = MSOLI DS

VSOL I DS
= MRAP + MFI LL + MCEM

MRAP
ρRAP

+ MFI LL
ρF I LL

+ MCEM
ρCEM

(2)

The theoretical percentage of foamed bitumen (%bT ) content can be calculated
with respect to the solids volume (RAP, filler and cement) by using both Gmm

calculated from Eqs. 1 and 2:

%bT = ρBI T · (
Gmm,s − Gmm

)

Gmm · (
Gmm,s − ρBI T

) · 100 (3)

The %bT value obtained with Eq. 3 represents the target value for mix design.
Using Eq. 3, it is possible to calculate the percentage of bitumen according to the
measured Gmm (%b(1)) corresponding to each Gmm test, using the measured value
of G(1)

mm instead of the theoretical one.
In addition to this, ignition oven test was also performed to assess the total bitumen

content of the mixtures (%b(2)). From previous RAP characterization tests, the RAP
binder is fixed at 4.79% by mass of the RAP aggregate (10 samples with standard
deviation s = 0.229), which corresponds to 4.31% by dry mass (RAP, Filler, cement
and foamed bitumen).

Using again Eq. 3, it is possible to evaluate the values for G(2)
mm by calculation

knowing the foamed bitumen by ignition test.

G(2)
mm = Gmm,s · ρBI T

ρBI T · (
1 − %b(2)

) + (Gmm,s · %b(2))
· 100 (4)

4 Results and Discussion

4.1 Laboratory Tests

According to the considerations previously made, values related to Eqs. 1 and 2 for
this study are Gmm = 2.396 kg/dm3 and Gmm,s = 2.496 kg/dm3. As a consequence,
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by Eq. 3, %bT = 2.87% by solids weight (RA, filler and cement). It is important to
remark that these are theoretical (and target) values related to the mix design.

As alreadymentioned,Gmm values and the bitumen content by ignition oven were
measured on eighteen samples. For both tests, average value X̄ , standard deviation s
and confidence interval μ± (Eq. 5) were calculated on a sample of 18 values, fixing
a level of confidence α = 99.9%.

μ± = X̄ ± t α
2 ;n−1 · s√

n
(5)

Figures 1 and 2 show the Gmm and bitumen content values in relationship with
their confidence intervals, respectively.

The average value of bitumen content is 8.28%with a standard deviation of 0.783
while the average value ofGmm is 2.420with a standard variation of 0.013.According
to these results, the Gmm values are 67% reproducible (12 values on 18 are in the

Fig. 1 Measured Gmm for
all 18 specimens

Fig. 2 Measured bitumen
content in comparison with
confidence interval



Repeatability Study on the Laboratory Production Process ... 571

Fig. 3 Bitumen content according to Gmm

confidence interval). On the other hand, ignition oven tests were 83% reproducible
(15 values on 18 are in the confidence interval).

Moreover, the value %b(2) is linearly related to G(2)
mm , whereas the value G(1)

mm
is linearly related to %b(1), as shown in Fig. 3. It is important to remark that such
calculations are valid assuming that the solid phase composition (RAP, filler and
cement), and then the Gmm,s , are consistent with the mix design.

From the results shown on Fig. 3, it can be observed that the ignition oven test
overestimates the values of the added foamed bitumen in the mix, affecting in this
manner the respective G(2)

mm values. This can be caused by an undesired material loss
in the oven due to the high temperatures. According to Rodezno et al. (2017), using
lower temperature with the ignition oven when RAP is present should reduce the
variability.

At the same time, values obtained by the pycnometer test for themaximumspecific
gravity overestimate the G(1)

mm , if compared to the theoretical value. Those higher
values mean lower amount of foamed bitumen in the mix. This is, in some way
realistic, because during the production and mixing of the foam mixture, it is clearly
visible that not all the foamed bitumen is spread in the granular material. In fact,
a significant amount tends to stick on the internal walls or the beaters of the pug
mill. Moreover, a higher Gmm than the theoretical value (and a lower amount of
foamed bitumen) can also be an indicator of bitumen absorption from the granular
components. This would be unexpected in this case since the mix is made with RAP
that should not absorb bitumen, and filler that also does not absorb bitumen.

The correspondence between G(1)
mm and G(2)

mm , as well as between %b(1) and %b(2),
can be observed in Fig. 4.

Having found two different ranges of values for the Gmm , the evaluation of the
air voids in the specimens should be carried out considering separately with G(1)

mm
andG(2)

mm . The density of the compacted specimens has been assessed by geometrical
measurements and recording the weight at the end of curing (Gsb). For the volume
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Fig. 4 Relationships between G(1)
mm and G(2)

mm , and %b(1) and %b(2)

measurements, three measures of diameter and three measures of the height of the
specimens were used. The air voids are calculated using Eq. 6.

Air voids (%) = Gmm − Gsb

Gmm
· 100 (6)

In the analysis, three different air voids content (Fig. 5) were calculated:

• %Vth, which refers to the theoretical value of Gmm ;• %V(1), which refers to G(1)
mm (pycnometer test);

• %V(2), which refers to G(2)
mm (calculated from ignition oven results);

The air voids of the specimens made from the two batches compacted with the
Proctor rammerwere notmeasured because the height of the specimenswere difficult
to evaluate. The top surface of those specimenswere unevenmaking an averageheight
not representative. For all the compaction methods, the highest air voids is the one
calculated according to the pycnometer test. It is interesting to note that even if the
ranking of the different air voids remains the same for each compaction methods, the

Fig. 5 The three different
calculated air voids
according to the different
compaction methods
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Fig. 6 Air voids vs Gmm and foamed bitumen content

amplitude of the differences are quite different. Higher variability can be observed
for batch 1, which are the specimens compacted with the Marshall hammer.

Figure 6 shows that the air voids measured decrease with the decrease of theGmm

and the increase in the foamed bitumen content. The values related to the theoretical
value of Gmm are placed in between the two calculations made using the pycnometer
test and the ignition oven test.

5 Conclusion

In this study, the variability of a CBTM mix made with foamed bitumen was tested.
The variability in the componentswas evaluated based on themaximumspecific grav-
ity, Gmm, and the bitumen content. The theoretical values based on volumetric cal-
culations and the laboratory measured values were compared. The main conclusions
are:

• The amount of bitumen measured with the ignition oven and the one calculated
from the Gmm are different. The bitumen content from the ignition oven is higher
than the target value. This is probably due to the loss of fine particles during the
ignition test;

• The measure Gmm is higher than the theoretical value. This is normally explained
by lower bitumen content which is not the case here according to the ignition oven
results. However, as mentioned previously, we believe that the ignition results are
too high.

• The volumetric approach cannot be validated by the two chosen tests, but it can
be used as a tool to estimate real foam bitumen content.

The next step in this study is to test a greater number of specimens to have a better
understanding of the variability. Different mix design should also be tested. The same
exercise should also be carried out with mixes made with bituminous emulsion.
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Effect of Global Thresholding
Algorithms on Pervious Concrete Pore
Network Properties Using XRCT-Based
Digital Image Processing

Ajayshankar Jagadeesh, Ghim Ping Ong, and Yu-Min Su

Abstract Digital image processing of the X-ray computed tomography images
involves the crucial step of image segmentation which affects the subsequent pore
structure quantitative analysis. The main objective of this study is to investigate the
effect of ten different global thresholding algorithms based on the grey scale his-
togram, clustering, entropy and laboratory volumetric characteristics on the internal
pore structure properties of the pervious concrete. The key microstructural parame-
ters of the pervious concrete air voids such as porosity, tortuosity, throat number, pore
coordination number and distributions of pore volume, throat area, pore sphericity,
shape factor and throat eccentricity were analyzed for different thresholding algo-
rithms. It was found from the analysis that the nine histogram, clustering and entropy
based algorithms are found to be either under or over estimating the air void vox-
els compared to the volumetric segmentation method. And as the threshold value
increases, effective porosity and number of throats increases and isolated porosity
and tortuosity decreases due to the increase of air void voxels and pore connectivity.
Overall, it is expected that the present studywill help in understanding the importance
of threshold segmentation in the field of pavement image processing.

Keywords Pervious concrete pores · X-ray computed tomography · Global
thresholding · Volumetric segmentation

1 Introduction

Although the usage of X-ray computed tomography (XRCT) and digital image pro-
cessing in pavement engineering started over the past 20 years, a brief literature
review indicated that a significant importance has not been given to the usage of
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threshold segmentation algorithms. The threshold parameter has not been actively
investigated to any great extent in the field of pavement image processing; Several
literatures have not included the threshold algorithm or the value used and several
literatures directly provides the threshold values without mentioning the threshold-
ing algorithm used (Iassonov et al. 2009). The current study is aimed at investigating
the effect of various global thresholding algorithms on the pervious concrete pore
network properties.

Pervious pavement is a special class of pavement comprising materials with suf-
ficient continuous voids ranging from 15 to 35% to allow water to pass from the
surface to the underlying layers (ACI 2010). The amount of isolated voids within
the porous concrete layer is minimal because of the usage of uniform single sized
coarse aggregates and the lack of fine aggregates in the mixture. The benefits of
using the pervious pavements such as the increase in the water permeability, skid
resistance and reduction in hydroplaning, storm water run-off, tire/road noise, splash
and spray effect are derived from the size and shape characteristics of the pervious
concrete air voids (ACI 2010). The pervious concrete pore network properties such as
porosity, tortuosity, pore distribution, surface area and so on have been investigated
in several studies using XRCT and digital image processing. The usage of XRCT
enables the accurate measurement of pervious concrete pore network parameters
such as volume, surface area, size and shape parameters within the voxel resolu-
tion. Manahiloh et al. (2012) studied the effect of pervious concrete clogging using
the porosity versus depth profiles obtained from Otsu’s global segmentation of CT
images. Kuang et al. (2015) examined the pervious concrete pore parameters such
as total porosity, effective porosity, pore size distribution, tortuosity and specific sur-
face area using Bayesian segmentation of CT images. Zhang et al. (2015) studied the
volumetric properties of the porous asphalt using the global minima segmentation
of high resolution industrial CT images. Abera et al. (2017) studied the effect of
five different global thresholding algorithms on the total porosity of pervious con-
crete sample. Zhang et al. (2018) studied the 2D and 3D pore size distributions of
the pervious concrete samples using watershed segmentation algorithm. Chandrappa
and Biligiri (2018) examined the pervious concrete pore morphology characteristics
using the global minimum thresholding algorithm on the industrial CT scan images.
Jagadeesh et al. (2018a, b, 2019a, b) studied the effect of global thresholding and
watershed algorithms on the permeability and volumetric characteristics of the per-
vious concrete samples. Jagadeesh et al. (2019c) also investigated the effect of pore
and solid network characteristics for different pervious concrete sample textures.
This paper highlights the impact of over or under estimating the threshold value in
the key microstructural parameters of the pervious concrete air voids such as effec-
tive porosity, isolated porosity, tortuosity, throat number, pore coordination number,
distributions of pore volume, throat area, pore sphericity, shape factor and throat
eccentricity for ten different global thresholding algorithms.
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2 Global Thresholding Algorithms

In recent years, significant efforts have been made in the field of digital image pro-
cessing to improve the segmentation algorithms, which is considered as the most
crucial step affecting the image quantitative analysis (Iassonov et al. 2009). Image
segmentation is the process of binarisation commonly used to separate images of
various grey scale intensities into two discrete phases and is categorized as global
and local thresholding. In global thresholding algorithm, a single grey scale value
is used to divide the three dimensional voxels of varying intensities into discrete
phases, whereas in the local thresholding algorithm, variable thresholding based on
the local image characteristics and the histogram is carried out for each slice. The
global thresholding algorithms are further classified into several categories accord-
ing to the global grey scale histogram shape, entropies, higher order probability
distributions, spatial correlations between image pixels and so on (Iassonov et al.
2009) and can be bi-level or multi-level. Following global threshold segmentation
algorithms are used in the current study for the pervious concrete air voids: His-
togram based thresholding algorithms (intermodes, miniumum), clustering based
thresholding algorithms (Otsu bi-level, tri-level, isodata), entropy based threshold-
ing algorithms (Kapur, Yen, Sahoo, Li) and volumetric based thresholding algorithm
(Zelelew and Papagiannakis 2011). The detailed review of the histogram, clustering
and entropy based global thresholding algorithms including the objective functions,
procedures, etc. can be found in the works of Iassonov et al. (2009), Sezgin and
Sankur (2004) and so on.

3 Measurement of Pore Network Properties

3.1 Sample Preparation and Obtaining XRCT Images

Pervious concrete cylinder of height 250 mm and diameter 150 mm was casted
using with the siliceous aggregates (4.75–2.38 mm) from southern Taiwan and cured
for 28 days in the water tank. The mixture proportions are water-cement ratio of
0.3, coarse aggregates of 1530 kg/m3, cement of 340 kg/m3, superplasticizer of
2 kg/m3. The Somatom Emotion 16-channel medical XRCT scanner manufactured
bySiemensHealthcarewith anoutput voltage of 110kVenergywasused to obtain at a
total of 354 section images of pervious concrete sample at theE-Da/I-ShouUniversity
Hospital with the pixel resolution of 0.326 mm × 0.326 mm and vertical resolution
of 0.7 mm. The laboratory effective porosity value for the pervious concrete sample
as per ASTM C1754 (2012) drying method B was found to be 26.6%. It has to be
noted that in the current study, the term “volumetric” represents the segmentation
algorithm and “experimental porosity” represents the ASTM C1754 (2012) drying
method B.
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(a) Effective pores (b) Effective pores after 
watershed segmentation

(c) Isolated pores

Fig. 1 Three dimensional volumetric segmented pervious concrete pore network

3.2 Processing XRCT Images

The Simpleware ScanIP N-2018.03 software was used in the conversion of pervi-
ous concrete XRCT absorption coefficients to the 12-bit greyscale intensities (212 =
4096) varying from 0 to 4095, followed by image pre-processing and mask segmen-
tation using various global thresholding algorithms. The ImageJ 1.51j8 software was
used to obtain the air void upper limit threshold values for the various histogram,
clustering and entropy based segmentation algorithms. The global threshold seg-
mentation of the pervious concrete voids is followed by the watershed segmentation
algorithm to divide the interconnected pore structure into several pores based on the
image background gradient. The lack of watershed segmentation algorithm leads
to the consideration of the whole interconnected air voids as the single void struc-
ture and results in significant errors in the pore network properties (Jagadeesh et al.
2019b). Figure 1 shows the three dimensional volumetric segmented pore network
structures of the pervious concrete sample such as effective pores before and after
watershed segmentation, and isolated pores.

3.3 Quantification of Pore Network Properties

This step briefly discusses the various pervious concrete pore network properties
examined in this research work. Throats or geometric constrictions are defined as
the contacts between the connecting pores obtained from the watershed segmenta-
tion algorithm, whereas the pore coordination number is defined as the number of
throats in an individual pore. The pore volume distributions for effective and iso-
lated pores and throat area distributions are examined in this study, instead of the
equivalent spherical pore radius and equivalent circular throat radius. The tortuosity
of the interconnected pores is defined as the ratio of the shortest actual path of the
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fluid flow to the sample length in the same direction. The sphericity is the measure of
3D shape characteristics of the pore ranging from 0 (non-uniform pore dimensions
along its axis) to 1 (sphere shaped pore particle) and can be divided into follow-
ing ranges: low (<0.4), moderate (0.4–0.6), high (0.6–0.8) and extreme (>0.8). The
oriented bounding boxes are used to quantify the pore shape factor and the throat
eccentricity. Pore shape factor attempts to characterise the shape of the pores by the
ratio of elongation to flatness and can be divided into elongated (0–0.99), spherical
(0.99–1.01), flatted (1.01–2) and highly flatted (>2). A spherical pore will have a
shape factor of 1 and elongated pores have less than 1 and flatted pores have greater
than 1. The throat eccentricity is a measure of how far an ellipse differs from a circle
and ranges from 0 (circular) to almost 1 (very elongated ellipse).

4 Results and Discussion

4.1 Effect of Threshold on Porosity and Air Void Distribution

Figure 2a shows the effect of threshold on total, effective and isolated porosity using
ten different segmentation algorithms. The total porosity curve versus grey scale
values of the pervious concrete sample was obtained from the grey scale histogram
(black curve). The vertical color lines in Fig. 2a indicates the air void threshold val-
ues for the ten different segmentation algorithms. The symbols triangle and rectan-
gle represent the effective and isolated porosities of the corresponding segmentation
algorithms. It can be seen that as the threshold value increases, size of the individual
pores widens resulting in the increase of total and effective porosity of the sample
and the pore connectivity increases resulting in the reduction of the isolated poros-
ity. The percentage error of the effective porosity in the commonly used segmen-
tation algorithms such as Minimum, Otsu bi-level, Volumetric, Kapur and Yen are
−38.91, −5.43, 0, 17.14 and 38.15% respectively. Figure 2b and c highlights the
effect of threshold segmentation algorithms on the distributions of air void percent-
age and number along the depth of the sample based on the horizontal cross sectional
analysis. Analyzing a single threshold graph in Fig. 2b and c, for example from 150
to 180 mm depth, the air void percent increases with reduction in the number of
air voids in the slice. And also it can be seen in Fig. 2c that as the threshold value
increases, number of air voids in the slice decreases due to pore connectivity as
expected.

4.2 Effect of Threshold on Tortuosity, Throat Number
and Pore Coordination Number

Figure 3a shows the effect of threshold on tortuosity and the total number of geometric
constrictions or throats of the pervious concrete sample. The increase in the threshold
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(a)

(b)  (c)

Fig. 2 Effect of threshold on porosity and air void distribution

value results in the opening of new pores and hence the tortuosity decreases and the
number of throats increases. Figure 3b shows the plot of pore coordination number
for the pervious concrete sample using different threshold segmentation algorithms.
The pore coordination number of 0 indicates the isolated air voids and as the threshold
value increases, the air voids percent in the range 0 decreases and the air voids in the
higher ranges increases as expected.

4.3 Effect of Threshold on Pore Volume and Throat Area
Distribution

Figure 4a and b shows the effect of threshold on effective and isolated pore volume
distribution of the pervious concrete sample. It can be seen that the effective or
interconnected pores lies in the range of 10 to 10000 mm3, whereas the ineffective or
isolated pores lies in the range of 0.1 to 100 mm3. The majority of the effective and
isolated pores lies in the range of 100–1000 mm3 and less than 1 mm3 respectively.
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(a)

(b)

Fig. 3 Effect of threshold on tortuosity, throat number and pore coordination number

The increase in the threshold value results in the increase of effective air void percent
in higher pore volume range (>1000 mm3) and reduction in the lower pore volume
range (<100 mm3). For the isolated pores, the increase in the threshold results in the
increase of isolated air voids percent in the lower range (<1 mm3) and reduction in
the higher range (>10 mm3). Figure 4c shows the effect of threshold on throat area
distribution of the pervious concrete sample. It follows the similar trend as that of
the effective pore volume distribution, the increase in the threshold value results in
the increase of throats in the area range greater than 10 mm2 and decrease of throats
in the lower area ranges.
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(a) (b)

(c)

Fig. 4 Effect of threshold on pore volume and throat area distribution

4.4 Effect of Threshold on Pore Sphericity Distribution

Figure 5 shows the effect of threshold on effective and isolated pore sphericity dis-
tribution of the pervious concrete sample. The majority of the effective and isolated
pore sphericity lies in the moderate and high range respectively. In Fig. 5, it can
be seen that the increase in the threshold value results in the reduction of effective
air voids percent in the low sphericity range and increase in the moderate spheric-
ity range. In Fig. 5, the increase of threshold results in the increase of isolated air

(a) (b)

Fig. 5 Effect of threshold on pore sphericity distribution
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(a) (b)

Fig. 6 Effect of threshold on pore shape factor distribution

voids percent in the low, moderate and extreme sphericity and reduction in the high
sphericity range. The fluctuations in the effective and isolated air voids sphericity
with increase in threshold values are attributed to the variation in the effective and
isolated air voids percent as shown in Fig. 2a.

4.5 Effect of Threshold on Pore Shape Factor Distribution

Figure 6 shows the effect of threshold on effective and isolated pore shape factor
distribution of the pervious concrete sample. Themajority of the effective and isolated
pore shape factor are elongated in shape and is consistent withMahmud et al. (2017).
It can be seen from Fig. 6 that the percentage of isolated pores in the spherical zone
and highly flatted zone are higher compared to the effective pores and vice aversely
in the elongated and flatted zone. No significant trend in the effective and isolated
pores shape factor distribution with variation in threshold values can be observed
due to the method of shape factor calculation.

4.6 Effect of Threshold on Throat Eccentricity Distribution

Figure 7 shows the effect of threshold on throat eccentricity distribution of the per-
vious concrete sample. No significant variation in the throat eccentricity distribution
with respect to threshold values can be observed in the range of 0 to 0.5. Themajority
of the throats lies in the eccentricity range of 0.75 to 1. It can be seen from Fig. 7
that as the threshold value increases, the eccentricity of throats in the range 0.75 to
1 reduces and increases in the range 0.5 to 0.75.
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Fig. 7 Effect of threshold
on throat eccentricity
distribution

5 Conclusion

This study analyses the effect of over or under estimating the threshold on the vol-
umetric and pore network characteristics of the pervious concrete mixtures using
ten different global threshold segmentation algorithms. Based on the results of this
study, the following conclusions may be drawn: (a) volumetric segmentation method
followed by Otsu bi-level method were found to be predicting the effective porosity
more closely to the experimental porosity compared to the other eight histogram and
entropy based algorithms; (b) Increase in the threshold value results in the increase
of air void voxels and the opening of new pore channels, resulting in the increase of
effective porosity, throat number and decrease of isolated porosity and tortuosity; (c)
And also the increase in threshold results in the increase of percentage of larger pores
and reduction in the percentage of smaller pores; (d) The majority of the effective air
voids were found to be in the moderate sphericity range and isolated air voids in the
high sphericity range. Additionally, the majority of throats were found to be elliptical
in shape. (e) Consistent variation of pore sphericity and throat eccentricity and the
fluctuations in pore shape factor with the increase of threshold was observed. Over-
all, it is expected that the present research on the effect of threshold on the pervious
concrete pore network characteristics will help in understanding the importance and
significance of threshold segmentation in the field of pavement image processing.
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Performance Characteristics
of Nano-Modified Asphalt Mixtures

Lucia Tsantilis, Giuseppe Chiappinelli, Orazio Baglieri, Pier Paolo Riviera,
Fabrizio Miglietta, and Ezio Santagata

Abstract Thegrowingneed for highquality pavingmaterials has aroused an increas-
ing interest in innovative reinforcing agents, such as those characterized by nanomet-
ric dimensions. The experimental study presented in this paper focused on the use in
asphalt mixtures of nanoclays and multiwall carbon nanotubes as bitumen modifiers.
The performance characteristics of asphalt mixtures containing these nano-sized
additives and those of a reference neat mixture were compared in a wide array of
temperature and loading conditions. The testing program included the assessment of
linear viscoelastic characteristics, anti-rutting potential and crack propagation resis-
tance, by means of stiffness modulus, flow number and semi-circular bending tests,
respectively. Results highlighted that both types of nano-additives have the poten-
tial to improve the performance properties of neat asphalt mixtures, with nanoclays
yielding a superior reinforcing action.

Keywords Asphalt mixture · Nanoclays ·Multiwall carbon nanotubes · Rutting ·
Cracking

1 Introduction

Nanotechnology has become increasingly popular in recent years in many areas
of materials science and engineering, as it allows phenomena that occur at the
nanometre scale to be exploited for design, characterization and production purposes
(Ramsden 2011). Among the various forms and applications of nanotechnology,
the fine-tuning of advanced composite materials obtained by making use of nano-
additives has opened up new perspectives in the pavement research community
(Gopalakrishnan et al. 2011; Li et al. 2017).

In the case of bound layers of flexible pavements, several nano-sized products have
been considered in order to improve the physicochemical properties of both neat and
polymer-modified bituminous matrices. In such a context, nanoclays and carbon
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nanotubes actually represent the most promising reinforcing agents against rutting
and fatigue cracking distresses (Yang and Tighe 2013; Santagata et al. 2016b, c;
Tsantilis et al. 2019). However, as synthesized in the following, the substantial
diversity between nanoclays and carbon nanotubes in terms of origin, geometry
and physicochemical nature, leads to completely different interactive mechanisms
occurring at the nanoscale.

Layered silicates used as nano-additives, the so-called nanoclays, have been given
widespread consideration since the 1980s, when Toyota researchers reported on
the strengthening action yielded in composites by clay platelets via intercalation
and/or exfoliation mechanisms. Intercalation occurs when matrix molecules pene-
trate within clay sheets which, nevertheless, still maintain a predefined basal spacing.
On the other hand, exfoliation occurs when penetration leads to a complete break-
down of the original crystallographic structure of clay, with a consequent random
distribution of platelets in the compositematerial.When considering organicmatrices
such as bitumen, detachment of platelets cannot be easily achieved as a consequence
of the combined effect of layer stacking phenomena and of the hydrophilic char-
acter of clays. Therefore, specific surfactant coatings, characterized by hydrophilic
heads and hydrophobic tails, are used to organically modify the pristine clay with
the twofold objective of changing the overall polarity of the layered particles and
of expanding clay galleries. Due to their high charge density and cation exchange
capacity, montmorillonites are the most suitable minerals to be employed in the man-
ufacture of organophilic clays.Moreover, their abundance in nature limits production
costs and causes only minor environmental concerns related to the exploitation of
resources (Pavlidou and Papaspyrides 2008).

Carbon nanotubes were first discovered by Iijima in 1991, as a product of carbon-
arc discharge experiments in fullerene soot. They are one-dimensional carbonmateri-
als composed of rolled-up hexagonal networks of carbon atoms in sp2 hybridization,
arranged in the form of hollow cylinders of nanometric diameters and micrometric
lengths. Depending on the number of coaxial tubular layers of which they are com-
posed, that can typically vary between 1 and 50, commercial carbon nanotubes can
be found in either single-wall or multi-wall configurations. These peculiar structural
features lead to outstandingmechanical properties, that potentially make carbon nan-
otubes excellent candidates to be used as reinforcing agents in composite materials.
Furthermore, sustainable technologies to produce carbon nanotubes, based on the
use of waste materials or green synthesis methods, are currently being developed in
addition to classical processes such as the electrical arc discharge, chemical vapour
deposition, and laser ablation (Dresselhaus et al. 2001; Deng et al. 2016).

Several research studies have been carried out for the evaluation of the physic-
ochemical properties of bituminous binders containing nanoclays and carbon nan-
otubes. However, scarce data have been reported on the performance characteristics
of corresponding nano-reinforced asphalt mixtures.

This paper focuses on the effects of organophilic clays and carbon nanotubes
used in mixtures as bitumen modifiers. The experimental investigation which is
discussed in the following sections included the assessment of linear viscoelastic
characteristics, anti-rutting potential and crack propagation resistance by means of
stiffness modulus, flow number and semi-circular bending tests, respectively.
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2 Materials and Methods

The materials used in the experimental investigation included a reference asphalt
mixture (B), containing neat bitumen, and two nano-modified mixtures (NC and
CNT), in which the same bitumen used for B was reinforced with two different types
of nano-sized additives, nanoclays and carbon nanotubes, respectively.

The nanoclay employed in the study was a natural montmorillonite organically
modified via an ion exchange reaction. The surfactant agent used to change the
hydrophilic nature of the clay in its virgin state to the hydrophobic character of
the employed additive, was a quaternary ammonium salt composed of two methyl
groups and two alkyl chains bonded to a positively charged nitrogen atom. Carbon
nanotubes were obtained by means of the catalysed chemical vapour deposition
process in multiwall structures of nanometric diameter. The main characteristics of
the two commercially available products are reported in Tables 1 and 2.

The neat binderwas a 70/100 penetration grade bitumenbelonging to Performance
Grade (PG) 58-22. Nano-reinforced blends were prepared in the laboratory combin-
ing the same neat bitumen with fixed dosages of nanoclays and carbon nanotubes.
Based on the results obtained from previous investigations (Santagata et al. 2016a;
2015a), percentages of nanoparticles of 3 and 0.5%, by weight of base bitumen, were
chosen for nanoclays and carbon nanotubes, respectively. Blending was performed
at 150 °C following a protocol which combines shear mixing and sonication. Shear
mixing was carried out with a mechanical stirrer for 90 min operating at 1550 rpm,
while ultrasounds were applied by means of an ultrasonic homogenizer for 60 min
operating at 24 kHz with a wave amplitude of 157.5 μm (Santagata et al. 2015b).

For the preparation of asphalt mixtures, the three binders were mixed with
siliceous aggregates, with the same reference gradation (Fig. 1), at a constant binder
content of 4.8%byweight of dry aggregates. Cylindrical specimens of 150mmdiam-
eter and variable height (equal to either 170 or 50 mm), with a target void content of
4% ± 0.5%, were obtained by making use of a gyratory shear compactor. Based on
the different rheological properties of the employed binders, mixing and compaction
temperatures were changed from one case to the other as detailed in Table 3.

Table 1 Physical characteristics of the nanoclay

Basal spacing [nm] Cation exchange capacity (CEC)
[meq/100 g]

Density [g/cm3] Anion

3.15 125 1.66 Chloride

Table 2 Physical
characteristics of carbon
nanotubes

Average
diameter
[nm]

Average
length [μm]

Density
[g/cm3]

Carbon
purity [%]

9.5 1.5 1.72 90
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Fig. 1 Aggregate gradation of asphalt mixtures

Table 3 Mixing and
compaction temperatures of
asphalt mixtures

Mixture Mixing temperature
[°C]

Compaction
temperature [°C]

B 150 140

NC 180 170

CNT 165 155

The testing program included the assessment of linear viscoelastic characteristics,
anti-rutting potential and crack propagation resistance bymeans of stiffnessmodulus,
flow number and semi-circular bending tests, respectively.

Stiffness modulus measurements (EN 12697-26) were performed at testing tem-
peratures of 5, 20 and 30 °C on cylindrical specimens of 150 mm diameter and
50 mm height. Indirect tension was induced in the specimens by applying repeated
load pulses characterized by a pulse repetition period of 3 s and by different values
of rise time, selected in the range of 60–160 ms.

Flow number tests (AASHTO T378) were carried out on cylindrical specimens
of 100 mm diameter and 150 mm height obtained by coring and sawing the larger
gyratory specimens. Haversine axial compressive load pulses with a duration of 0.1 s
were applied every 1.0 s in unconfined conditions with a fixed deviator stress equal
to 600 kPa at a testing temperature set equal to 58 °C.

Semi-circular bending tests (EN 12697-44) were performed at 20 °C on half
cylinder test pieces of 150 mm diameter and 50 mm height (obtained by sawing
gyratory compacted specimens), with a 10 mm midspan notch. Specimens were
loaded in the three-point bending configuration by imposing a constant deformation
rate of 5 mm/min.
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3 Results and Discussion

3.1 Stiffness Modulus Tests

The effects of nano-sized additives on the linear viscoelastic response of asphalt
mixtures were assessed by means of stiffness modulus tests performed by simulat-
ing relevant in-service conditions in terms of temperature and traffic loading. The
outcomes of these tests are presented in Fig. 2, which allows direct comparisons to
be made among mixtures at 5, 20 and 30 °C and at several rise-time durations.

From a general overview of the results it can be seen that, regardless of the
loadingduration, the presence of nano-particles in themixtures did not cause dramatic
changes at 5 and 20 °C. This is proven by the values of the relative variations in
stiffness, calculated with respect to the reference mixture, that never exceed 15%.
On the contrary, at 30 °C such variations were found to be higher, with an increase in
stiffness that reached values of 48% and 30% forNC andCNTmixtures, respectively.

When focusing on the minor changes in modulus which occurred at 5 and 20 °C,
it is worth noting that, on the whole, the two additives showed a diverging effect on
the response of the neat asphalt mixture. While nanoclays in most cases exhibited
a stiffening action, carbon nanotubes generally induced a stiffness reduction which
was greater at the lowest temperature. These findings, although unexpected, are
consistent with those obtained from the linear viscoelastic characterization of carbon
nanotubes-bitumen blends (Santagata et al. 2012).

When considering the effect of different loading durations, it is interesting to
observe that at the highest temperature (30 °C) the viscoelastic response of the
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nano-modified mixtures showed a lower time-dependency when compared with the
reference mixture, thus indicating an enhancement of the degree of elasticity.

3.2 Flow Number Tests

The results of flow number tests performed at the reference temperature of 58 °C are
displayed in Fig. 3, where the evolution of cumulative permanent strain is plotted
versus the number of loading cycles. In line with typical outcomes reported in the
literature for both neat and modified mixtures (Santagata et al. 2017), all asphalt
mixtures exhibited three distinct stages of response under repeated loading: a primary
stage, characterized by a progressively decreasing rate of strain, a secondary stage
in which the rate of strain is almost constant, and a final stage of tertiary flow, during
which the rate of strain accumulation dramatically increases with load repetitions.

The flow number is defined as the number of loading cycles which corresponds
to the transition between the secondary and tertiary stage. It is also associated to
the point of minimum rate of change of permanent strain. Average flow number
values, calculated from experimental curves fitted to the analytical model proposed
by Franken, are listed in Table 4 for the three mixtures included in the study.

In good agreement with previous studies performed at the binder scale (Santagata
et al. 2013, 2015b, 2016b), also at the mixture scale nano-modified materials were
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Fig. 3 Typical curves obtained in flow number tests

Table 4 Average flow
number values of asphalt
mixtures

Mixture Flow number [-]

B 111

NC 146

CNT 132
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found to be less susceptible to permanent deformation accumulation under repeated
loadings, the best performance being exhibited by NC. These observations, which
are consistent with the enhancements in stiffness and elasticity found in the linear
viscoelastic response, reveal that nano-sized additives yielded a reinforcing action
in the mixture that was also effective in the domain of large deformations.

3.3 Semi-circular Bending Tests

Semi-circular bending tests were carried out at 20 °C in order to evaluate the impact
of nano-modification on the resistance to crack propagation. Typical outputs of tests
are presented in Fig. 4 as load-versus-displacement curves. Average experimental
results are summarized in Table 5 in terms of fracture toughness (KIc), strain at
maximum load (εmax), maximum stress at failure (σmax), and strain energy to failure
(U). This last parameter is calculated as the area under the load-versus-deflection
curve up to peak load.

When considering the effect of nano-modification with organophilic clays, a
non-negligible improvement in fracture toughness was exhibited by mixture NC
with respect to reference mixture B. Moreover, changes in fracture properties were
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Fig. 4 Typical load-versus-displacement curves obtained in semi-circular bending tests

Table 5 Average results of semi-circular bending tests

Mixture type KIc [N/mm3/2] εmax [%] σmax [N/mm2] U [kJ]

B 7.78 2.09 1.31 2.01E+03

NC 9.56 1.73 1.61 2.05E+03

CNT 7.61 1.99 1.28 1.94E+03
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revealed by the higher values of bothmaximum stress and strain energy to failure, and
by the lower value of strain at maximum load recorded during tests. Based on these
experimental outcomes and by taking into account the encouraging enhancements
in fatigue resistance found in previous studies by means of indirect tension cyclic
tests (Miglietta et al. 2018; Santagata et al. 2019), it can be inferred that organophilic
clays can play an important role in preventing distresses related to fatigue cracking
phenomena.

On the other hand, modification with carbon nanotubes was not effective in
improving the fracture properties of the reference asphalt mixture. This is shown
by the limited variations in fracture toughness, strain at maximum load and maxi-
mum stress at failure which were recorded during the investigation. It is interesting
to note that as a result of the presence of carbon nanotubes, strain energy to failure
decreased. Such a finding is in general disagreement with the results obtained by
other researchers who performed semi-circular bending tests on mixtures containing
the same dosage of carbon nanotubes (Ameri et al. 2016). Further work is certainly
needed to clarify the cause of this apparent discrepancy in results.

4 Conclusions

Based on the results presented in this paper, it can be concluded that nano-sized
additives have the potential to positively affect the performance properties of neat
asphalt mixtures, with organophilic clays yielding a superior reinforcing action when
compared to carbon nanotubes. However, the general effectiveness of such improve-
ments should be carefully evaluated by means of a cost- and environmental-based
analysis.

Considering the mechanical behaviour of the mixtures in their linear viscoelastic
domain, no major changes were generated by both types of nano-particles. However,
at the highest investigated temperature a moderate increase in stiffness and elasticity
was highlighted in the case of the nano-modified mixture.

With respect to their anti-rutting performance, the two nano-modified mixtures
showed a superior resistance to accumulation of permanent deformations under
repeated loading when compared to the reference neat material. In particular, the
best performance was exhibited by the mixture reinforced with nanoclays.

When focusing on the resistance to crack propagation, beneficial effects associated
to nanomodification were found only in the case of nanoclays, thus suggesting that
for the consideredmixture employed carbon nanotubesmay have an inadequate scale
length for crack bridging contributions.
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Properties of Styrene-Isoprene-Styrene
(SIS) Modified Asphalt Binder

Mithil Mazumder, Soon-Jae Lee, and Moon-Sup Lee

Abstract Physical and rheological properties of asphalt binder modified with
Styrene-Isoprene-Styrene (SIS) were investigated through the rotational viscome-
ter (RV), the dynamic shear rheometer (DSR), and the bending beam rheometer
(BBR). In order to have a depth understanding on the SIS binder at micro level,
morphological observations were conducted using optical microscopy. The result of
this study showed that (1) the addition of SIS modifiers increases the viscosity and
has positive effect on rutting resistance of the binder; (2) the higher the SIS content,
the better the cracking resistance of the binder.

Keywords Styrene-Isoprene-Styrene · SIS ·Microscopy

1 Introduction

The styrene-butadiene (SB) copolymer consists of linked blocks of polystyrene (PS)
and polybutadiene (PB). According to Becker et al. (2001), it is the most appropriate
and used polymer for asphalt modification, followed by reclaimed tire rubber. It is the
formation of critical network between the binder and SBS that increases the complex
modulus, resulting the increase in rutting resistance. In 2004, Florida Department of
Transportation (FDOT) and Federal Highway Administration (FHWA) reported that
SBS benefited the cracking resistance by reducing the rate of micro-damage accu-
mulation (Roque et al. 2005). However, the addition of SBS has some drawbacks in
terms of economic and technical limits. It is capable to increase the low temperature
flexibility but some authors report that a decrease in strength and resistance to pen-
etration is observed at higher temperature (Yildirim 2007; Mazumder et al. 2016;
Kim et al. 2019; Ali et al. 2018).

On the other hand, SIS polymer has the potential to overcome the challenge
of low temperature failure and cracking due to its high stiffness and elasticity.
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SBS (styrene-b-butadiene-b-styrene) has butadiene as rubbery mid-block whereas
SIS (styrene-b-isoprene-b-styrene) has isoprene as rubbery midblock. The SIS
molecule chain is composed of isoprene. It increases the complex modulus at high
temperature and due to its branch methyl in the isoprene group it has better tenacity
and compatibility with other materials (Zhang et al. 2018). The drawback of SIS
polymer is its higher price compared to SBS polymer. However, due to its strong
rheological characteristics and higher demand of durable pavement it can be used in
bridges or other heavy duty structures. The study on SIS polymer mostly limited to
its individual characteristics. Also, the study on modification of bitumen using SIS
is limited as well in terms of rheological and microstructural properties. The study
selected the different percentage of SIS (0, 5, 10, 10 and 20%) to show the change of
trend of SIS modification in terms of its rheological and microstructural properties.

For this purpose, control PG 64-22 is modified with five different percentages of
SIS content (0, 5, 10, 15, and 20%). Viscosity change as a function of SIS amount is
evaluated through rotational viscometer (RV) test using two testing temperatures (135
and 180 °C). Dynamic shear rheometer (DSR) and bending beam rheometer (BBR)
were used to investigate high temperature and low temperature rheological behavior
of asphalt binder modified with SIS at original state. Microstructural properties of
SIS modified binder were investigated using optical microscopy.

2 Experimental Design

2.1 Materials

Performance grade (PG) 64-22 asphalt binder as a base binder was used in this
study. The SIS modifier is a blend of linear SIS triblock and SI diblock copolymer.
It contains approximately 18% SI diblock copolymer. Figure 1 and Table 1 show the
image and properties of SIS modifier.

2.2 Superpave Asphalt Binder Tests

The Superpave asphalt binder tests are used to measure the asphalt’s performance at
three stages of its life: in its original state, after mixing and construction, and after
in-service aging. In this study the selected test procedures included the viscosity
test (AASHTO T 316), the dynamic shear rheometer (DSR) test (AASHTO T 315),
and the bending beam rheometer (BBR) test were conducted at original state. A
8.5 g sample of the control binders and a 10.5 g sample of SIS binders were tested
with a number 21 spindle and with a number 27 spindle in the Brookfield rotational
viscometer at 135 and at 180 °C. In the DSR test, the original binders were tested
at a frequency of 10 radians per second which is equal to approximately 1.59 Hz.
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Fig. 1 SIS
(Styrene-isoprene-styrene)

Table 1 Properties of SIS
modifier

Properties Test method Units Typical value

Styrene TSRC/DEXO
method

wt% 15

Diblock
content

TSRC/DEXO
method

wt% 18

Melt flow rate
(200 °C/5 kg)

ASTM D1238 g/10 min 11

Solution
viscosity

ASTM D2196 cps 1240

Ash ASTM D5630 wt% 0.3

Tensile
strength

TSRC/DEXO
method

MPa 25

300% modulus TSRC/DEXO
method

MPa 1.1

Elongation TSRC/DEXO
method

% 1250

Hardness ASTM D2240 Shore A 33

Bulk density ASTM D1895 g/cm3 0.55 (4113 A)

Specific
gravity

ASTM D792 0.92

Each asphalt binder at original state used to determine the G*/sin δ at 82°C. The
G*sin δ at intermediate temperature was measured to evaluate the fatigue cracking
property for unaged binders at 25 °C. TheBBR test was conducted on original asphalt
beams (125 × 6.35 × 12.7 mm) at −24 °C, and the creep stiffness (S) of the binder
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was measured at a loading time of 60 s. A constant load of 100 g was then applied
to the beam of the binder, which was supported at both ends, and the deflection of
center point was measured continuously. Testing was performed on aged samples.

2.3 Optical Microscopy

The sample morphology was observed using Hirox digital microscope (RH-2000E
digital microscope). A binder sample of the mold specimen was prepared using dif-
ferent percentage of SISmodifier and viewed under themicroscope at amagnification
of 1500×.

3 Results and Discussions

3.1 Rheological Properties

3.1.1 Viscosity Property

The viscosity of asphalt binder at high temperature is considered to be an important
property to decide working temperature because it reflects the binder’s ability to be
pumped through an asphalt plant, thoroughly coat aggregate in a HMAmixture, and
be placed and compacted to form a new pavement surface (Asphalt Institute 2003).
Figure 2 shows the standard RV test results for SIS binders at 135 and 180 °C. It is
evident that the addition of SIS into the asphalt binder increases the binder viscosity
for both testing temperatures. The viscosity of 15 and 20% SIS binder could not
be measured at 135 °C. The viscosity values of PG 64-22, SIS 5% and SIS 10% at
135 °C are found to be 635, 2028, and 7008 cP, respectively. It is worth to note that
the viscosity of SIS binder seems to have insignificant change after adding more than
15% of SIS content.

3.1.2 Rutting Property

The higher G*/sin δ values from the DSR test indicate that the binders are less sus-
ceptible to rutting or permanent deformation at high pavement temperature (Asphalt
Institute 2003). The G*/sin δ values of unaged SIS binders at 82 °C are shown in
Fig. 3. It is evident from the figure that the addition of SIS modifier significantly
increases the rutting resistance of the binder. It means that the SIS has a positive
effect on the rutting resistance at high temperature which causes an increase in the
complex modulus of the binders. However, the percentage improvement of rutting
resistance after 15% addition of SIS modifier is found to be less significant.
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Fig. 2 Viscosity of SIS binders at 135 and 180 °C

Fig. 3 G*/sin δ of SIS binders at 82 °C

3.1.3 Cracking Property

In general, the lower G*sin δ values are considered to be desirable attributes from the
standpoint of fatigue cracking resistance (The Asphalt Institute 2003). The G*sin δ

values of the SIS binders are determined using the DSR at 25 °C and the results are
illustrated in Fig. 4. The G*sin δ values are found to be 1210, 1101, 146, 140 and
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97 kPa for the binders of control (PG 64-22), SIS 5% (PG 64-22 + 5% SIS), SIS
10% (PG 64-22 + 10% SIS), SIS 15% (PG 64-22 + 15% SIS) and SIS 20% (PG
64-22 + 20% SIS), respectively. With the increase of SIS percentage the binder is
found to have more cracking resistance.

From the BBR tests at−24 °C, the stiffness and m-value of SIS binders at original
state are calculated and results are illustrated in Figs. 5 and 6, respectively. It is

Fig. 4 G*sin δ of SIS binders at 25 °C

Fig. 5 Stiffness of SIS binders at −24 °C
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Fig. 6 m-value of SIS binders at −24 °C

found that the addition of SIS into the asphalt binder significantly decreases the low
temperature stiffness. The addition of 5% SIS and 10% SIS resulted in decreasing
the stiffness of control PG 64-22 binder by 26 and 51%, respectively. Also, with the
percentage of SIS modifier increased, the low temperature stiffness of the binder is
observed to be decreased.

3.2 Microscopy Properties

3.2.1 Optical Microscopy Analysis

Figures 7a–e illustrates the surface images of the prepared SIS binder sample at
its original state. The surface image of control binder PG 64-22 or SIS 0% shows
blue spots homogeneously spread all over the surface. The addition of SIS modifier
exhibited a new elongated phase along with bee-structure. With further addition of
SIS content of 10% the density of new phase increased and at 15% content the
new oval phase evident in Fig. 7d. The addition of 20% content of SIS shows the
homogeneous spread of oval phase throughout the sample surface.
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Fig. 7 Optical microscopy images at original state: a SIS 0%, b SIS 5%, c SIS 10%, d SIS 15%,
and e SIS 20%
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4 Conclusions

This study is to investigate the physical, rheological and microstructural properties
of SIS binder. The binders are produced using 0, 5, 10, 15 and 20% of SIS by the
weight of the control PG 64-22 binder. The viscosity property is determined by RV,
rheology and stiffness properties are measured by DSR and BBR, respectively and
micromorphology is investigated using optical microscopy. Based on the result of
these tests, the conclusions are drawn for thematerials used in this study as following,

(1) The addition of SIS into asphalt binder can significantly increase the viscosity
of binders. With the SIS percentage increased, the binder viscosity increases at
both testing temperatures. However, the viscosity of SIS binder seems to have
insignificant change after adding more than 15% of SIS content.

(2) The amount of SISmodifier has a positive effect on the rutting resistance at high
temperature.

(3) The addition of SIS into asphalt binder can significantly decrease the G*sin δ

and creep stiffness of SIS binder at low temperature which can ensure better
cracking resistance of asphalt binder.

(4) Optical microscopy images showed that the addition of SIS content introduce
a new elongated phase which observed to have increased with the addition of
SIS content.
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Effects of Binder Modification on Rutting
Performance of Asphalt Binders

A. Seitllari, M. Ghazavi, and M. E. Kutay

Abstract Asphalt binder is the driving economical factor in asphalt pavement
design. As a result, it is a good target to optimize the design by minimizing the
overall cost while maximizing the performance. Modifying asphalt binders with
polymers has been historically a successful method of optimization of pavement
design. However, fluctuations in polymer prices and concerns related to sustainabil-
ity lead many engineers to consider scrap tire rubber as a full or partial replacement
of the polymers. Polymer coated rubber (PCR), a hybrid blend of crumb rubber and
polymer, is a relatively new alternative material to improve asphalt mixture perfor-
mance. The objective of the study reported in this paper is to investigate the relative
performances of the neat asphalt binder, polymer modified (PM) binder and PCR
modified binder using thewet process (PCR-Wet). The influence of themodifications
on the viscosity, stiffness and rutting performance were explored. The experimental
program included rotational viscosity measurements, linear viscoelastic characteri-
zation using frequency sweep (|G*|) test and rutting resistance using multiple stress
recovery (MSCR) test on the base binder and the PCR modified binder. Findings
from this study suggest that the more sustainable and rut-resistant asphalt binders
can be achieved by using the PCR-Wet process.

Keywords Polymer coated rubber · Dynamic shear modulus · Rutting
performance ·MSCR · Viscosity · Aging effects

1 Introduction

Enhancing the performance and reducing the life cycle cost of asphalt pavements
is very important for transportation agencies and asphalt paving industry (Hansen
and Copeland 2015; Seitllari and Kutay 2019). Exploring possible alternatives to
improve the service life of asphalt pavements without compromising the cost has
always been a concern especially for agencies (Diefenderfer and Bowers 2019).
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Asphalt binder is the driving economic factor in asphalt pavements, hence, it is a
good target to optimize the design by minimizing the overall cost while maximizing
the performance. In this context, the use of crumb rubber (CR) from the end of life
(EoL) tires in paving practices have been an alternative practice to increase the overall
performance of asphalt pavements without compromising the general cost (Santagata
et al. 2016). Several researchers have studied the use of CR modified asphalt binders
in road construction and satisfactory performance of pavements using CR modified
binders has been documented (Stroup-Gardiner et al. 1996; Way 2000).

Traditionally, CRmodifications are grouped into three processes: wet process, dry
process and terminally blended methods (Heitzman 1992). The wet process is the
most commonly used modification method. CR particles are added to the hot asphalt
binder (160–220 °C) and blended (Seitllari et al. 2019a, b). Various amounts of CR
are utilized in this method. For the dry process however, the CR material is directly
added to the asphalt mixture. In fact, the CR material for this method is used as a
replacement for fine aggregates. On the other hand, the terminally blended method
is similar to the wet process except for the inclusion of polymeric additives. The
performances of mixtures strongly depend on the mode of interaction between CR
and the other components of the asphalt mixtures. It is also true that in some cases the
interaction process results in a final product (e.g. “asphalt rubber”) that is not easy
to work with in the field (Kocak 2016; Seitllari et al. 2019a, b). To overcome these
problems encountered in the field, many technologies and pre-treatment methods of
the rubber particles have been developed. Polymer coated rubber (PCR) is a relatively
new alternative to address these concerns (Kurgan and Dongre 2015). The PCR is a
chemically enhanced/polymer-coated rubber particle where a polymer film partially
covers the surface area of the CR particles. The PCR is made of scrap tire rubber
coated with about 1.5% SBR (Styrene-Butadiene co-polymer latex liquid) emulsion.
A Scanning Electron Microscope (SEM) image of the PCR particles is shown in
Fig. 1, where the liquid polymer partially coats the rubber reducing the potential
for absorption of light components of the asphalt binder into the rubber. The SBR

Fig. 1 Polymer coated rubber with patented coating process a at 180×magnification and b 5000×
magnification
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polymer is thought to promote and control the reaction with asphalt and allows the
development of strong bonds between materials during the production process of the
mixture (Kurgan and Dongre 2015).

The PCR particles can be added to the mix using either wet or dry technology and
some of the previous field applications in the US have shown good performance in
both cases (Gibson et al. 2012). However, the use of PCR in asphalt mixtures using
the dry process possesses several benefits from both economic and environmental
aspects. In fact, this is not a direct modification of the asphalt binder, no prior mixing
between PCRand bitumen is required.Nonetheless, the presence of the PCRparticles
will reduce but not fully eliminate the need for polymer modification of the asphalt
binder used for the production of asphalt mixes. Thus, some of the savingsmentioned
above will be mitigated by the fact that high performance (polymer modified) asphalt
shall be produced and purchased. In response, the wet process is seen as a potential
candidate to address this issue (Jamrah 2018).

As mentioned earlier, the wet process involves blending process of the PCR par-
ticles and asphalt binder at elevated temperatures. It is believed that the inclusion of
PCR particles in asphalt binder contributes to softening action at lower temperatures
and stiffening at higher temperatures (Jamrah and Kutay 2015).

2 Objective and Scope

The objective of this paper was to investigate the relative performance of the neat
asphalt binder, PM binder and PCR modified binders using the wet process (PCR-
Wet). The scope of this study included a neat base binder (PG 58-28), one type
of polymer (styrene-butadiene-styrene (SBS)) and one type of PCR obtained from
commercial manufacturers. PM binder was prepared at 3% SBS by the weight of
the binder. The production process was performed in general accordance with the
procedure developed at the Asphalt Advanced Characterization Laboratory (AACL)
at Michigan State University (Kocak and Kutay 2016). PCR-Wet was prepared at
two percentages, 8 and 15% by total weight of the binder. Three different blending
durations were attempted to optimize the blending speed of PCR-Wet. In addition,
the base binder, 3% SBS and PCR-Wet were subjected to a series of testing. The tests
include viscosity measurements, linear viscoelastic characterization using frequency
sweep (|G*|) test and rutting resistance using multiple stress recovery (MSCR) test.

3 Sample Preparation and Testing

The PCR-Wet modification process included two basic steps. As part of the first step,
the base binder was heated to 163 °C and the desired amount of PCR particles was
added and mixed using a rotor-stator head in the high shear mixer at a rate of 5000
revolutions per minute (rpm) for 30min. The heat produced during the size reduction
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of thePCRpills allowskeeping the temperature of the systemapproximately constant,
eliminating the need for a heating mantle at this step. As part of the second step, the
PCR-binder compound was transferred into an adjustable heating mantle for the
low shear mixing at a rotational speed of 1000 rpm at 160–170 °C. As previously
mentioned, three different low shear mixing durations of 120, 60 and 30 min were
investigated. In addition, a liquid Sulphur at an amount of 0.2% by the weight of the
binder was introduced to the mixture as a cross-linking agent during the last 30 min
of the low shear process. The AASHTO T 316 “Viscosity Determination of Asphalt
Binder Using Rotational Viscometer”was followed to determine the viscosity of the
binders and two replicates were tested at 135 °C at a rotational speed of 20 rpm. The
Brookfield Rotational Viscometer was utilized for viscosity measurements of the
base binder, 3% SBS and the PCR-Wet combinations. The AASHTO T 240 “Effect
of Heat and Air on a Moving Film of Asphalt Binder (Rolling Thin-Film Oven Test)”
and AASHTO T 350 “Standard Method of Test for Multiple Stress Creep Recovery
(MSCR) Test of Asphalt Binder Using a Dynamic Shear Rheometer (DSR)” tests
were conducted to investigate the rutting performance of the binders. Frequency
sweep (|G*|) tests were also performed on unaged and short-term aged samples in
general accordance with AASHTO T 315 “Determining the Rheological Properties
of Asphalt Binder Using a Dynamic Shear Rheometer (DSR)”. Three test replicates
were used to generate the data at 14, 24, 34, 44, 54, 64 and 74 °C and a frequency
of 0.02–16 Hz. The 25 mm plate geometry with a 1 mm gap was used for |G*|
measurements at 34–74 °C. And the 8 mm plate geometry with a 2 mm gap was used
for measurements at 14–34 °C. Aminimum of two binder batches was prepared with
two replicates per each batch that were sampled and tested.

4 Results and Discussion

Initially, the viscosity test was performed on PCR-Wet 15% and PCR-Wet 8%.
According to the Superpave binder specification, PCR-Wet 15% failed the viscosity
requirement. On the other hand, PCR-Wet 8% met the requirements of Superpave
binder specification. Therefore, a decision was made to exclude PCR-Wet 15% from
further evaluations and consider only PCR-Wet 8%. Figure 2 presents the viscosity
values for PCR-Wet 8%, 3% SBS and base binder. As shown in this figure, a con-
siderable increase in viscosity is obtained for the asphalt binder modified with PCR
when compared to 3% SBS and base binder. The PCR-Wet 8% subjected to 1/2 h
and 2 h low shear resulted in very similar viscosities followed by PCR-Wet 8% at 1 h
low shear and base binder. The difference of PCR-Wet 8% combinations is probably
due to sample variability.

Percent recovery (%R) and non-recoverable creep compliance (Jnr) of the selected
binders were determined according to AASHTO T 350. Initially, the binders were
subjected to short-term aging as recommended in AASHTO T 20. The short-term
aged binders were then molded and prepared for testing. The MSCR testing tem-
perature was selected according to the regional high surface temperature, which is
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Fig. 2 Rotational
Viscometer data for three
different blending
combinations
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58 °C for the State of Michigan. The primary objective of this test is to investigate
the rutting performance of asphalt binders. The MSCR test results are also used to
correlate the performance of asphalt mixtures. Researchers have successfully used
Jnr for estimating the rutting performance of asphalt binders. Studies show that the
MSCR test is well correlated to pavement rutting (Bukowski et al. 2011).

Figure 3 shows the multiple stress creep and recovery (MSCR) test results of the
PCR modified binders mixed at three durations, as well as the 3% SBS and base
binder (PG 58-28). Jnr percent difference for all extracted binders was less than 75%
according to AASHTO T 350. As shown, all mixing durations produced a V-Grade
binder except the base binderwhichwas anS-Grade (Fig. 3a). In general, a lower Jnr3.2
value indicates better rutting resistance. Thus, the rutting performance of the PCR-
Wet 8% and 3% SBS are anticipated to outperform the base binder. All PCR-Wet
8% passed the elastic recovery requirement by demonstrating similar performance
while the 3% SBS performed best. On the other hand, the base binder failed the
elastic recovery requirement (Fig. 3b). In terms of low shear mixing duration, it was
concluded that all mixing durations produce similar PCR-Wet 8% modified binders.
Therefore, it was decided to use the first mixing procedure (1/2 h high shear mixing
plus 1/2 h low shear mixing, hereafter noted PCR-Wet 8%) for binder modification.

To further examine the mechanical behavior of the modified and base binder, the
dynamic shear modulus (|G*|) test was conducted at different frequency-temperature
combinations. The purpose of this exercise helped to capture the fundamental
behavior of the binders under different loading conditions.

The short-term aging as recommended in AASHTO T 20 was performed on
selected binders except for 3% SBS, and the linear viscoelastic behavior was
measured as described above.

Figure 4a shows |G*| values of the tested binders at 58 °C at multiple frequencies,
where PCR-Wet 8% modified binder is stiffer than the neat binder by almost one
order of magnitude at low frequencies and to a lesser extent at high frequencies at this
temperature. Nonetheless, the 3% SBS outperforms the other two binders. Figure 4b
shows the |G*| master curves of the PCR-Wet 8%, 3% SBS and base binder. Overall,
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Fig. 3 MSCR test results for
all the considered binders
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the |G*| values of PCR-Wet 8% binder at nearly all temperature/frequency combi-
nations are higher as compared to the neat binder but lower than 3% SBS. At high
temperature (74 °C) and low frequency (0.02 Hz), the PCR-Wet 8% had higher |G*|
values than a base binder and lower than 3%SBS,whereas at low temperature (14 °C)
and high frequency (16 Hz), all the binders have similar stiffness. It was somewhat
expected to have the PCR-Wet 8% modified binder to be softer than the base binder
at low temperatures, but this was not observed. However, this distinction was more
pronounced at high temperatures where the effects of PCR particles increased the
overall stiffness of the modified binder relative to base binder.

In general, there is an obvious impact of aging in both PCR-Wet 8% and base
binder in terms of |G*|, as expected. This is also shown in Fig. 4. Typically, the
binder stiffness increases when subjected to short-term aging. This change is more
pronounced at low frequencies and high temperatures. Nonetheless, the aging effects
are not the same for PCR-Wet 8% and base binder. Figure 5 shows the effects of
aging on the |G*| values in terms of short-term aged and unaged ratio for the tested
asphalt binders. The PCR-Wet 8% experienced lower aging ration compared to the
base binder. This is perhaps due to the presence of PCR particles that remain softer
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Fig. 4 a Dynamic
shear modulus values at 58
°C and varying frequencies,
b Dynamic shear modulus
master curve for all
conisdered binders
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Fig. 5 The aging ratio of
PCR-Wet 8% and base
binder (PG 58-28)
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than the asphalt binder when subjected to higher temperatures thus, mitigating the
stiffening effects. This is an important fact knowing that the aging phenomenon in
asphalt pavements is accepted as a key factor that can induce early deterioration on
the road pavement structure.
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Rheological testing of PCR modified asphalt binders provides a fundamental
characterization of the material. But in order to capture the complete effect of PCR
modified asphalt blends, mixture testing is needed to confirm the validity of results
showed in this paper.

5 Conclusion and Recommendations

In this study, the effects of binder modification with PCR at different concentra-
tion levels and blending durations were investigated. Initially, the effects of PCR
concentration on binder viscosity was explored. Then, the rutting performance of
the selected concentration was studied using the MSCR procedure. It was observed
that the blending duration of PCR-Wet 8% didn’t affect the rutting resistance. How-
ever, in general, PCR-Wet 8% outperformed the base binder (PG 58-28) showing
significantly better rutting performance while 3% SBS showed E-Grade binder. In
addition, |G*| test results showed compelling differences between PCR-Wet 8% and
base binder. This difference was less when compared to 3% SBS. Finally, the short-
term aging ratio of the PCR modified binder was lower compared to the base binder.
Further testing is needed on asphalt mixtures to confirm the validity of the results in
this paper.
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Viscoelastic Response of Bitumen
Emulsion Mastic with Various Active
Fillers

Ahmed Al-Mohammedawi and Konrad Mollenhauer

Abstract The performance of the Cold Bitumen Emulsion (CBE) mixture is
strongly controlled by the bituminous binder (bitumen emulsion) and the hydraulic
binder (active filler). CBE mixture behavior, based on the mastic (both earlier men-
tioned binders) properties, may vary from a stiff behavior (hydraulic binder) to an
asphalt like behavior with viscoelastic deformation failure (bitumen emulsion). This
research aims to assess the impact of different fillers on the viscoelastic characteristics
of CBEmaterials and also to evaluate the suitability of the sigmoid model to describe
the rheological properties of CBEmastic. To address this aim, bitumen emulsion was
mixed separately with eight fillers/blended fillers. The rheological properties of the
prepared mastics were evaluated by conducting oscillating temperature-frequency
sweep tests, utilizing the Dynamic Shear Rheometer (DSR). The raw data were
shifted to the reference temperature and modelled using the sigmoid model to get
a smooth master curve. Results showed that most of the active fillers exhibited stiff
behaviour. Among the eight fillers, two of them own balanced rheological charac-
teristics while only two fillers reduced the neat CBE binder complex modules. It
was found that the sigmoid model was able to satisfactorily describe the rheological
properties of CBE binder and mastic over a range of temperatures and frequencies.

Keywords Cold bitumen emulsion mastic · Viscoelastic response · Active fillers ·
Sigmoid model · Time-temperature superposition principle

1 Introduction

Cold Bitumen Emulsion (CBE) mixture has several advantages over hot mix asphalt
(HMA) in terms of conservation of materials, reducing energy consumption, preser-
vation of the environment and reduction in cost. CBEmixture consists of an aggregate
skeleton bonded by a thin-filmmaterial matrix composed of Bitumen Emulsion (BE)
and mineral fillers (Turk et al. 2016). The mastic constitutes the dominant part in the
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CBE mixture; consequently, its behavior is highly governed by its mastic. The rheo-
logical response of the mastic is significantly controlled by the type of mineral fillers
(Lesueur et al. 2016). In this sense, mineral fillers can be chemically categorized
into active and inactive fillers based on their reactivity. Inactive fillers (i.e. basalt,
lime-stone) are considered as inert fillers due to their chemical composition and
normally used as a stiffness regulator by controlling the mastic stiffness throughout
adding solid particles to the bitumen colloid system without or little chemical reac-
tion, hence the viscoelastic properties are maintained (Buczyński and Iwański 2017).
On the other hand, active fillers can be described as the fillers that can react with
water or with bitumen itself (changing bitumen structure) due to the alkali species
in its composition (Kakade et al. 2018). The most important chemical elements in
the active fillers that can control the mastic properties are CaO, Al2O3, and SiO2.
Calcium oxide gives fillers pozzolanic properties and, generally used to accelerate
the setting time by forming Ca(OH)2 as a hydration product (Temuujin et al. 2009).
On the other hand, the presence of Al2O3 in fillers can shorten the setting time of the
system. However, it also has a detrimental effect on strength. Normally, the presence
of SiO2 tends to produce microstructures with low porosity and hence enhances the
strength but it inhibits the setting time (Dutta et al. 2010). The presence of CaO and
SiO2 leads to the coexistence of the C-S-H phase with the geo-polymeric gel which
has been shown to improve the mechanical properties of the final product (Steveson
and Sagoe-Crentsil 2005). Intriguingly, the existence of Al2O3 with CaO and SiO2

results in the C-A-S-H phase which provides the system with extra strength with
short setting time (Criado et al. 2016). Besides, some chemical elements have been
found to have a negative effect on the cementitious binder such as Fe2O3, as this
oxide is found to hinder compressive strength (Choi and Lee 2012). Therefore, the
filler should be carefully designed to achieve the desired rheological and mechanical
properties, taking into account the mixture type (HMA or CBE).

In terms of strength development, the final strength of HMA mastic is achieved
as the mastic cools down. For CBE mastic, the mechanism is completely different.
Since the bitumen emulsion contains water (the bitumen is liquefied by dispersing in
water), the strength gaining of the mastic material develops as the emulsion sets and
returns to a bitumen phase andwater is absorbed by themineral, as well as evaporates
from the system. In this way, the BE mastic may take several weeks to effectively to
gain the required adhesion with the aggregates and thereafter to reach its full strength
(Thanaya 2003). To this purpose, active fillers (normally cement) are added to CBE
mixtures which in turn with water, produce a hydraulic binder that can chemically
form rigid structure within the CBE mixture. The type and nature of the hydraulic
binder affect the rheological properties of CBE mastic in the fully cured state and in
the fresh state, achieving suitable volumetric properties (Abdo et al. 2013). Thus, the
behavior and structure of BE mastic are different from that of HMA. Incorporating
active fillers in the CBE mixture may result in stiffer mastic which could show poor
fatigue and fracture resistance under high load frequencies. In this scenario, CBE
mastic may behave like stiff materials to a flexible material (Nikolaides 2015).
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This study, therefore, evaluates the feasibility of using different by-product
fillers/blended fillers in improving the linear viscoelastic properties of CBE mas-
tics, through measuring the complex modulus (G*). The suitability of the sigmoid
model to represent the rheological characteristics of the CBE binder and mastics is
also assessed. Besides, statistical correlations between the measured and modelled
data are evaluated.

2 Materials and Experiments

2.1 Basic Materials

An unmodified cationic slow-setting bituminous emulsion designated as C60B10
according to EN 13808 was used to produce the Bitumen Emulsion (BE) specimens
and to prepare all the mastics. In order to avoid the effect of the particle to particle
contact, a relatively lowmass ratio of 0.21 (filler to residual bitumen ratio lower than
the practical ratio) was chosen. Hereafter particle structuralizing is not expected. In
this work, the mastics were designed by the mass ratio of the filler and binders in
order to simulate the mix design of the whole asphalt mixtures.

The BE was mixed separately with CE (Portland cement), limestone (LS), Ladle
slag (LD), silica fume (SF), fly ash (FA), ettringite (ET), geopolymer with activator
(GE) and geopolymer without activator (GO). ET blended filler was prepared by
using 70% LD and 30% of gypsum as recommended by Nguyen et al. (Nguyen et al.
2019), which is the optimum combination to produce ettringite binder. GO blended
filler was prepared by mixing 55% LD, 35% FA, and 10% SF. GO was mixed with a
3.5% activator by its weight to prepare GE. The activator was a combination of 50%
sodium hydroxide (NaOH) in the concentration of 10 M and 50% sodium silicate as
an alkaline activator (da Silva Rocha et al. 2018). All used fillers are smaller than
63 µm. The properties and chemical compositions of the fillers are given in Table 1.

2.2 Mastic Preparation

In this study, a filler of 43 g was added and mixed gradually with 340 g of BE
at 25 °C, using a mechanical mixer. The mixing regime was 5 min slow mixing
(150 rpm) to initially agitate the filler into the BE to help disperse the particles and
then 500 rpm was applied continuously for 45 min. This mixing procedure was also
performed to the reference binder to avoid possible effects on results. Duringmixing,
it was observed that there was no particle sedimentation by visual inspection during
pouring the sample. However, at the end of mixing for certain fillers, breaking was
noticed. In order to avoid water evaporation bubbles, the mix was poured into a
shallow glass dish. After that, the specimens were cured for 3 days under 40 °C
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Table 1 Properties and chemical composition (wt%) of used fillers

Oxide SiO2 Al2O3 Fe2O3 CaO SO3 Other Density
(g/cm3)

Delta
R&B

Rigden
voids
(%)

CE 20.86 4.97 3.86 64.74 3.3 2,26 3.143 2.5 40.5

LS 0.53 0.16 0.082 98.1 0.08 0.36 2.726 1 27.1

SF 97.57 0.06 0.06 0.71 0.12 1.46 2,271 3 70.8

FA 48.42 26.85 15.71 0.91 1.67 6.43 2.317 1.25 25.5

LD 8.33 28.91 1.39 52.41 1.83 7.13 2.577 1 39

Gypsum 1.54 0.21 0.17 41.65 55.8 0.58 2.726 – –

GE – – – – – – 2.455 2 38.7

GO – – – – – – 2.455 2 38.7

ET – – – – – – 2.622 2 35.9

temperature and 65% relative humidity. These curing conditions were chosen to
ensure all water evaporated and to accelerate the hydration process (Graziani et al.
2016). Small specimens (approximately 8 mm diameter) were cut for DSR testing.
DSR plates were heated up to 64 °C and then the specimens were carefully placed on
the bottom plate. The upper plate was lowered to achieve 2mm thickness. Afterward,
the unnecessary edges were trimmed.

2.3 Testing Program

Strain Sweep tests were initially performed using a dynamic shear rheometer to
determine the Linear Viscoelastic (LVE) limit and define a suitable range of defor-
mation level. Strain sweep tests were conducted at−20 °C by using an 8 mm parallel
plate geometry and a 2 mm gap, conducting a constant frequency of 10 Hz. From
the results, a strain of 0.05% was found appropriate as per the LVE limit. There-
after, the rheological properties of the CBE mastics were characterized with DSR
by frequency sweep tests at a constant strain amplitude of 0.05% over a range of
frequencies between 0.1–10 Hz and at temperatures from −20–40 °C.

The resulted raw data were interpreted in master curves. The master curves were
constructed using the sigmoidal model Eq. (1) along with shift factor by means of
horizontal time-temperature superposition principle (TTSP), following Arrhenius
law Eqs. (2) and (3).

G∗ = G∗0 + G∗∞

1 + e
−

(
ln f r− f 0

z

) . (1)

aT = e
−�H

R

(
1
T − 1

Tre f

)
. (2)
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f r = aT ∗ f i. (3)

Where G*, G*0, G*∞, fr, f0, z, αT , ΔH, R, T, Tref and fi are, respectively, the
modelled complexmodulus, theminimum complexmodulus, themaximum complex
modulus, the reduced frequency, the minimum frequency, the fitting parameter, the
shift factor, the activation enthalpy for flow, the universal gas constant, the testing
temperature, the reference temperature (20 °C) and testing frequency.

3 Results and Discussion

3.1 Master Curves

The dynamic master curves were constructed using the shift factor equation based
on the TTSP and modelled by the sigmoidal model are illustrated in Fig. 1a and b.
From Fig. 1a, LS and FA fillers reduced the stiffness of BE at the high-frequency
range and slightly increased stiffness at very low frequencies compared with the neat
binder BE. Besides, Fig. 1b showed that they exhibited a lower phase angle (higher
elastic response) at low frequencies compared to the BE. This could be due to the
flow of bitumen through the filler particles at high temperatures and fragile behaviour
at low temperatures. Furthermore, it is worth to note that GE and LD fillers have a
similar effect on the BE, both have higher complex modulus and lower phase angle
at the whole range of frequencies compared to the BE. The reason behind that is
these fillers have the main compositions that form rigid phases (C-S-H and C-A-S-
H) within the mastic. However, further investigations about the coexistence of these
phases are required (Češnovar et al. 2019).

Using geopolymer without activator (GO) shows higher stiffness and lower phase
angle than those of LD and GE at the whole range of frequencies, thus confer higher
elastic property on mastic (higher deformation resistance). As expected, CE mas-
tic exhibited higher stiffness and lower phase angle than those of GE, LD and GO,
especially at low temperatures. In addition, despite having different chemical com-
positions, ET and SF have a relatively similar effect on BE. They showed the highest
stiffening potential and the lowest phase angle among all tested mastics over the
whole frequency range. This observation, however, does not involve CE at high fre-
quencies since it has the highest complexmodulus in that zone. This inversion showed
that CE mastic being slightly stiffer than ET and SF. In this context, higher com-
plex modulus and lower phase angle are not usually preferable at low temperatures
as it makes the CBE mixture very stiff (no longer viscoelastic materials at higher
frequencies), thus; CBE mixture becomes very sensitive to cracks development.



622 A. Al-Mohammedawi and K. Mollenhauer

(a) 

(b) 

4.E+03

4.E+04

4.E+05

4.E+06

4.E+07

4.E+08

1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 1.E+06

C
om

pl
ex

 m
od

ul
us

 (
P
a)

Reduced frequency (Hz)

BE

CE

ET

FA

GE

LD

LS

SF

GO

20

35

50

65

80

1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 1.E+06

P
ha

se
 a

ng
le

 ( °
)

Reduced frequency (Hz)

BE

CE

ET

FA

GE

LD

LS

SF

GO

Fig. 1 Modelled master curves (a) complex modulus (b) phase angle

3.2 Stiffing index (Si) and Difference in Phase Angle (DPA)
Analysis

Table 2 shows the effect of temperature and the volume filling on the Si and DPA. Si
andDPAwere computed through evaluatingG* ratios and the difference in δ to theBE
respectively at a single loading frequency of 1.59 Hz and two selected temperatures.
Volume filling is represented by the volume ratio of filler to residual bitumen (f/b). In
general, Si andDPA values increase as temperature increases. Conspicuously, theCE,
GO, ET and SF mastics have the highest values of Si and DPA at both temperatures
among all mastics while FA and LS have the lowest Si and DPA. On the other hand,
at low temperature, the GE and LD have Si values about 1 and DPA lower than 1°.
While at high temperature, they have considerably higher values. In terms of volume
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Table 2 Stiffing index (Si) and Difference in Phase Angle (DPA)

Mastic Volume ratio (f/b) Si (G*i/G*BE ) DPA (δBE–δi) Temperature (°C)

CE 0.068 2.36 5.01 −20

3.40 5.21 40

ET 0.081 2.11 6.70 −20

6.24 13.54 40

FA 0.092 0.50 −2.22 −20

0.81 2.91 40

GE 0.087 0.88 0.10 −20

1.49 5.24 40

LD 0.083 1.04 0.93 −20

2.27 5.34 40

LS 0.078 0.86 1.40 −20

1.00 2.40 40

SF 0.094 1.77 6.43 −20

3.97 15.71 40

GO 0.087 1.45 2.19 −20

2.32 5.81 40

filling effect, it can be observed that despite having a relatively high-volume ratio,
the FA mastic has the lowest Si and DPA values. This perhaps due to the high Fe2O3

content that cause the poor FA particles-bitumen affinity. Alternatively, the fillers
with moderate volume ratio (LD, GE and GO) increased the Si and DPA, and all of
them have relatively similar volume ratios. Although SF filler has the highest volume
ratio, its Si is not the highest. Besides, CE has the greatest Si value when compared
with the aforementioned fillers, considering that it has the lowest volume ratio, but
it has a moderate value of DPA. The addition of ET, which has a moderate volume
ratio among all fillers, offered the highest Si and relatively high DPA value. It can
be concluded here that the discrepancies in Si and DPA of different fillers not only
related to the particle’s density in the mastic matrix but also it is associated with the
nature of the resulted hydraulic binder. Commonly, higher Si and DPA (higher elastic
component) are appreciated at high temperature in road applications due to reduced
susceptibility to permanent deformation on the pavement whereas lower Si and DPA
are generally valued at low temperatures (less brittleness).

3.3 Statistical Analysis

Graphical Comparison
Figure 2a and b present comparisons between the measured and modelled G* and δ

data of all tested specimens. The measured and modelled values were equated and
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Fig. 2 Graphical comparison between measured and modelled (a) complex modulus data and (b)
phase angles data

graphically represented. From Fig. 2a, it can be observed that the sigmoid model
can describe G* values for the BE and CBE mastics. However, the modelled G*
of all specimens slightly diverge from the equality line at the lowest and highest
G* values particularly at lower temperatures (higher G* values). On the other hand,
Fig. 2b shows a correlation between measured and modelled phase angle values. For
all specimens, a good correlation between measured and modelled data was noticed.
Nevertheless, the modelled data of the BE exhibits a slightly better correlation (less
scattering) from the equality line. In addition, the R2 between the measured and
modelled G* and δ data are illustrated in Table 3a and 3b respectively. In general,
all samples have an excellent correlation between the measured and modelled data.
However, δ data have higher correlations than the G* data.
The Comparison of Sigmoid Model Parameters
The parameters of the sigmoid model of the mastics used in this study are shown in
Table 3a and b. The parameters were fitted by an excel solver tool until good curves
are achieved. The complex modulus and phase angle master curves were plotted
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Table 3 The model parameters for (a) complex modulus and (b) phase angle

Sample (a) (b)

G*0 G*∞ f 0 z R2 δ0 δ∞ f 0 z R2

BE 0 5.9E+08 436.62 23.65 0.91 14.29 71.42 4.03 −5.06 0.99

CE 0 5.9E+08 487.87 26.52 0.91 15.33 59.3 4.23 −3.9 0.98

ET 0 5.9E+08 560.57 30.54 0.93 14.99 48.64 5.12 −3.65 0.99

FA 0 5.9E+08 455.88 24.65 0.92 19.45 63.76 3.48 −5.27 0.98

GE 0 5.9E+08 479.04 25.98 0.92 21.67 51.46 4.41 −3.76 0.98

LD 0 5.9E+08 544.39 29.59 0.93 24.23 46.96 3.97 −3.34 0.98

LS 0 5.9E+08 441.59 23.92 0.92 18.73 58.8 4.13 −4.1 0.98

SF 0 5.9E+08 535.55 29.14 0.93 11.24 53.51 5.2 −4.67 0.99

GO 0 5.9E+08 487.79 26.5 0.92 18.2 55.15 4.58 −3.89 0.98

using the resulted parameters. Table 3a shows that the BE has the lowest f 0 and z
values. While, G*0 and G*∞ are the same for all specimens. For G*∞, this explains
the lower effect of filler to the stiffening index Si, as shown in Table 2. At low
temperatures, the high bitumen stiffness predominates the effect of filler particles.
From Table 3b, it can be observed that all parameters are slightly different for each
mastic, which explains the slightly scattered results of the modelled phase angle and
that is confirmed by the observation in Fig. 2b.

4 Conclusions

In this study, the effect of different active fillers on the viscoelastic properties of
CBE mastics was investigated. The rheological behavior of the tested mastics is
different from that of pure BE as identified by the master curves, the Si and DPA.
Each active filler offered unique rheological behavior and stiffening potential in terms
of changing the LVE behavior from that of viscous behavior to that of viscoelastic
behavior based on filler type. In general, CBE mastics containing ladle slag fillers
exhibited higher stiffness at high temperatures. That might be due to a stable mastic
matrix strengthened by the stiffness of ladle slag particles, as well as the expected
chemical action between alkaline components in ladle slag fillers and water (C-S-H
and C-A-S-H phases). On the contrary, LS and FA fillers decreased the stiffness
of BE because of their inert nature. SF and ET corresponding mastics presented
better viscoelastic properties than CE mastic. Nevertheless, at low temperatures,
their higher stiffening potential (CE, ET and SF) not always preferable as they make
CBE mixture very stiff (high crack susceptibility) leading to an alteration in the
viscoelastic properties. From the flexibility perspective, it can be concluded that LD
and GE have a balanced rheological behaviour as they have little or no effect on the
BE at low temperatures, but they improve the rutting resistance at high temperatures.
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In regard to data modelling, the sigmoid model and the TTSP were successfully
applied and statistically verified for describing the rheological performance of CBE
mastics with excellent approximation.
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Numerical Studies on Coir Geotextile
Reinforced Flexible Pavement

V. Anusudha, V. Sunitha, Chithu Babu, Chetan R. Bhole,
and Samson Mathew

Abstract Geotextiles are permeable fabrics that can separate, filter, strengthen and
drain when used in association with the soil. Natural geotextiles are more advanta-
geous than artificial geotextiles because of its cost and environmental concern. Coir
geotextiles have a life of 3 to 5 years depending on the type of coir geotextile. Many
roads have been built and are being built in India using coir geotextiles as reinforce-
ment. The main aim of this study is to study the strengthening aspects of woven coir
geotextiles in weak subgrades. For this study, Sobanapuram to the Uppiliyapuram
road in the district of Tiruchirappalli was selected. Two different varieties of coir geo-
textiles H2M5 and H2M6were used in the study. PLAXIS 3D finite element analysis
software was used for analyzing the sections with and without coir geotextile with
varying GSB layer thickness under static loading. It was found that the section with
H2M5 has lower displacement and strain on the subgrade than the other sections.

Keywords Coir geotextile · Plate load test · Direct shear · Plaxis 3D · Finite
element analysis

1 Introduction

Lowvolume roads play an important role in the Indian economy (Sharma et al. 2017).
Traffic demand has been increasing nowadays and so as to satisfy the requirements,
the road network at times has to be aligned through places where the subgrade soil
is not suitable for road construction. Construction and maintenance of roads along
the unsuitable soils have been problematic due to their inherent potential for volume
change in the presence ofwater,which affects the performance of roads. The subgrade
has to be properly treated at the construction stage itself. Otherwise the total trans-
portation cost will increase substantially due to deteriorated pavement performance.
One of the ways to treat subgrade is to reinforce it with Geotextiles. Geotextiles have
become increasingly popular for use as reinforcement in earth structures in recent
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years. They serve the functions of drainage, filtration and separation by prevent-
ing the soil from migrating while maintaining the water flow (Subaida et al. 2009).
Geotextiles can be natural or synthetic. The synthetic fibres have longer life but do
not generally undergo biological degradation, thus causing environmental pollution.
Natural geotextile, particularly coir geotextile, is being recognized as an ideal mate-
rial that is capable of offering an environment-friendly and ecologically sustainable
solution to many of the environment related issues (Jayachandran et al. 2019).

Natural geotextiles can be produced from coir, jute, sisal, etc. Geotextile made of
coir are ideally suited for low cost applications because coir is available in abundance
in India at very low price compared to other synthetic geotexiles. Coir geotextiles
are popular for erosion control, slope stabilization, reinforcement and bioengineer-
ing and has a life of 3 to 5 years depending on the type of coir geotextile. Since
coir is a naturally available material, its use in pavement construction can economize
the pavement construction cost and pavement life cycle cost. This study focuses on
the interface behaviour of the coir geotextile between subgrade and granular sub-
base layer. This will be helpful in evaluating the strength properties of pavement
section with and without coir geotextile and ultimately in design of an economical
section for a particular geotextile. Many researches have been done till now to find
out the behaviour of geotextile reinforced pavements. Faheem and Hassan (2014)
has presented an axisymmetric finite element (FE) model to analyze the behavior of
unreinforced and geogrid reinforced bituminous pavement under static and dynamic
loads. The geogrid was kept at the base course/bitumen layer interface. For unrein-
forced and geogrid reinforced flexible pavement, efficient stress and vertical surface
deflection have been determined. The results indicated that due to the reinforcing
geogrid layer, a moderate effect on the pavement behavior was observed during static
loading. The effect of the dynamic loading frequency on the pavement settlement
was particularly significant for high loading amplitudes.

Finite element analysis software, ABAQUS was used effectively in analyzing
stress—strain behaviour under the application of static wheel load in the modelled
flexible pavement structure by Loui et al. (2014). The parametric study for unrein-
forced and reinforced sections showed that coir geotextiles at the interface of the
asphalt layer and base course layer significantly reduced lateral strain. The inclusion
of geotextile reinforcement also contributed to the reduction of the horizontal tensile
load developed in the pavement. Subaida et al. (2008) carried out monotonic and
repeated plate load tests on the test section consisting of subgrade and base course
layers of varying thicknesses. The study showed that the plastic surface deformation
under repeated loading was greatly reduced by the inclusion of coir geotextiles in
the base course regardless of the thickness of the base course. A study on strength of
granular sub-base (GSB) underlied by a subgrade layer in terms of CBR and bearing
capacity was conducted by Naagesh et al. (2013). CBR and shear parameters were
determined for different combinations of granular subbase layer and subgrade thick-
ness. The combination of GSB and sub-grade simulated for the study shows that as
GSB/total thickness ratio increases, CBR increases from 2.5 to 55% for soil-GSB
specimen. The angle of internal friction increases from 12 to 40° and the correspond-
ing shear strength from 0.91 to 1.75 kg/cm2. Lal et al. (2017) studied the potential
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of geocell and planar form coir geotextiles in reinforcing shallow foundations by
conducting laboratory plate load tests and reported that for a settlement of 15% of
foundation width, the maximum improvement in the bearing capacity was found to
be 7.92 in the case of geocell and 5.83 in the case of planar form. Most literature
was based on laboratory plate load tests. It is very difficult to obtain the same field
condition in a laboratory and thus results differed in different literature. Using finite
element software makes the analysis precise as it involves less human error. Some
literature assumes the pavement as a two-layer system, which in the actual field is
not the case. The objective of this study was to carry out the total strain and total
displacement analysis under static load by changing the sub base thickness.

2 Methodology

Asapart of this study, Sobanapuram toGandhipuram road (3.5 km) ofUppiliyapuram
block in Tiruchirappalli district has been chosen. Sudgrade soil samples from the
study area were collected to conduct experimental soil studies. Figure 1 shows the
methodology adopted. Table 1 shows the properties of the soil sample. Figure 2
shows the longitudinal and plan of the section adopted in the field. Two types of coir
geotextiles, i.e. H2M5 and H2M6 were used as shown in Fig. 1. Coir geotextile of
minimum 6 m width is advisable to use as reinforcement for low volume roads. The
total 3.5 km length is divided into three sections i.e. control section, coir geotextile
Sects. 1 and 2. Control section have 175 mm thick GSB layer, coir Sect. 1 have only
125 mm thick GSB and coir Sect. 2 have no GSB layer. Coir geotextile is placed
at the subbase and subgrade interface for Sects. 1 and 2. In the study, two varieties

Fig. 1 Methodology
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Table 1 Properties of soil
sample

S. No. Property Value

1 Liquid limit (%) 32

2 Plasticity index (%) 11

3 Optimum moisture content (%) 12

4 Maximum dry density (g/cc) 1.47

5 Specific gravity 2.7

6 CBR (%) 3.1

Fig. 2 Longitudinal section and plan of Sobanapuram to Gandhipuram road

of coir geotextiles, H2M5 and H2M6, were used. Table 2 shows the engineering
characteristics of the crushed stone aggregate used as GSB material.

Table 2 Properties of GSB
material

S. No. Property Value

1 Specific gravity 2.73

2 Aggregate impact value (%) 23.8

3 Optimum moisture content (%) 6

4 Maximum dry density (g/cc) 2.21

5 California Bearing Ratio (CBR) (%) 29
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3 Analysis of Pavement with Varying Thickness of GSB
Under Static Load

The PLAXIS 3D is a special purpose finite element computer program used to per-
formdeformation and stability analysis for various types of geotechnical applications.
A typical pavement layer consists of subgrade, sub base, base course and bitumi-
nous layer as well as reinforcement layers. The pavement is modelled as a multilayer
structure subjected to static loading. The model was developed using PLAXIS 3D
finite element software to analyse the unreinforced and geotextile reinforced flexible
pavement structure. The load is applied as uniform pressure acting on a square area
of 0.15 m and the applied pressure was 550 kPa (to represent an equivalent standard
axle wheel load of 80 kN). Linear elastic model was assigned to PMC, base course
and the geogrid layers whereas the base course and the sub base layers were mod-
elled using Mohr-coulomb constitutive model. Dimensions of the control section of
Sobanapuram to Gandhipuram road of Upilliyapuram block of Tiruchirappalli dis-
trict were used for the model. The bottom of model was fixed in both vertical and
horizontal directions and both edges of the models were restricted against horizontal
movement. Table 3 shows the properties of the each layer material and Table 4 shows
the mechanical properties of geotextile reinforcement. Young’s modulus values from
geogauge readings were used. For all layers, the Poissons ratio is 0.35. Dry density
was obtained from the standard Proctor test and the cohesion and friction angle from
the direct shear test were used. Figure 3 shows the model of the pavement. Analysis
was done by reducing the thickness of GSB layer.

Table 3 Properties of materials in each layer

Material Surface
course

Base
course
WBM 3

Base
course
WBM 2

Sub base Subgrade

Model Linear
elastic

Linear
elastic

Linear
elastic

Mohr-Coulomb Mohr-Coulomb

Thickness
(mm)

25 75 75 changes 300

Young’s
modulus
(MPa)

3000 154 123 85 63

Poisson’s ratio 0.35 0.35 0.35 0.35 0.35

Dry density
(kN/m3)

20 19 19 18.5 17.4

Cohesion
(kPa)

NA NA NA 5 12

Friction angle
(°)

NA NA NA 27 21
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Table 4 Mechanical
properties of geotextile
reinforcement

Coir
geotextile

Tensile
strength
(kN/m) warp

Tensile
strength
(kN/m) weft

Poisson’s
ratio

H2M5 20 18 0.25

H2M6 18 15 0.25

Fig. 3 Model of pavement in PLAXIS 3D

4 Results

Static loading was simulated for both unreinforced and geotextile reinforced section.
Applied pressure was 550 kPa and geotextile was placed at the interface of sub
base and sub grade. Critical pavement responses i.e. total displacement and strain
at the top of the sub grade of unreinforced and geotextile reinforced pavements are
determined under static loading. Table 5 shows the maximum total displacement
values and Table 6 shows maximum strain values

Table 5 Maximum total
displacement values

Thickness of
GSB (mm)

Unreinforced
(mm)

With H2M6
(mm)

With H2M5
(mm)

175 0.6444 0.5412 0.5319

150 0.6982 0.6103 0.5993

125 0.7490 0.6936 0.6869

100 0.7981 0.7532 0.7514

75 0.8439 0.8226 0.8189

Without GSB 1.506 1.483 1.468
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Table 6 Maximum total
strain values

Thickness of
GSB (mm)

Unreinforced
(×10−3)

With H2M6
(×10−3)

With H2M5
(×10−3)

175 0.7241 0.6593 0.6459

150 0.8064 0.7468 0.7316

125 0.8839 0.8317 0.8249

100 0.9643 0.9238 0.9181

75 1.037 0.9953 0.9835

Without GSB 2.236 2.098 2.088

Figure 4 illustrates the total displacement contour for applied pressure of 550 kPa
for case of unreinforced pavement. Figure 5 shows the total displacement contour for
H2M6 and H2M5 reinforced pavement of sections with 175 mm thickness of GSB
layer. It can be observed that the total settlement for reinforced pavements has been
significantly reduced. It is observed that maximum total displacement is 0.64 mm
for case of unreinforced pavement, while it is 0.54 mm for pavement reinforced with
H2M6, while it is 0.53 mm for pavement reinforced with H2M5 in the pavement
section when the GSB layer thickness was 175 mm.

Fig. 4 Total displacement contour for unreinforced pavement with 175 mm GSB
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a. Total displacement contour for H2M6 b. Total displacement contour for H2M5

Fig. 5 Total displacement contour for reinforced pavement with 175 mm GSB

4.1 Outputs for 175 mm GSB

When the GSB layer thickness is 150 mm, it is observed that the maximum total dis-
placement is 0.7mmfor unreinforcedpavement,while 0.61mmforH2M6-reinforced
pavement and 0.6 mm for H2M5-reinforced pavement. Same way the displacement
and strain values so obtained for sections with varying GSB thickness has been found
out using the analysis. Figure 6 and 7 shows the variation in displacement and strain
values for various sections.

Fig. 6 Variation of deflection with varying thickness of GSB
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Fig. 7 Variation of strain with varying thickness of GSB

It has been observed that deflection increases as the thickness decreases. More
reduction in deflection values was observed when the thickness is higher.

5 Conclusions

The following conclusions were drawn from the present study:

1. A significant improvement in the pavement behavior is achieved through inclu-
sion of geotextile. The maximum total displacement was observed to be 0.64 mm
for unreinforced pavement, while 0.54 and 0.53 mm for pavement reinforced
with H2M6 and H2M5 respectively. The section with H2M5 coir geotextile has
shown 18% less settlement, while it is 15% with H2M6, when compared with
unreinforced section under static loading.

2. Under static loading, total strain on the pavement is reduced by 10% when
reinforced by H2M5 coir geotextile, while it is 7% with H2M6 coir geotextile.

3. Unreinforced pavement with 175 mm GSB thickness has maximum total deflec-
tion value of 0.64 mm which is more than the deflections of H2M6 reinforced
pavement (0.61 mm) and H2M5 reinforced pavement (0.6 mm) with 150 mm
GSB thickness. Thus 25 mm thickness can be reduced by using the coir geotex-
tile. Sub base layer can be reduced from 175 to 150 mm with H2M6 or H2M5
coir geotextile.

The results of the FEM analysis can be validated by conducting plate load
tests with instrumented strain gauges.
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Relating Asphalt Mixture Performance
to Asphalt Mastic Rheology

Johannes Büchner and Michael P. Wistuba

Abstract In this study, usual asphaltmixtures are testedusingknownandestablished
performance testingmethods. In a second step, the asphaltmastics (mastic considered
as composite of asphalt binder and aggregate filler) that correspond to the asphalt
mixtures are investigated with regard to their rheological properties. All asphalt
mixtures and corresponding asphalt mastics are subjected to (i) creep tests in the
high temperature range, (ii) fatigue tests in the intermediate temperature range, and
(iii) relaxation tests in the low temperature range. Hence, test results are obtained
on both scales, the asphalt mixture scale and the corresponding asphalt mastic scale.
At the mastic scale, a new set of rheological tests is composed. This set covers the
full temperature range, but all results are obtained from the same Dynamic Shear
Rheometer (DSR). In the last step, data from both scales are correlated, and finally,
sound regressions are identified between asphalt mixture performance parameters
and asphalt mastic rheological parameters. It is concluded, that the identified set of
rheological tests at the asphalt mastic scale provides a rapid and significant estimate
of asphalt mixture performance.

Keywords Asphalt performance testing · Asphalt mastic · Dynamic Shear
Rheometer · Creep test · Fatigue test · Relaxation test

1 Background

Laboratory testing of asphalt mixture performance is generally considered appropri-
ate and helpful in order to better understand material behaviour. In comparison to
most empirical parameters derived from conventional tests (e.g. softening point ring
and ball, void content, compaction degree), data obtained from performance tests are
more reliable, especially when complex asphalt binders are concerned.

J. Büchner (B) · M. P. Wistuba
Braunschweig Pavement Engineering Centre (ISBS), Technische Universität Braunschweig,
Beethovenstr. 51 b, 38106 Braunschweig, Germany
e-mail: j.buechner@tu-braunschweig.de

M. P. Wistuba
e-mail: m.wistuba@tu-braunschweig.de

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_60

639

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_60&domain=pdf
mailto:j.buechner@tu-braunschweig.de
mailto:m.wistuba@tu-braunschweig.de
https://doi.org/10.1007/978-3-030-48679-2_60


640 J. Büchner and M. P. Wistuba

Whereas most conventional tests are quick and cheap, performance tests require
cyclic testing instruments and sophisticated analysis tools, and therefore they are
usually considered cost and time consuming. However, if performance test methods
are carried out carefully, and data are analysed correctly, they can reliably evaluate
asphalt mixture performance and provide a sound basis for estimating the asphalt
pavement behaviour and durability during its service life.

As stated by many authors, the performance of asphalt mixture is significantly
influenced by the quality of the asphalt binder, and asphalt mastic (see, e.g. Airey
et al. 2006), where mastic is considered as the composite of asphalt binder and
aggregate filler. Therefore, key material properties like stiffness, strength, viscosity,
creep behaviour, fatigue resistance, rutting resistance and aging behaviour, are driven
by the properties of the asphalt binder, and the asphalt mastic respectively.

Various authors also tried to replace complex asphalt binder testing by simplified
asphalt binder testing (e.g. Farrar et al. 2016; Johnson et al. 2009; Pérez-Jiménez
et al. 2008).

2 Objective and Work Plan

The objective of this study is to help establishing laboratory testing techniques to
estimate asphalt mixture performance, which are based on rheology rather than on
empirical analysis. These testing techniques shall be less elaborate then conventional
cyclic performance tests of asphalt mixtures, and therefore applicable for day-to-day
routine testing purposes.

For this reason, a set of rheological tests based on measurements with a Dynamic
Shear Rheometer (DSR) is presented in this study, which enables to identify key
rheological properties of asphalt mastic in the full in-service temperature range of
asphalt pavements. In this context, asphalt mastic is considered as the composite of
asphalt binder and aggregate filler (<0.063 mm). Due to its variability the DSR is
fully capable of testing asphalt mastic as long as the specimen thickness is higher
than 10 time the particle size, which is been accounted for.

Even though this set of rheological tests covers the full temperature range, all
results are obtained from the same DSR. Hence, it is intended to serve asphalt pave-
ment engineers as a rapid and sufficiently accurate alternative to estimate asphaltmix-
ture performance for routine purposes, such as quality control, selection of material
components and mix design.

In the first step of this study, usual asphalt mixtures are tested, using known
testingmethods. The obtained parameters describe key performance properties of the
asphalt mixtures, such as low temperature resistance, stiffness, resistance to fatigue
and resistance to permanent deformation.

In the second step, the asphalt mastics that correspond to the asphalt mixtures,
are investigated with regard to their rheological properties.
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All asphalt mixtures and all corresponding asphalt mastics are subjected to (i)
relaxation tests in the low temperature range, (ii) fatigue tests in the intermediate
temperature range, and (iii) creep tests in the high temperature range.

Hence, test results are obtained on both scales, the asphalt mixture scale and the
corresponding asphalt mastic scale, and they cover the full in-service temperature
range of asphalt mixtures.

In the last step, data from both scales are correlated, and the relation is described
between asphalt mixture performance parameters and asphalt mastic rheological
parameters.

3 Materials and Testing

3.1 Asphalt Mixture Variants

Asphalt mixtures are produced in the laboratory, according to an asphalt concrete
AC 11, with 11 mm maximum aggregate grain size and typically used for surface
layers of asphalt pavements.

18 different asphalt mix compositions are distinguished through variation of the
asphalt binder (two plain and twomodified binders are considered, i.e. 50/70, 70/100,
25/55-55, and 45/80-65), of four asphalt binder manufacturers (A to D), and of
three types of aggregate (gabbro, porphyry, silicate), as summarized in Table 1. The
composition of the asphalt mixture variant is always adjusted such, that volumetric
mix properties of all variants are more or less in the same range (with regard to void
content, binder content, and grain size distribution).

For all the variants of asphalt mixture specified in Table 1, the individual frac-
tions of filler are determined and used to produce asphalt mastic test samples. In
this context, filler is understood as the aggregate fraction of grain size smaller than
0.063 mm. Hence, for each asphalt mixture variant, the corresponding asphalt mastic
is determined, and composed in the laboratory from the relevant asphalt binder and
filler (reclaimed filler, and new filler). The so-obtained asphalt mastic test samples
are used for the subsequent DSR tests.

3.2 Performance Testing of Asphalt Mixtures

Because the material behaviour of visco-elastic complex materials like asphalt mix-
tures changes significantly with temperature, the assessment of asphalt mixture per-
formance in laboratory requires differentiation of temperature ranges. Therefore,
a combination of different tests is inevitable to study the individual temperature-
dependent domains of material behaviour: Cracking resistance at low-temperatures
(roughly ranging from−40 to 0 °C), fatigue resistance at intermediate temperatures
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Table 1 Asphalt binders and aggregates considered in this study to compose 18 different variants
of asphalt mixture

Asphalt mixture AC 11
variants

Asphalt binder type (plain
and polymer modified)

Aggregate type (gabbro,
porphyry, silicate)

1 50/70 Manufacturer A Coarse aggregate: gabbro
Added filler: limestone
Provenience: Germany

2 Manufacturer B

3 Manufacturer C

4 Manufacturer D

5 25/55-55 Manufacturer A

6 Manufacturer B

7 Manufacturer C

8 Manufacturer D

9 70/100 Manufacturer B

10 45/80-65

11 50/70 Coarse aggregate: porphyry
Added filler: limestone
Provenience: Austria

12 25/55-55

13 70/100

14 45/80-65

15 50/70 Coarse aggregate: silicate
Added filler: limestone
Provenience: Switzerland

16 25/55-55

17 70/100

18 45/80-65

(roughly ranging from −10 to +40 °C), and resistance to permanent deformation at
high temperatures (roughly ranging from +30 to +90 °C).

In this study, all 18 variants of asphalt mixtures are subjected to known test
procedures, i.e.

(i) Relaxation tests at low temperatures:
It is assumed, that low-temperature performance of asphalt materials can be
characterized through relaxation behaviour at low temperature (cp. Laukka-
nen 2018). In this study, relaxation of prismatic test specimen (40 × 40 ×
160 mm) is studied through the Thermal Stress Restrained Specimen Test
(TSRST) according to European Standards (EN 12697-46 2012).

(ii) Fatigue tests at intermediate temperatures:
Prismatic test specimen (40× 40× 160mm) are subjected to Uniaxial Tension
Compression Tests (UTCT) according to Isailović and Wistuba (2018).

(iii) Creep tests at high temperatures:
Cylindrical test specimen (Ø 200 mm; h = 40 mm) are subjected to Cyclic
Compression Tests (CCT) according to German standards (TP Asphalt-StB
2010).
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3.3 Rheological Testing of Asphalt Mastic

Differentiation of testing techniques in function of temperature is also inevitable
for asphalt binders and asphalt mastics. However, for asphalt binders and mastics
most relevant tests can be run in the same testing device, i.e. the Dynamic Shear
Rheometer (DSR). The DSR is generally capable of testing rheological properties
of asphalt binder and mastic in the entire range of in-service temperatures.

Therefore, all relevant rheological parameters are derived in the DSR in this study.
Small samples are tested in shear mode between two parallel plates. Because of the
temperature-dependent change in material stiffness and the limited torque of the
instrument, different plate diameters are used (according to Wistuba et al. 2019), as
specified in Fig. 1.

For each of the different plate diameters (Ø4, 8, and 25mm) a temperature-specific
testing technique is used to study mastic performance (acc. to Wistuba et al. 2019).
In best accordance with asphalt mixture testing, all 18 variants of asphalt mastics
corresponding to the asphalt mixtures are subjected to this set of DSR tests, i.e.

(i) Relaxation tests at low temperatures:
The cylindrical asphaltmastic sample (Ø4mm, h= 3.1± 0.15mm) is loaded in
the DSR by a constant shear deformation of 0.1%, at a temperature correspond-
ing to a complex shear modulus of the asphalt binder of TG*(binder) = 400 MPa,
for a test duration of 60 min. After loading, the relaxation of the shear stress is
monitored, and the proportional stress relaxation after 60 min is calculated.

(ii) Fatigue tests at intermediate temperatures:
The cylindrical asphaltmastic sample (Ø 8mm, h= 2mm) is loaded in theDSR
by an initial shear stress of 150 kPa in oscillation mode at a frequency of 10 Hz,
at a temperature of 10 °C, 20 °C, and a temperature corresponding to a complex
shear modulus of the asphalt binder of TG*(binder) = 15 MPa. In order to reduce
the testing time, the shear stress is increased every 4000 load cycles by+50 kPa,
as similarly proposed by Johnson (2010).

Low Intermediate High
-40°C 0-10 +30 +40 +90°CTemperature range:

Key pavement failure: Cracking Fa gue Perman. Deform.

Performance test:

asphalt mixture:

Relaxa on test Fa gue test Creep test

DSR Ø 4 mm DSR Ø 25 mm

DSR Ø 8 mm

asphalt mas c:

TSRST UTCT CCT

Fig. 1 Key performance properties of asphalt pavements and appropriate DSR test types in function
of temperature (TSRST…Thermal Stress Restrained Specimen Test; UTCT…Uniaxial Tension
Compression Test; CCT…Cyclic Compression Test)
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(iii) Creep tests at high temperatures:
The cylindrical asphalt mastic sample (Ø 25 mm, h = 1) is loaded in the DSR
by a shear stress of 0.1 kPa, at a temperature corresponding to a complex shear
modulus of the asphalt binder of TG*(binder) = 15 kPa, and for a test duration of
5 h in order to guarantee stationary creep behaviour. The creep compliance rate
in the quasi-linear creep phase is derived according to Santagata et al. (2014).

3.4 Correlating Asphalt Mixture and Asphalt Mastic Tests

Tests on both scales, the asphalt mixture scale and the corresponding asphalt mastic
scale, deliver material characteristic parameters, which are assumed to be mainly
driven by the asphalt binder properties. Therefore, a good correlation between the
parameters is assumed, if the individual temperature ranges are adequately distin-
guished. In this study, correlation is analysed separately for the relaxation tests, the
fatigue tests, and the creep tests:

(i) As to the relaxation tests at low temperatures, the correlated parameters are the
cryogenic stress at a temperature corresponding to a complex shear modulus of
the asphalt binder of TG*(binder) = 400 MPa as obtained from TSRST, and the
proportional stress relaxation after 60 min as obtained from the asphalt mastic
test.
It is assumed, that for high cryogenic stress of the asphalt mixture, which
indicates unfavourable relaxation behaviour, the asphalt mastic also shows
unfavourable low stress relaxation.

(ii) As to the fatigue tests at intermediate temperatures, the correlated parameters
are the number of load cycles until specimen failure (according to Rowe and
Bouldin 2000) as obtained fromasphaltmixture fatigue testing at three different
temperatures, and the number of load cycles until specimen failure (according
to Rowe and Bouldin 2000) as obtained from the asphalt mastic test at three
different temperatures.

(iii) As to the creep tests at high temperatures, the correlated parameters are the
creep rate in the quasi-linear phase of the creep curve, as obtained from the
asphalt mixture creep test, and the creep compliance rate in the quasi-linear
phase of the creep curve (according to Santagata et al. 2014), as obtained from
the asphalt mastic creep test.
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4 Results

In the following, the correlations obtained from all tests on asphalt mixtures andmas-
tics are presented. In the Figures, the results from tests at the asphalt mixture scale are
alwaysplottedover the related results at the asphaltmastic scale. Individual test results
are always displayed as small transparent circles, while the corresponding mean val-
ues for each parameter are displayed in colour and with individual symbols. In addi-
tion, the total number of underlying results for asphalt mixture and mastic (n [-]) is
indicated, as well as the test temperature (T [°C]).

In Fig. 2, the results are shown from relaxation testing of 18 asphalt material
variants for a total number of n = 77 test results for asphalt mixture and mastic. A
reasonable linear correlation is obtained with a coefficient of determination of 0.87.

Even though the results are quite different for the 18 asphalt material variants
investigated, the influence of aggregate type is of minor importance, as for identical
asphalt binders the results are very similar (cp. 3 red rectangles and 3 red triangles in
Fig. 2). It appears that the low temperature relaxation behaviour of asphalt mixture
is mainly driven by the type of the asphalt binder and there is no difference between
plain and polymer modified asphalt binders.

In Fig. 3, the results are shown from fatigue testing of 18 asphalt material variants
for a total number of n = 337 test results for asphalt mixture and mastic. Again, a
reasonable linear correlation is obtained with a coefficient of determination of 0.74.

Fig. 2 Correlating results of 18 asphalt material variants, as obtained from relaxation testing of
asphalt mixture based on Thermal Stress Restrained Specimen Tests (TSRST) and of asphalt mastic
using DSR tests (Ø 4 mm) (Color figure online)
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Fig. 3 Correlating results of 18 asphalt material variants, as obtained from fatigue testing of asphalt
mixture based on Uniaxial Tension Compression Tests (UTCT) and of asphalt mastic using DSR
tests (Ø 8 mm) (Color figure online)

(The red rectangles outside the dashed, oval shaped lines in Fig. 3 represent two out-
liers, which are further analysed in an ongoing study and are therefore not discussed
in this paper).

As can be seen from the data obtained at three different test temperatures, the
fatigue life of asphalt materials is significantly depending on temperature. Surpris-
ingly, polymer modified binders and plain binders cannot be clearly differentiated.

Even though the results are quite different for the 18 asphalt material variants
investigated, the influence of aggregate type is of minor importance. It appears that
also the intermediate temperature fatigue behaviour of asphalt mixture is mainly
driven by the type of the asphalt binder.

In Fig. 4, the results are shown from creep testing of 18 asphalt material variants
for a total number of n= 63 test results for asphalt mixture and mastic. A reasonable
exponential correlation is obtained with a coefficient of determination of 0.95.

Even though the results are quite different for the 18 asphalt material variants
investigated, the influence of aggregate type is of minor importance. It appears that
also the high temperature creep behaviour of asphalt mixture is mainly driven by
the type of the asphalt binder. For both asphalt mixture and asphalt mastic scale,
creep rates are smaller for polymer modified asphalt binders than for plain asphalt
binders, most probably due to the elastic influence of the polymers (cp. rectangles
and triangles in Fig. 4).
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Fig. 4 Correlating results of 18 asphalt material variants, as obtained from creep testing of asphalt
mixture based onCyclic Compression Tests (CCT) and of asphalt mastic usingDSR tests (Ø 25mm)
(Color figure online)

5 Summary and Conclusions

In this study, a number of 18 different asphalt mixtures and the corresponding asphalt
masticswere subjected to (i) creep tests in the high temperature range, (ii) fatigue tests
in the intermediate temperature range, and (iii) relaxation tests in the low temperature
range. Hence, test results were obtained on both scales, the asphalt mixture scale and
the corresponding asphalt mastic scale.While known test procedures were used at the
asphalt mixture scale, a new set of rheological tests at themastic scale was composed,
that covers the full temperature range, but is run on one and the same Dynamic Shear
Rheometer.

Finally, data from both scales were correlated, and sound regressions were iden-
tified between asphalt mixture performance parameters and asphalt mastic rheolog-
ical parameters. Based on the results for 18 different variants of asphalt mixture, the
following conclusions can be drawn:

• Asphalt mixture performance and asphalt mastic performance are linked, due to
the viscoelastic properties of the asphalt binder. This is exemplarily shown in
this study, considering the full in-service temperature range of asphalt pavements
from −40 to +90 °C, and presenting correlations between the asphalt mixtures
and the corresponding asphalt mastics for relaxation, fatigue and creep behaviour,
with a coefficient of determination of at least 0.74.

• The identified set of rheological DSR tests at the asphalt mastic scale, as presented
in this study, is a suitable tool to assess performance parameters of asphalt mastics,
and it provides a rapid and significant estimate of asphalt mixture performance.
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These findings may help to establish appropriate tools for day-to-day routine
testing purposes of asphalt materials, such as for deriving limiting values to ensure
sufficient asphalt mixture performance.

• The influence of aggregate type on performance of investigated AC 11 asphalt
mixture and of asphalt mastic is less dominant than the influence of asphalt binder
type.

• In the high temperature range, the influence of plain asphalt binder and of poly-
mer modified binders can be differentiated clearly by means of creep tests. For
intermediate and low-temperatures such differentiation was not distinct.
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Shear Bonding Performance
of Reinforced Asphalt Pavements
by Using Polyester Grids

Fabiana Leite-Gembus and Andreas Elsing

Abstract The conventional method for rehabilitation of cracked asphalt pavements
is the installation of new asphalt layers. This resurfacing is often not an effective
solution, as the existing cracks in the old asphalt layers can propagate rapidly to
the top of the new overlay. In order to delay the development of reflective cracking,
asphalt reinforcement grids have been used all over the world for many years, show-
ing outstanding results. The grid changes the response of the pavement to loading,
increasing the resistance of the asphalt overlay to high tensile stresses and distribut-
ing them over a larger area. Thereby the peak shear stresses are reduced at the edges
of the existing cracks and thus the crack propagation can be retarded. Nevertheless,
the performance of reinforced pavements depends strongly on the adhesion between
the interlayer and the asphalt courses. The purpose of this paper is to report shear
bonding performance verified in laboratory and in the practice by using a high modu-
lus polyester grid as asphalt reinforcement. Shear bonding tests according to Leutner
method have been carried out for different core samples, produced in laboratory as
well extracted from test sections or from pavements in operation. The results show
that a high bond strength between the asphalt layers can be reached when using an
asphalt reinforcement grid, inclusive considering the long-term performance. In this
way, the condition of repaired roads can be maintained at high levels over extended
periods of time.

Keywords Reinforced asphalt pavement · Polyester grid · Shear bond strength ·
Pavement rehabilitation

1 Introduction

Construction of asphalt concrete overlays above existing cracked bound pavement
surfaces, leads to problems of further migration of cracks to the surface of the new
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pavement surface. Traditional approaches to extending the lifetime of an overlay
are to either provide a more flexible mix or to just increase the thickness of the
resurfacing. Problems with increasing the overlay thickness related to cost and also
potential tolerances on kerb height, for example by inner city roads. The phenomenon
of reflective cracking can arguably lead to premature pavement distress and increased
maintenance costs.

To delay or even prevent the development of reflective cracks in asphalt layers,
asphalt interlayers have been largely used worldwide. Their application can clearly
extend the pavement service life and therefore increase the maintenance intervals
of rehabilitated asphalt pavements (Montestruque et al. 2004; Monser et al. 2010).
Therefore the use of appropriate interlayer products, as asphalt reinforcement grids
for example, should ideally be considered for future rehabilitation surfacing contracts
on bound pavements, which have a history of reflective cracking at surface (Hessing
and Thesseling 2013).

The lifetime of an asphalt concrete pavement is directly influenced by the adhesion
between its different courses.As foundbyDeBondt (1999), if the reinforcement is not
able to sufficiently adopt the high strains from the peak of a crack, the reinforcement
cannot be effective. In his research, an equivalent “bond stiffness” in reinforcement
pull-out tests was determined on asphalt cores taken from a trial road section. The
equivalent bond stiffness of a bituminous coated polyester grid was found to be the
best of all the commercial products investigated.

This paper focuses on the shear bonding performance of reinforced asphalt pave-
ments. The adhesion between asphalt layers and asphalt reinforcement gridwas deter-
mined according to Leutner for different cores samples, from laboratory produced
slabs and from trafficked roads.

2 Reflective Cracking

Reflective cracking consists on the propagation of cracks from a deteriorated layer
to the surface of a new overlay and is the major mode of failure in rehabilitated
pavements (Elseifi 2015). It iswell known that cracks appear in asphalt pavements due
to external forces, such as traffic loads and temperature variations. The temperature
influence leads to the effect that the binder content in the asphalt becomes brittle
and cracking commences at the top of a pavement and propagates down (top-down
cracking). On the other hand, high stresses at the bottom of a pavement, from external
dynamic loads such as traffic, lead to cracks which propagate from the bottom to the
topof a pavement (bottom-up cracking). Theproblemof continued reflective cracking
can result in shortened maintenance periods which have an economic impact on
maintenance budgets.

A conventional rehabilitation of a cracked flexible pavement involves milling off
the existing top layer and installing a new asphalt course, but cracks are still present in
the existing (old) asphalt layers. As a result of the horizontal and vertical movements
at the crack tip, the cracks will propagate rapidly to the top of the rehabilitated
pavement.
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In order to delay the propagation of cracks is the use of interlayer systems between
the old pavement and the new overlay, such as synthetic reinforcements, one of the
most popular method among new techniques recommended (Nejad et al. 2016).

3 Asphalt Reinforcement Grids

The main function of geosynthetic products used in the construction and rehabilita-
tion of roads and pavements is to reduce the amount of cracking in a new pavement
or asphalt overlay. The idea of a reinforcing fabric for asphalt road construction first
emerged in Germany as far back as the 1970s. Follow initial problems, manufactures
have continually further developed their products and specialist contractors have
continually refined their installation techniques.

Basically, there are three types of geosynthetics designed for pavement reha-
bilitation: geotextiles (nonwovens), geogrids (grids) and geocomposites. To further
improve confidence in the utilization of these materials, there has been mandatory
CE marking for the products since 2008. The functions of the products are outlined
in the BS EN 15381 “Geotextiles and geotextile-related products—Characteristics
required for use in pavements and asphalt overlays”. According to this European
Standard, an asphalt interlayer can fulfill three tasks: reinforcement, stress relief
and/or interlayer barrier.

While the stress relief function concerns to soft products (as nonwovens) to dissi-
pate strain energy by deforming itself, the reinforcement function regards stiff prod-
ucts (as grids) to compensate the lack of asphalt concrete tensile strength (Elseifi
2015). In providing reinforcement, the grid structurally strengthens the pavement
section by changing the response of the pavement to loading (Koerner 2012). The
reinforcement increases the resistance of the overlay to high tensile stresses and dis-
tributes them over a larger area, thereby reducing the peak shear stresses at the edges
of the cracks in the existing old pavement.

Many products have been promoted as a reinforcementwhen in fact these products
serve only as moisture barrier. Designers should have a clear understanding of the
limitations all the different asphalt interlayer products offer in terms of position and
stress-strain characteristics within the pavement structure (Asphalt Academy 2008).

For the maintenance of existing cracked roads there are currently a number of dif-
ferent asphalt reinforcement products made of different rawmaterials available in the
market (e.g. polyester, recycled polyester, glass fiber, polyvinyl alcohol, carbon fiber,
polypropylene), presenting different behavior and effectiveness. It is not disputed that
each of these products has a positive effect in the battle against reflective cracking
(Norambuena-Contreras and Gonzalez-Torre 2015); however, it is indispensable to
choose the suitable product and assure a proper surface preparation, installation and
asphalt construction.

Additionally detailed information about asphalt reinforcement grids can be found
in the official document FGSV 770 “Working paper for the utilization of nonwovens,
grids and compound materials in asphalt road construction” from the German Road
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and Transportation Research Association (FGSV 2013). In detail, this official doc-
ument outlines important definitions of terms, application fundamentals, operating
principles, types of asphalt interlayers as well as their properties, testing procedures
and reference values. This official document may be used by designers and other
interested parties for definition and specification of relevant functions, installation
aspects and performance.

4 Interlayer Bonding

In order an asphalt reinforcement can improve the asphalt construction tensile
strength behavior, it is particularly important to have a proper, expert installation
of the product. Only in this case can an effective bond between asphalt courses and
interlayer be achieved and, consequently, the tensile stress be transferred from one
material to the next.

Interlayer bonding in asphalt surfaces is a result of combined effects from fric-
tion, interlocking and adhesion. High-quality asphalt reinforcements are specifi-
cally developed to not disturb the bond and contribute to these effects by means
of appropriate mesh sizes and bituminous coating.

The draft European Standard on interlayer bonding prEN 12697-48 “Bituminous
mixtures—test methods for hot mix asphalt—part 48: interlayer bonding” purpose
three principal test methods to measure the adhesion of asphalt concrete courses:
torque bond test, tensile adhesion test and shear bond test. This article describes the
conditions of application, measurements made and results of this last one, the shear
bond test according to Leutner.

4.1 Leutner Shear Test

The Leutner shear test is a static testing method developed in Germany in the late
1970s to assess the asphalt layer bond in road construction. The bonding effect of
the layer surface is determined on core samples, either taken from a pavement or
produced in the laboratory.

The process core sampling of compacted bituminous material from constructed
or rehabilitated roads for the laboratory testing can be carried analogous to described
in the European standard EN 12697-27 “Bituminous mixtures—Test methods—Part
27: Sampling”. For the Leutner test the cylindrical asphalt specimens have to present
a diameter of 150 ± 2 mm and the direction of traffic has to be marked. The core
samples must be at least double-layered and the minimum thickness of the asphalt
overlying layer has to be 20mm and the subjacent asphalt layer 70mm. The cores for
shear bond strength investigation cannot be used for bulk density or other analysis.
Before testing, the specimens must be conditioned at 20 °C for 12 h.
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The equipment consists in a device able to apply a shear displacement rate
(50 mm/min) across the interface between two layers of the cylindrical core, mon-
itoring the resulting shear force (kN). Recording of displacements allows a Shear
load (kN)—Displacement (mm) graph to be plotted.

Based on the German specification ZTVAsphalt-StB 07/13 the shear force within
the testing procedure according to Leutner should not be lower than 15.0 kN between
the binder course and the surface layer. For an interface between any other asphalt
layers the shear force should be at least 12.0 kN.

For the installation of asphalt interlayers, higher spray rates of tack coat are
required, when comparing to conventional pavement overlays. The use of precise
amount of bonding agents, as bitumen emulsions for example, enables a proper
adhesion between the reinforcement and the asphalt layers. Conversely, they have
a tension-reducing effect, enabling viscose deformation. This system is known as
“flexible bond” and is not equivalent to a layer bond in the usual meaning. For this
reason, the German Working FGSV 770 (FGSV 2013) stipulates a shear bond force
of 10 kN between the asphalt layers, when using an asphalt reinforcement.

5 Laboratory Test

In order to analyze and quantify the shear bond strength of reinforced asphalt com-
pared to unreinforced one, different studies have been developed during the last years.
The research results presented in this paper correspond to a polyester grid attached to
an ultralight polypropylene nonwoven geotextile, incorporating a polymer modified
bituminous coating with a bitumen content of 65%. Table 1 presents more detailed
information about this product and following we would like to present some test
results.

5.1 Different Asphalt Layers

In 2012, a series of tests were carried out at the EMPA Institute in Switzerland to
verify the shear bond performance of a polyester asphalt reinforcement grid between
different asphalt layers. Three concrete asphalt slabs were produced in laboratory
and interlayer bond testing according to Leutner have been conducted. The asphalt

Table 1 Characteristics of the asphalt reinforcement grid used in all tests presented

Raw material Type of coating Nominal tensile
strength [kN/m]

Aperture size
[mm]

Mass [g/m2]

Polyester (PET) Bituminous
(>65% content)

≥50/50 40 × 40 270
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Table 2 Test results of interlayer bond testing

Core number Between base and binder course Between binder and surface course

Reference
(unreinforced)

Reinforced (PET
grid)

Reference
(unreinforced)

Reinforced (PET
grid)

Shear force [kN] Shear force [kN] Shear force [kN] Shear force [kN]

1 36.7 30.7 34.4 29.9

2 35.5 26.5 43.4 30.7

3 42.7 33.6 44.1 40.6

4 32.7 35.6 34.4 29.5

5 32.8 36.5 37.9 31.1

6 39.5 36.0 39.3 36.8

Mean value 36.6 33.2 38.9 33.1

slabs presented three layers: base layer (AC T 22, 60 mm thick), binder layer (AC
B 11, 50 mm thick) and surface layer (AC 8, 40 mm thick). Two slabs were rein-
forced, one having the reinforcement installed between base and binder layer and the
other with reinforcement installed between binder and surface layer. For the installa-
tion of the polyester reinforcement grid a polymer modified bitumen emulsion with
60% bitumen content was used in a spray rate of 700 g/m2. The reference slab was
let unreinforced to enable an analysis of the reinforcement influence in the bond-
ing performance. For the unreinforced slabs it was used a bitumen emulsion with
approximately 50% bitumen content in a spray rate of 200 g/m2. From each slab 6
cores with 150 mm diameter were taken. Table 2 shows a summary of the test results.

The results indicate a good interlayer bond in the reinforced specimens between
binder and surface course, as well as between base and binder course. The measure
shear forces by the reinforced specimens have shown slightly lower values, when
comparing to the reference specimen. However, the values obtained comply by far
with the requirements of the German specifications.

5.2 Test Section in Aachen

In 2018 was built at the Institute of Highway Engineering of RWTH Aachen Uni-
versity a real scale road segment. A new binder course (AC 16 BS) with a totally
thickness of approximately 120 mm was installed. Then a polyester asphalt rein-
forcement grid with bituminous coating was installed on half of the binder surface.
For the installation a bitumen emulsion was sprayed in a rate of 600 g/m2, according
to the manufacturer guidelines. Following this, an asphalt wearing course (AC 11
DS) with a thickness of 40 mm was placed, completing the asphalt superstructure.
As reference, the other half of the binder surface was let unreinforced and the same
bituminous emulsion was used and a spray rate of 200 g/m2 was applied.
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Six cores were drilled out from the real scale test road segment in order to be tested
in the laboratory according to the Leutner shear method. The results are presented
in Table 3.

According to the obtained results, the interlayer bonding observed for the rein-
forced pavement by using a PET grid can be similar to a conventional one. If tack
coat spray rate, installation and asphalt works are conducted properly, it is possible
to reach an adequate bond performance by using a bituminous coated polyester grid.

In comparison to an unreinforced section, the application of an asphalt reinforce-
ment grid slightly reduces the interface strength. This is probably caused by the
higher amount of tack coat applied for the grid installation and the area occupied
by the fiber mesh in the specimen. The obtained values comply with the German
specification ZTV Asphalt-StB 07/13, though.

As can be seen on Fig. 1, the polyester reinforcement grid was after testing still
strong bonded to the asphalt layer. The large aperture size of the PET grid (40 ×
40 mm) enables a good contact area between the beneath and upper asphalt layer,
improving interlocking and friction.

Comparing the results obtained by EMPA with Aachen it is possible to observe
a difference of approximately 25%. This fact is probably related to the specimens
preparation. By the EMPA the tested coreswere extracted from asphalt concrete slabs

Table 3 Interlayer bond test results from the test section in Aachen

Test temperature Reference (unreinforced) Reinforced (PET grid)

Shear force [kN] Shear displ.
[mm]

Shear force [kN] Shear displ.
[mm]

20 °C 27.6 3.9 25.3 3.5

27.7 4.1 27.8 3.3

23.0 3.6 21.7 4.5

Mean value 26.1 3.9 24.9 3.8

Fig. 1 Drill core after
testing with reinforcement
grid
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produced in laboratory. Conversely, in Aachen the cores were extracted from a real
scale trial section, submitted to typical site condition influences, as large equipment,
asphalt mix provided from a plant, variable air and pavement surface temperature.

6 Practical Experiences: Investigation by Trafficked Roads

6.1 Schleswig Air Base, Jagel

The Schleswig Air Base in Jagel, in the northern part of Germany, has been built
in 1916 and is in military use since then. Different sections of the asphalt con-
crete pavement have been rehabilitated in 1998, 2001 and 2005 by using a polyester
asphalt reinforcement with a bituminous coating. The reinforced area corresponds to
approximately 85,000 m2 and the reinforcement solution was chosen at that time to
prevent existing cracks from penetrating from the binder course into the new wear-
ing course. The reinforcement was installed directly on the milled surface of the old
existing asphalt layer and covered with approximately 50 mm of concrete asphalt.

In the year of 1998, after the first segment installation of the polyester reinforce-
ment, cores were drilled in order to verify the interlayer bonding. For a direct per-
formance comparison, sampling of reinforced and unreinforced pavement sections
were carried out. Table 4 shows the obtained results according to Leutner method.

Comparing the results, no significantly difference in the shear bond performance
could be verified for the reinforced and unreinforced areas. In 2008 a visual inspec-
tion has indicated that at this time no reflective cracks could be identified and the
reinforcement solution proved to be an effective solution (Fig. 2).

6.2 Long Term Bonding Performance

In order to provide an example of long term bonding strength using polyester asphalt
reinforcement grid, the project Rosenstrasse located in the Northwest German town
of Ochtrup is presented. The Rosentrasse is a highly trafficked road, being one of the
main connections to the nearby border of the Netherlands. Before its rehabilitation in
1996 the road revealed severe alligator cracking, longitudinal and transverse cracking

Table 4 Results of Leutner
test for the Schleswig Air
Base

Sample number Reinforcement Shear force [kN]

I Polyester grid 36.4

II No reinforcement 30.2

III Polyester grid 37.5

IV Polyester grid 36.7
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Fig. 2 Schleswig Air Base
pavement overview in 2008

Fig. 3 a Condition after milling in May 1996, b Condition in March 2013

in large scale. For the rehabilitation the old wearing course wasmilled off, a PET grid
as asphalt reinforcement was installed over the cracked binder course and covered
again with a 50 mm thick asphalt layer. The whole project was finished in summer
1996. Directly from the beginning on this construction project has been investigated
intensively (Elsing and Schröer 2005).

In context of a masters-thesis in 2013 the Rosenstrasse have again been evaluated
(Quiel 2013).Drill cores have been taken and the interlayer bond according toLeutner
had been checked. Between the asphalt bearing course—Polyester reinforcement
grid—and upper asphalt layer a maximum shear force of 24 kN was measured. After
evaluating the whole data record of the Rosenstraße it was found, that the condition,
after a lifetime of 17 years, was still very good (Fig. 3).
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7 Conclusions

Reflective cracking can occur in cracked pavements rehabilitated with a simple
asphalt overlay. To delay the development of reflective cracks, an asphalt reinforce-
ment grid can be placed before the new asphalt wearing course. In order to choose
the proper product for a road rehabilitation, construction conditions and material
characteristics must be chosen taking into account.

To mobilize tensile forces in the asphalt reinforcement grid a good bonding
between the asphalt layers and the interlayer is essential. Shear bond tests according
to Leutner were carried out for different core samples, produced in laboratory as
well extracted from pavements in operation. The presented results have shown that
it is possible to reach a good bonding performance when using a bituminous coated
polyester asphalt reinforcement grid.

In comparison to an unreinforced section, the application of an asphalt reinforce-
ment grid slightly reduces the interface strength. This is probably caused by the
higher amount of tack coat applied for the grid installation and the area occupied by
the fiber mesh in the specimen. However, it is possible to comply with the require-
ments of the German specification. Quality of all asphalt works must be carefully
controlled as per relevant local guidelines and the reinforcement installation have to
follow the detailed manufacturer instructions.

Practice example have shown that a high bond strength between the asphalt layers
can be reached when using an asphalt reinforcement grid, inclusive considering the
long-term performance. The combination of high reinforcement stiffness (polyester)
and high bond stiffness (bitumen impregnation) can create such an improvement for
the overlay life of an asphalt pavement, extending the service life of a rehabilitated
pavement.
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Discrete Element Simulations of 4-Point
Bending Fatigue Tests of Asphalt
Concrete Samples Reinforced
by Fiberglass Grids

G. Liu, G. Koval, and C. Chazallon

Abstract This paper studies the fatigue damage of asphalt concrete (AC) under
strain controlled load. The 3-phase fatigue life is reproduced by the proposed sim-
ulations combining a 2-phase fatigue damage law and the discrete element method
(DEM) characterized by discrete force and displacement on each contact. The sim-
ulation results present good agreements with experiments after the parameter cali-
brations. The reinforcement effect of fiberglass grids on the fatigue life of asphalt
concrete is studiedwith 4-point bending (4 PB) fatigue test. These preliminary results
comparing simulations and experiments show the consistency of the proposed 2D
model on describing part of the interactions between grids and asphalt concrete.

Keywords Fatigue · Damage · Discrete element · Four-point bending · Asphalt
concrete

1 Introduction

Repeated traffic loads induce fatigue solicitation of the pavement structure. Accurate
predictions of the effect of a very large number of loading cycles (105 − 106) over
the components of the pavements is a major requirement for the optimization and
design of transport infrastructures.

At laboratory scale, alternate cyclic bending tests intend to quantify deflection
effects. The results of stiffness degradation (En/E0, En is the present samplemodulus
and E0 is the originalmodulus)with respect to the cycle numbers obtained in a typical
cyclic loading test can be divided into three phases (Zheng et al. 2019; Arsenie et al.
2017). In the first phase, the defects exist and micro cracks are created in the matrix
between the aggregates. In the second phase, the cracks grow and connect. In the
third phase, the cracks interconnect. The sample loses its homogeneity and large
cracks appear and propagate unstably with an increasing rate.
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The fatigue damage causes large amount ofmaintenance cost. Thus, the reinforce-
ment of the asphalt concrete (AC) is widely studied by researchers (Guo et al. 2015;
Ge et al. 2015; Nguyen et al. 2013). In the last decade, the reinforcement by fiberglass
grids has been applied to improve the mechanical response of pavement structure
materials. Hu andWalubita (2009) indicate that fiberglass grid helps to distribute the
stress and prevent crack propagation from top to bottom and the opposite direction.
They may dissipate stress concentrations due to reflection and fatigue cracks, and
work as moisture barriers (Nguyen et al. 2013), which significantly reduces the dam-
age and improves the service life. However, there is still a lack of research describing
how the grid works in AC under fatigue load.

The aim of this research is to analyze laboratory experimental results of Arsenie
(2013, 2017), which deals with 4-point bending (4 PB) tests of reinforced and non-
reinforced AC samples by means of computer simulations. The originality of the
study is to implement a simple law of 2 regimes proposed by Bodin (2002, 2004) for
AC as a contact law in discrete element method (DEM). This modelling approach
takes advantage of DEM to reproduce the heterogeneous microstructure and crack
development in cemented materials (Nguyen et al. 2019).

Section 2 presents the experimental setup. The third section covers the fatigue
model description and its implementation in DEM. Section 4 presents the material
calibration obtained by the comparison with experimental results. In Sect. 5, the
reinforcements are introduced on the model and the numerical results are discussed.
Finally, in Sect. 6, the conclusions of the paper are summarized.

2 Experimental Setup

During her study, Arsenie (2013, 2017) performed 4-point bending (4 PB) fatigue
tests intending to quantify the contribution of the fiberglass grids on the fatigue life
of asphalt concrete samples.

The geometry of the specimen is presented in Fig. 1. The standard beam dimen-
sions have been adapted in order to have three warp yarns in the width of the beam.
Therefore, the standard beam dimensions have been increased in width, length and

Fig. 1 Geometry of specimen for 4 PB test performed by Arsenie (2013, 2017)
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Fig. 2 Loading setup of the 4-point bending (4 PB) tests performed by Arsenie (2013, 2017)

thickness. Each beam has a length L = 630mm, and a square cross section with
height h = 100mm and width w = 100mm. The layers are bonded with a bitu-
men emulsion. The specimens of experiments are separated into two categories:
reinforced asphalt concrete and non-reinforced asphalt concrete. The fiber grids lay
between the AC layers in the reinforced beams.

A controlled strain condition is applied by the sinusoidal motion of the central
supports as described in Fig. 2, which is the typical loading setup in fatigue of asphalt
concrete. The reaction force on the supports Fv also presents a sinusoidal response.

3 Fatigue Model and Discrete Element Implementation

3.1 Local Fatigue Model

The material fatigue damage D is a state variable which characterizes the material
mechanical condition. Its value ranges from0 to 1 (D = 0 indicates an intactmaterial,
whilst D = 1 defines its complete failure).

3.1.1 Rate of Damage Growth Ḋ

The rate of damage growth Ḋ is defined as

Ḋ = f (D)̃εβ

( ·
ε̃

)

+
, (1)

where

( ·
ε̃

)

+
is the positive value of the rate of increment of the local strain ε̃ (more

details refer to Bodin 2002) and β is a variable related to the fatigue slope −1−β in
log-log scale. f (D) is a function of the damage factor, which was proposed by Paas
(1990) as
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Fig. 3 Loading cycle contribution on damage increment

f (D) = CDα, (2)

where C and α is a scalar parameter. According to Eq. (1), only a positive increment
of strain may induce damage.

3.1.2 Increment of Damage δD Per Cycle

According to Eqs. (1) and (2), the damage is considered to be incremented only in
tension and for positive strain rates. For a cyclic loading centered at zero, it represents
the segments in Fig. 3 for NC × T ≤ t ≤ NC × T + T/4, where NC is the number
of cycles and T is the period of the loading cycles.

Equation (1) associated to Eq. (2) can be rewritten as

Ḋ/Dα = C ε̃β

( ·
ε̃

)

+
. (3)

The local strain ε̃ induces damage increment only on the first quarter of the

cycle, which means

( ·
ε̃

)

+
= ·

ε̃ for 0 ≤ t ≤ T/4. As shown more in detail in Liu

(2019), for constant strain cycles, the evolution of the damage as a function of the
number of cycles NC can be obtained by integration of Eq. (3) over the range of time
0 ≤ t ≤ NC × T , which leads to

D(NC)1−α/(1 − α) = CNCε1+β
a /(1 + β), (4)

where D(NC) is the damage at t = NC × T and εa corresponds to the amplitude of
the local strain for a sinusoidal cycle. An incremental expression for damage can be
obtained by derivation of Eq. (4) with respect to the number of cycles NC

δD/δNC = CDαε1+β
a /(1 + β). (5)
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The value of damage D must be initialized (D = 0). The value of the damage
after the first cycle D(1) can be obtained from Eq. (4) for NC = 1:

D(1) = [

C(1 − α)ε1+β
a /(1 + β)

]1/(1−α)
. (6)

3.2 DEM Implementation of the Fatigue Model—Damage
and Force Calculation

In this study, the equivalent strain ε̃ of the simulation is obtained from the combination
of the normal and tangential relative displacements (δn and δs) at the contact (for
more details, see Liu 2019). The amplitude of the local strain is consequently the
maximum value of the local strain under cyclic loading εa = max(̃ε).

In the first cycle, the damage factor D is initialized, being calculated for each
contact by Eq. (6). At each new cycle, D is modified incrementally, based on a first
order solution of Eq. (5) as

D(NC + �NC) = D(NC) + �NC
[

CDαε1+β
a /(1 + β)

]

, (7)

where�NC is the cycle increment parameter. Any value of�NC > 1 allows a gain of
calculation time, but must be carefully chosen not to induce cumulative errors. After
the damage identification, normal and tangential forces can be updated as following

fn = kn(1 − D)δn,

fs = ks(1 − D)δs,
(8)

where kn and ks are the normal and tangential stiffness of the intact contacts, respec-
tively. The fatigue model was programmed and compiled in C++ language as part
of the contact constitutive model implemented on the software PFC. For more
information see reference Itasca (2014).

3.3 Geometry and Boundary Conditions of 4-Point Bending
(4 PB) Tests

4 PB tests are simulated by discrete element method (DEM). The geometry follows
the dimensions of the experiments performed byArsenie (2013, 2017) as indicated in
Fig. 4a with length L = 630mm, height h = 100mm and an equal spacing between
supports A = 200mm. Experimentally (and numerically), supports 1 and 2 do not
move, whilst supports 3 and 4 are driven by a cyclic centered displacement with an
imposed amplitude δv,max . The maximum normal strain level εmax is observed in the
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Fig. 4 Geometry of the 4 PB samples in DEM. a Indication of the dimensions over the particle
packing and b contact properties by zones

middle section of the beam in upper and bottom positions and can be calculated by
the expression (Arsenie 2013)

δv,max = (5/3)(A2/h)εmax . (9)

The reduced size of the supports, associated to free rotation prevent any undesired
bendingmoment. The elastic distribution of effortswas verified comparing the results
of the simulations to bending theory. However, the unrealistic dimensions of the
support may induce a concentration of efforts which may lead to an inappropriate
acceleration of the damage of the structure. This effect is avoided by the deactivation
of the damage calculation (D = 0) inside a rectangular zone (10mm × 15mm)

around the supports (see Fig. 4b). This assumption does not cause any nonphysical
behavior, such as a discontinuity on the damagefield, because the supports are located
in an area with very low damage during the simulations, as discussed in Sect. 4.

The vertical force Fv , which correspond to the supports reactions, is measured
during the fatigue tests.

4 Calibration of the Material Parameters with Experiments

In the 4 PB tests of Arsenie (2013, 2017), the strain level is driven by the value of
maximum amplitude of the normal strain εmax (obtained on the top and the bottom
of the middle section). εmax is theoretically related to the vertical displacement of the
central supports δv by Eq. (9). Respectively, on the simulations the values of δv of
76.7 and 90μm are adopted. For the discrete element material description, the radius
of particles follows a uniform distribution. The average value is R̄ = 2.9mm and the
size ratio Rmax/Rmin = 1.6. The contact stiffness is kn = 2.0× 1010 N/m, kr = 4.5,
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corresponding to a Young’s modulus E = 11 GPa and a Poisson’s ratio ν = 0.34.
The numerical results are obtained with an increment of cycles �NC = 100, which
leads to accurate and efficient calculations as presented in Liu (2019).

In Fig. 5, the experimental results of the stiffness fraction Fv/Fv0 as a function
of the number of cycles NC for εmax = 135 and 150μm/m are presented. Here
Fv0 is the initial value of the reaction force Fv . The envelope curves with minimum
and maximum values were obtained considering 6 different samples and show the
relatively large variation of the experimental results. The average curves are the
references for the calibration of the parameters of the fatigue model, as follows:
C = 8.7×108, α = −2.0 and β = 3.0. The average results of the simulations of the
3 different samples are in very good agreement with the experimental results with

Fig. 5 Stiffness fraction Fv/Fv0 as a function of the number of cycles NC for a εmax = 135μm/m
and b εmax = 150μm/m. Comparison between DEM simulations of 4 PB tests and experiments of
Arsenie (2013, 2017)



670 G. Liu et al.

Fig. 6 Damage map for all the three samples for a stiffness fraction Fv/Fv0 = 0.4

above parameters. The envelopes of results of the DEM simulations depends on the
microstructure of the ensembles (granulometry, void ratio, etc.),which is an important
feature of discrete approaches. However, the optimization of these microstructural
parameters were not object of the present study.

Each of the numerical samples presents different damage evolutions and strain
localizations due to different particle distribution. The damagemaps of each analyzed
sample (Fig. 6) bring up some physical elements related to the variation of results.
After a roughly homogeneous damage, mostly localized at the central span, the
irregularity of the inner structure of the material induces different weak points. These
points give rise to concentrated damage zones, physically behaving as cracks. The
localization of these damage zones affects the sample response which explains most
of the visible differences between the curves Fv/Fv0 as a function of NC .

All damage maps seem continuous near the supports which may indicate a
neglectful effect of the deactivation of the damage around them as suggested in
Sect. 3.3.

5 Effect of the Glass Fiber Grids in 4 PB Tests

5.1 Model of the Reinforcements

The cross section of the bending samples is presented in Fig. 7a. Considering the
lack of precise information about the fatigue behavior of the contact between asphalt
concrete and fiber glass, a perfect adhesion hypothesis is adopted. Consequently, the
contribution of the yarns in 2D is taken as elastic axial reinforcements working under
tension and compression (bars). The elastic stiffness k f of one segment i of a fiber
glass reinforcement is determined by the expression:
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Fig. 7 aCross section of the 4 PB samples. Representation of the reinforcement bars b as additional
contacts c connecting particles in the same layer

k f i = E f A f / li , (10)

where E f is the elastic modulus of the fiber grid and A f is the total cross section
of fiber grid per layer and li is the length of the segment. The effect of the bars are
then taken into account on the discrete element model as additional contacts (Fig. 7b)
connecting particles located at each layer, as shown in Fig. 7c. The contact properties
are simply E f and A f , whilst the length li are automatically calculated based on the
distance between the connected particles.

5.2 Effect of the Fiber Reinforcements on the Fatigue
Behavior Tests

The average evolution of the stiffness factor Fv/Fv0 as a function of the number of
cycles NC is shown in Fig. 8 for a strain amplitude of εmax = 150μm/m. The results
of 3 samples with fibers compared to the previous results without reinforcements
indicates an improvement of the fatigue life induced by the reinforcements. However,
the global effect of the grids shown by the experiences of Arsenie (2013, 2017) is
underestimated by the simulations. The contribution of the reinforcements seems
to be more effective for Fv/Fv0 < 0.7, when damage localized zones cross the
fiber layer as observed by Liu (2019). On the experiments, the fiber grid improves

Fig. 8 Stiffness fraction
Fv/Fv0 as a function of the
number of cycle NC in 4 PB
tests (εmax = 150μm/m).
Comparison between DEM
simulations and the
experiments of Arsenie
(2013, 2017)
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the fatigue response since the beginning of the test, independently to any eventual
damage level.

This preliminary results suggests that a different mechanism may be associated
to the fiber grid behavior, other than a simple axial reinforcement.

6 Conclusions

Afatigue damagemodel for asphalt concrete is adapted and implemented in a discrete
element environment. A simple model describing material bulk behavior (phases I
and I I ) associated to the natural disordered microstructure of the discrete model is
shown to be able to describe the entire fatigue behavior (phases I , I I and I I I ) in
a sample scale. Phase I I I appears as a structure effect, which is characterized by
a loss of homogeneity induced by the concentration of defects and a localization of
the strain.

The contribution of fiber grids as axial reinforcements on 4 PB fatigue behavior
is investigated. Experimental results points to a general improvement on the fatigue
curves, whilst simulations seems to underestimate this effect of the fiber grids. The
numerical results indicate that reinforcements are mostly activated when crossed by
localized damaged zones.

The differences on experimental and numerical results suggest that grids do not act
simply as axial reinforcements in asphalt concrete. Further analysis of the interface
between asphalt concrete and fiber grids may provide more information and improve
the modeling as shown in Liu (2019).
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Non-destructive Pavement Testing
for Sustainable Road Management

G. Kneib

Abstract Sustainable road management asks for reliable and economic investiga-
tionmethods to assess the surface and the structural substance of roads. A connection
exists between properties of mixture, binder, carrots, surface texture and acoustic
parameters. Noise emission and surface texture are particularly sensitive to minor
variations in road engineering properties. Among the later grain size distribution is
the most important quantity. Time series of drill cores, in situ surface and acoustical
measurements draw a consistent picture of the process of top asphalt layer aging,
including grain movements and void clogging. Georadar allows for fast microwave
acquisition and mapping of electromagnetic properties as function of wave travel
time. Ultrasonic measurements take more time but provide elastic parameters of
road material which relate to structural substance. Measurements of mechanical road
properties are sensitive to the temperature distribution inside the road body yielding
temperature-dependent layer models. Depth profiles should be corrected to stan-
dard temperatures. Linear velocity-temperature relationships for ultrasonic waves
yield gradients around 11 m/s/°C in a four-year old semi-dense asphalt top layer
and for a temperature range between−17 and 65 °C. Heated asphalt displays strong
wave absorption particularly at high frequencies which limits penetration depths and
resolution.

Keywords Non-destructive pavement testing · Surface texture · Noise ·
Ultrasound · Georadar · Temperature

1 Introduction

Road infrastructure is under stress by increases in the amount of traffic and traffic
loads. Sustainable road management aims at producing a road with the desired prop-
erties and keeping the road in proper condition for as long as possible. A prerequisite
is periodical monitoring of mechanical road condition.
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Different countries employ different schemes andmethods to quantify and to eval-
uate the state of the road surface and the road body. The procedure in Germany is
summarized by Jansen (2017). Among other parameters the properties of drill cores
representing homogeneous sections are analyzed in the laboratory to derive layer
thicknesses, stiffnesses and fatigue functions. Substance values based on layer thick-
nesses and elastic moduli are computed via deterministic or probabilistic modelling.
In Switzerland the conditions of roads are classified and indexed periodically accord-
ing to the criteria: (1) surface damage, (2) surface slopes along longitudinal and cross
directions, (3) grip, (4) bearing capacity (Swiss standard SN 640925b). In general,
for each road section a rating for different criteria and sub-criteria is given which
sum up to an overall rating. The condition classification of a road section serves as
input to prediction models that are key factors for maintenance management together
with catalogues of maintenance measures and cost models.

Non-destructive testing is playing an increasingly important role in road condition
monitoring. Therefore, an overview is given here of existing evaluation methods
and the benefit of combining different measurement methods is illustrated and the
temperature-dependence of mechanical road properties is studied via ultrasound.

2 Investigation Methods for Roads

Testing of asphalt roads can be destructive or non-destructive. Destructive meth-
ods take away sections of the road for analysis in a laboratory typically in form of
drill cores. Investigations based on carrots are well standardized and provide reliable
information. But destructive methods require to destroy the road locally, are compa-
rably expensive to apply and provide information only where carrots where taken.
Per definition destructive road investigation is not really sustainable.

Non-destructive testing methods for roads can be subdivided into methods that
investigate the surface and others that aim at the road body, i.e. mechanical and
structural properties of the layering (Fig. 1). Slopes of road surfaces are measured
in driving direction and perpendicular and may indicate the development of track
troughs or dipping of the road due to voids in the underground. Visual inspection

Fig. 1 Non-destructive road investigation with increasing penetration depth from left to right
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is traditionally the most important assessment method for roads. Nowadays it is
sometimes supported by video scanning and automated image processing to locate
fissures.Grip is important for road safety and the coefficient of friction ismeasured by
the side force method or the skid resistance tester pendulum or in Switzerland mostly
via Skiddometer (SN 640925b 2003). Rolling resistance is a relevant parameter to
reduce fuel consumption and traffic emissions. Surface texture is related to grip
and mostly scanned by laser systems deployed on the road surface or on driving
vehicles. Surface roughness spectra and other texture parameters also characterize
the excitation of tyre-road noise. The later also depends on airflow resistance and
sound absorption, two properties linked to geometries and sizes of connected pore
spaces in the top layer. Tyre-road noise can be measured by several methods, most
prominent are the statistical pass-by method and near-field close proximity (CPX)
measurements. The later employ a trailer with mounted microphones that is towed
along the road (Fig. 2) and provides continuous noise level profiles (ISO 11819-2
2017).

If the structural substance of the road is of interest exploration depths of several
dm to m are required. The falling weight deflection (FWD) method puts a load on
the road surface and measures the deflection curve (bending) due to this load (Horak
et al. 2015) to indicate bearing capacity. Advanced systems make use of the load of a
fast driving truck and map the resulting surface deflection by a laser systemmounted
on the truck. Back-calculation algorithms allow to estimate the elastic moduli of the
road layers as function of known load and measured bending curve. FWD has low
spatial resolution and back-calculation (as any inversion algorithm) requires certain
assumptions and/or a priori knowledge to obtain (numerically) stable results.

A more direct approach to explore the road body employs body and surface seis-
mic or ultrasonic waves that propagate in the road body and interact with the material
and its internal inhomogeneities. The impact echo (IE) method employs an impulsive
source at the road surface and a nearby receiver that records resonances at frequen-
cies that are related to layer thicknesses (Gucunski and Maher 2002). A similar
acquisition geometry is used by the impulse response (IR) method which identifies
major voids or cracks by the presence of high-amplitude reverberations (Gucunski

Fig. 2 CPX system measuring in flowing traffic (a) and view on microphone installation (b)
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and Maher 2002). Spectral analysis of surface waves (SASW) or multichannel anal-
ysis of surface waves (MASW) employ impulsive sources, record Rayleigh surface
waves and evaluate frequency-dependent propagation speed (Park et al. 1999). The
dispersion curves are inverted into depth-dependent shear wave velocity profiles.
Spatial resolution of such investigation methods should be of the order of few cm
because this is the minimum thickness of road layers. Spatial resolution is a fraction
of the wavelength applied and the wavelengths equal the ratio of propagation speed
to signal frequencies. Mechanical waves in asphalt display propagation velocities
from about 1000–3500 m/s depending on wave type, material and its condition (like
temperature). Therefore, for given target wavelengths in the cm range one has to
employ frequencies between about 20 and 150 kHz, i.e. low-frequency ultrasound.
Elastic waves have the advantage that they probe directly the mechanical material
properties. Acquisition speed is fundamentally limited by the speed of the ultrasonic
waves (Kneib et al. 2018). Electromagnetic waves in asphalt propagate with about
40–45% of the speed of light in vacuum such that frequencies in the 1 GHz range
(microwaves) are needed to obtain the required spatial resolution. Application of
microwaves to investigate the upper layers of the earth or civil engineering objects
is called georadar or ground penetrating radar (GPR) probing. Since georadar wave
propagation is very fast, acquisition is also very fast such that GPR-antennas can
be mounted on a vehicle and measurements can be taken in flowing traffic deliver-
ing reflecting layer structures as function of surface position and wave travel time
(Hugenschmidt et al. 1998). However, since electromagnetic waves can only probe
electromagnetic material properties they cannot map mechanical road properties
directly (Kneib et al. 2018).

3 Integrating Different Non-destructive Investigation
Methods

3.1 Sensitivity of Road Noise Emission Due to Variability
in Construction

When calls for tenders are published for road construction they specify expected road
properties by demanding that the construction should follow certain specifications
(usually national standards). Unfortunately, it is known from experience that quite
often road construction does not exactly deliver what was wanted. The main reasons
for this are related to the complexity of the building process and the many factors and
uncertainties that influence the final construction. In a research project in Switzer-
land (Kneib et al. 2017) a dozen intra-city road surface constructions of semi-dense
asphalt with 4 and 8 mmmaximum grain size were monitored closely. More than 50
variables were observed at each of twelve construction sites and during an extensive
measurement campaign in the weeks following the construction. Among the param-
eters investigated were the delivery of the asphalt mix (works, distance and mean
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of transport, etc.), the road construction work (company, machinery, rolling scheme,
temperatures, etc.), binder (needle penetration, etc.) and mixing properties (Mar-
shall test, binder content, grading curve, etc.), carrots (layer thickness, void content,
etc.), and acoustics-related properties (surface roughness, sound absorption, airflow
resistance and near-field tyre-road rolling noise). Tyre-road rolling noise was a key
parameter for the project. It was measured by the close-proximity method (CPX
method) which employs a purpose-built trailer with standardized tyres and closely
mountedmicrophones (Fig. 2) and provides continuous noise emission profiles along
roads.

In a first step the parameter variations were checked across construction sites
with same specified grain sizes. The asphalt road construction with a maximum
grain size of 4 mm (SDA 4) displayed larger parameter spans than the one with
8 mm (SDA 8). Among the road engineering properties, the largest variances were
found among the grading curves although all were consistent with the standards that
were to be applied (SNR 640436). Minor variances in road engineering properties
often yieldedmajor variances in properties related to acoustics. In a second step of the
investigation the significance of all observation variables with respect to low acoustic
noise emissionwas checked.Here near-field rolling noise served as ameasure of noise
emission. Neither the delivery of the mixtures nor the construction process or the
binder properties proved to be significant. The grading curve parameter “accumulated
percentage at half maximum grain size” and the void content of the carrots were the
most significant road engineering properties. The former determines the proportion
of large grains at the surface, the later may stand for the percentage of connected pore
space. Root mean square roughness and texture shape factor (geometrical measure
relating the portions of concave (peak-like) to convex (trough-like) features along the
surface) also proved highly relevant as well as air flow resistivity and the degree of
sound absorption, all measured in situ. Taking these six significant quantities ranges
were defined within which the quantities had to be in order to obtain a silent SDA 4
or SDA 8 road. Note that the mentioned six parameters are related to each other. For
example, higher roughness implies lower air-flow resistivity which implies larger
sound absorption which goes along with higher void content in the drilling cores.
Another example illustrates the systematic relation between properties of mixture,
built road and rolling noise emission: A low accumulated portion of grains at half the
maximum grain size implies a high proportion of large grains in the mixture which
implies larger road surface roughness (Fig. 3a) and results in stronger excitation of
tyre vibratons, i.e. higher CPX noise levels (Fig. 3b). These relations hold for both
mixture types. Note that surface roughnesses and noise levels fall into two separate
categories with little overlap for SDA 4 (red symbols) and SDA 8 (blue symbols).
The less rough SDA 4 yields lower noise levels.
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Fig. 3 Accumulated portion of grains at half ofmaximumgrain size vs. rootmean square roughness
(a) and the later as function of CPXP rolling noise level (b) for asphalt surfaces SDA 4 in red and
SDA 8 in blue. Different symbols denote different construction sites (Color figure online)

3.2 Time Functions of Road Engineering, Surface
and Acoustical Properties

On a highway in Switzerland two pavement types were built one after another such
that the same traffic passed over them. They were investigated over a time period of
several years by an extensive monitoring program. The two pavements were semi-
dense asphalt mixtures in accordance with Swiss regulation SNR 640436 of type
SDA 8-16 (maximum grain sizes of 8 mm and typical void contents of 16%) and a
mixture called SDA 8-12 (typical void contents of 12%). The higher void content
of the SDA 8-16 resulted from doubling the percentage of grains larger than 4 mm
compared to the SDA8-12.Apart from this the receipts of themixtureswere identical.

A large-scale investigation program (Kneib et al. 2016) comprised permanent
noise level recordings, CPX-measurements, statistical pass-by acoustic measure-
ments and in situ measurements of surface texture, sound absorption and air flow
resistance. Carrots were extracted repeatedly over time and material testing was per-
formed on the carrots. A summary of the most significant findings shows Fig. 4.
Since the same binder had been used needle penetration started at the same level
but decreased faster during the following five years for the SDA 8-16 because the
later offers a larger surface for oxidation processes which led to increased stiffening
compared to the SDA 8-12 (Fig. 4a). The higher mass percentage of large grains in
the SDA 8-16 yielded the anticipated higher void content compared to the SDA 8-12
but the void content difference between both pavement types reduced from 3 to 1.5%
over the years (Fig. 4b). The shape factors of the surface roughness started also at
same levels but the decrease over timewas stronger for the SDA 8-16which indicates
that the grain matrix was less stable near the surface allowing for grain movements
and possibly a larger loss of binder (Fig. 4c). The changes in binder, void content
and surface texture led to a degradation of the acoustic emission properties (Fig. 4d).
Acoustic emission is expressed here as CPX-noise levels converted into deviations
from a standard coveringwhich is indicated by a value of zero (Swiss StL86+model,
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Fig. 4 Needle penetration for the binder (a), void content of drill cores (b), shape factor of texture
profile (c) and sound emission based on CPX-measurements expressed by difference to the STL86
+ reference pavement (d) as function of time for asphalt surfaces SDA 8-16 in red and SDA 8-12
in blue (Color figure online)

see Federal Guideline Road Noise, Switzerland). Large negative values indicate a
silent road. Note that the acoustic advantage of the SDA 8-16 shortly after construc-
tion was at 1.5 dB and was gradually lost such that four years later both pavements
were on same level (Fig. 4).

4 Ultrasonic Waves in Asphalt at Different Temperatures

Elastic parameters of the road body determined via mechanical waves have to be
comparable to earlier and future measurements to provide meaningful time func-
tions for maintenance management. Comparability poses a challenge for asphalt
roads because (1) their mechanical properties strongly depend on material temper-
ature and (2) large temperature gradients may occur in real roads depending on
climatic conditions during the measurement and at least one day before. Fortunately,
simple practical models exist to predict temperature-depth functions based only on
surface measurements (Lukanen et al. 2000). Therefore, in principle the following
procedure may be implemented: (1) determine depth functions of elastic parameters
(for example via ultrasonic testing) in a given temperature-depth field, (2) estimate
the temperature-depth field with a minimum of time-dependent surface temperature
measurements, (3) convert the measured depth profiles of mechanical properties to
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standard temperatures (for example 20 °C). In order to perform step (3) it is nec-
essary to establish temperature dependencies of mechanical properties, for example
for ultrasonic wave speed.

In a series of experiments ultrasonic wavefields were investigated at various tem-
peratures of asphalt probes. The probes were carrots with diameters of 100 mm and
lengths of about 700mmand consisted of semi-dense asphalt of type SDA8 taken out
from the top of a highway after four years of traffic (same project as in Sect. 3.2). The
ultrasonic probes excited a pulse in longitudinal direction with frequencies between
20 and 150 kHz and were pressed by hand at the shell surface of the cylinder with
sources and receivers just opposite to each other 2 cm below the top surface (Fig. 5a).
The transmitted wavefield was registered as the positions of the probes were rotat-
ing along the cylinder surface in steps of 15° and the experiment was repeated. As a
result, a gather of 24 ultrasonic time series was recorded for each experimental setup.
At least 24 h prior to each measurement series the carrots were stored at a constant
temperature to make sure the whole core was at temperature equilibrium. The cores
were taken out of the temperature reservoir and the ultrasonic measurements were
taken immediately within a couple of minutes at room temperatures. Infrared sur-
face temperatures indicated only a moderate change during the measurements. The
investigation temperatures of the cores were:−17,−1,+7,+18,+30,+45,+65 °C
(Fig. 5).

The ultrasonic raw trace gathers measured at identical carrots show a different
appearance depending on material temperature (Fig. 6). In these plots the relative
amplitude scaling was the same for all traces in a gather but has been determined
separately for each constant temperature gather. Absolute amplitudes decrease with
temperature. Note that a 180° periodicity can be seen in each gather due to source-
receiver reciprocity. Amplitude differences in the gathers are related to probe-surface
coupling and variations of scattering along the wave paths, i.e. due to the random
grain distribution between source and receiver. As temperature increases the binder

Fig. 5 Experimental setup with source and receiver probes pushed onto the cylindric surface of an
asphalt carrot (a), probes in a refrigerator (b) and in an oven (c)
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Fig. 6 Ultrasonic wavefields as function of recording time transmitted through a SDA8-16 carrot
at different radial angles and material temperatures of −17 °C (a), 18 °C (b) and 45 °C (c)

Fig. 7 Average amplitude spectra of the ultrasonic recordings at different material temperatures
(a) and corresponding averaged propagation speeds for compressional and shear waves (b)

viscosity decreases which leads to stronger wave absorption and to time delays, i.e.
lower propagation velocities.

Overall energy losswith temperature and frequency-dependent absorption is illus-
trated by the average amplitude spectra taken over the gathers anddisplayed inFig. 7a.
The pronounced undulations in the spectra are due to wave resonances in the core.
The speed of compressional waves (P), Rayleigh surface waves and shear waves (S)
can be estimated for each source-receiver pair and be averaged over each constant
temperature gather. This leads to the temperature dependence of propagation speed
for each wave type with velocity-temperature gradients around 11 m/s/°C (Fig. 7b).
The shear propagation velocity displays a larger relative decrease than the compres-
sional wave velocity, Poisson ratio increases by about 50% and bulk modulus nearly
halves if the cores are heated from −17 to 65 °C.
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5 Discussion and Conclusions

Non-destructive investigationmethods have great potential to assist in road condition
classification. On the one hand a connection exists between properties of mixture,
binder, drill cores, surface texture and acoustic parameters and on the other hand
acoustic noise emission measured via CPX levels and certain surface texture factors
are particularly sensitive to changes in road engineering parameters. As a result, the
formermay be suitable to control the construction process. Time series of CPX levels
and road surface texture may serve as early indicators of the road surface decay.

The mapping of road layering via georadar reflection time sections is an asset
but it would be much better to map elastic properties as function of depth. This may
be achieved in an economic way by combining georadar and ultrasonic acquisition
(Kneib et al. 2018). In situ derived seismic and ultrasonic velocity-depth profiles
must be converted to a standard temperature to represent true depths and comparable
elastic moduli for meaningful road condition monitoring. The presented drill core
transmissionmeasurementsmay lead a path towards obtaining a catalogue of required
correction formulas for different mixtures, frequency bands and wave types. Note
that as binder viscosity quickly decreases with temperature the propagation speeds
become strongly dispersive as function of temperature which poses a particular chal-
lenge for methods that use dispersion curves to invert for layer depths, like surface
wave methods (Park et al. 1999).

References

Federal Office of the Environment and Federal Road Administration (2006) Guideline Road Noise
– Execution support for rehabilitation, Bern, Switzerland (French and German)

Gucunski N, Maher A (2002) Evaluation of seismic pavement analyzer for pavement condition
monitoring. Federal Highway Administration, Report FHWA-NJ-2002-012

Horak E, Emery S, Maina J (2015) Review of falling weight deflectometer deflection benchmark
analysis on roads and airfields. In: Conference on asphalt pavements southern African (CAPSA),
Suncity

Hugenschmidt J, Partl MN, de Witte H (1998) GPR inspection of a mountain motorway in
Switzerland. J Appl Geophys 40:95–104

ISO EN 11819-2 (2017) Acoustics – measurement of the influence of road surfaces on traffic noise
– part 2: the close-proximity method

Jansen D (2017) Methods of substance evaluation. Strasse und Autobahn, pp 958–967. (in German)
Kneib G, Belcher D, Beckenbauer T, Radojkovic N (2017) Research package: low-noise road
surfaces in urban situations/EP 10: sensitivity of acoustic properties of low-noise pavements
related to production variability. Federal Road Administration of Switzerland, Publication 1616
(in German). www.mobility-platform.ch

Kneib G, Belcher D, Beckenbauer T, Beyeler H-P (2016) Continuous road traffic noise monitoring
and aging of asphalt surfaces. In: Proceedings of the inter-noise 2016, paper 001021, Hamburg,
Germany, 21–24 August 2016

Kneib G, Jansen D, Wacker B (2018) Investigation of the structural substance of roads via georadar
and ultrasound. In: Proceedings of 17th international conference on ground penetrating radar
GPR 2018, Rapperswil, Switzerland, 18–21 June 2018, pp 215–220

http://www.mobility-platform.ch


Non-destructive Pavement Testing for Sustainable Road Management 685

Lukanen EO, Stubstad R, Briggs R (2000) Temperature predictions and adjustment factors for
asphalt pavement. Federal Highway Administration Report FHWA-RD-98-085

Park CB, Miller RD, Xia J (1999) Multichannel analysis of surface waves (MASW). Geophysics
64:800–808

SN 640 925b (2003) Maintenance management of roadways – condition ascertaining and index
evaluation. Swiss association of road and traffic experts (VSS), Zurich, Switzerland (French and
German)

SNR 640 436 (2015) Semi-dense mixings and top layers SDA – rules, requirements, concepts and
construction. Swiss association of road and traffic experts (VSS), Zurich, Switzerland (French
and German)



Precision Assessment of the Modified
Wheel Tracking Device Based
on Small-Scale Testing of New Zealand
Hot Mix Asphalt

Abhirup Basu Roy-Chowdhury, Mofreh Saleh, andMiguel Moyers-Gonzalez

Abstract The Wheel Tracking Device (WTD) has been widely used for laboratory
characterisation of permanent deformation or rutting in Hot Mix Asphalt (HMA),
however, the conventional setup of the device has limitations in terms of capturing
the tertiary zone of the permanent deformation curve, and subsequently, the Flow
Number (FN). This makes the Hot Mix Asphalt (HMA) characteristics related to
the permanent deformation resistance difficult to analyse. Hence, a newly modified
setup ofWTDhas beenproposed for better characterisation ofHMAmixes. The study
focuses on the investigation of the repeatability of the new test-setup to eliminate any
arbitrary calculations. The study utilised three different kinds of mixes with Nominal
Maximum Aggregate Size (NMAS), and Void in Total Mix (VTM) as the factors,
each with three replicates. For the experimental part and analysis, both confined and
unconfined setup of the device will be used for each kind of mix. For the unconfined
setup, the Flow Number (FN) was used as the parameter for the analysis. For the
confined setup, the rut depths at 12000, 25000, and 50000wheel passes or the final rut
depth were utilised. This study is expected to give an insight to the modified Wheel
Tracking Device and its repeatability for the purpose of robust characterisation of
asphalt concretemixes,whichwill in turn behelpful in developingprecision estimates
required for making it a standard practice in the near future.

Keywords Permanent deformation · Wheel Tracking Device (WTD) · Precision ·
Hot Mix Asphalt (HMA)

1 Introduction

Permanent deformation in the form of rutting is a noteworthy failure in flexible
pavements. Saleh (2018), and Ebrahimi (2015) stressed on the fact that the degree of
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compaction, composition of the asphalt mixture, and rate of loading, and temperature
affect the permanent deformation resistance of asphalt mixtures, and also concluded
that the shear deformation and densification cause the build-up of permanent defor-
mation in asphalt concrete pavements. Therefore, it is of utmost importance that the
susceptibility of the mixtures to shear deformation be evaluated. It has been found
that undertaking a one-dimensional analysis involving only vertical deformation or
rut depth is not accurate enough, and the results may be misleading regarding the
permanent deformation resistance ofmixtures as it does not consider the lateral defor-
mation. As a result, for evaluating the mixtures, a two-dimensional analysis which
includes both lateral strain, obtained from horizontal deformation and the vertical
deformation or rut depth, are proposed for use.

Walubita et al. (2012) reported that Wheel Tracking Test is the simplest practical
test available for the purpose of rutting characterisation of asphaltmixes in laboratory,
which correlateswell with the field performance. The conventional setup of thewheel
tracking device utilises a steel mould, confined at all four sides, which, Saleh (2018)
showed that no significant difference in the total permanent deformation could be
observed for different mixes tested at different temperatures, which indicates the
inability of the test to differentiate and rank asphalt mixes. The research used several
samples of asphalt concrete slabs and were tested in the conventional setup (fully
confined) setup to investigate the effect of the lateral confining stresses on theWheel
Tracking Test results. Different binder types were used along with different air voids
in total mix (%VTM) and different aggregate gradations. The fully confined test
was run at higher temperatures but no significant difference in the total permanent
deformation was recorded, despite of different kinds of mixes. Saleh (2018) also
gathered that therewasno signof inflectionpoint for anyof the test samples, therefore,
it was concluded that in full-confinement, it is unlikely that the tertiary stage of
permanent deformation could be reached. It is due to this reason and the absence
of FN that the results from the fully-confined setup of the Wheel Tracker Test are
difficult to analyse, making it not useful for ranking the mixes in terms of rutting
resistance. Finally it was concluded that it is primarily because of the unrealistic
lateral confining stresses in the confined setup, which causes much smaller final
permanent deformation as opposed to what a realistic confinement would result in.
Walubita et al. (2012) too report that high sample confinement during testing is an
issue and can potentially affect the rutting performance of asphalt mixes.

The steel mould at the four sides of the asphalt sample in the confined setup
causes a build-up of large reactive pressure as the sample attempts to spread laterally
upon loading. This fact provides enough evidence that there exists a variable state of
stress at the edges of the slab in confined wheel tracking test, which renders the test
fundamentally inaccurate. This lateral confining stress unrealistically boosts the per-
manent deformation resistance of the mixes and thereby misguides research largely.
Moreover, no valuable information about the effect of mixture parameters on the per-
manent deformation can be obtained. Therefore, measuring the deformation in the
confined setup would merely mean measuring deformation caused by densification
only, without considering the shear-related permanent deformation.



Precision Assessment of the Modified Wheel Tracking Device … 689

The modification of the device could simply be done by removing the side steel
barriers of themould along the lateral sides, and thereby allowing the slab tomove lat-
erally under the action of the vertical load of the tracking wheel. This simple process
eases the confining pressure around the slab, which accounts for the shear defor-
mations. This could potentially have a significant impact as to the quality assurance
purposes in pavement engineering industry, as addressed by Saleh (2018), supported
by the results achieved using unconfined setup. To limit the friction, paper is used to
envelope the underside and the sides of the asphalt specimen. Hence, a very minimal
confinement is induced in the form of friction.

The immediate advantage of using the modified setup of the wheel tracker is that,
the permanent deformation curve clearly shows three distinct zones, which can in
turn be utilised in quantifying the creep slope, tertiary slope, and flow number. This
makes the modified setup capture the fundamental aspect of permanent deformation,
i.e., the exact point when the shear deformation takes place. Although the Hamburg
Wheel Tracker Test (HWTT) is conducted in submerged condition, the modified
wheel tracker utilised in this study, developed in the Transportation Laboratory of the
University of Canterbury, utilises the dry test condition and the tertiary zone resulting
from the testing of the asphalt specimens is deemed equivalent to the “stripping zone”
resulting from the Hamburg Wheel Tracker Test (HWTT).

Francken model, shown in Eq. 1, was used to determine the flow numbers of the
modified wheel tracker test data, as it is reportedly the best mathematical model that
addresses all three zones of the permanent deformation curve (Biligiri et al. 2007).

εp(N ) = AN B + C
(
eDN − 1

)
(1)

Where,

εp(N ) = Permanent strain or permanent deformation,
N = Cycle number,
A, B,C and D = Regression constants.

The first derivative of Eq. 1 defines the rate of change in the permanent strain, as
shown in Eq. 2:

ε′
p(N ) = (

A ∗ B ∗ N (B−1)
) + (

C ∗ D ∗ e(D∗N )
)

(2)

The second derivative is determined to find the inflection point, which is the
initiation of the tertiary stage or flow number (FN), as shown in Eq. 3. The flow
number can be determined as the cycle number at which, the second derivative
function switches its sign from negative to positive.

ε′′
p(N ) = A ∗ B ∗ (B − 1) ∗ N (B−2) + (

C ∗ D2 ∗ e(D∗N )
)

(3)

Another major advantage of the modified wheel tracker is the ability to mea-
sure both vertical and horizontal permanent deformation with the loading cycles.
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Fig. 1 Modified setup of the
wheel tracker

DTI for recording 
horizontal deformation

Figure 1 shows the modified wheel tracker setup in which the horizontal defor-
mations are recorded by the Digital Transducer Interface (DTI). Therefore, in
this research, the permanent deformation curves for both vertical and horizontal
permanent deformations will be determined.

As the ability and applicability of the modified wheel tracker setup in character-
ising the rutting susceptibility of asphalt concrete specimens has been established
from the research by Ebrahimi (2015), and Saleh (2018), the need for the investi-
gation of repeatability and precision statement was identified by the authors of this
paper as the next step towards validating the method. The test is currently based on
AG: PT/T231 standard, however, no statement of precision has been mentioned for
that. Azari (2014) pointed out that the correct design of asphalt mixtures is attributed
to the precise and accurate measurement of the asphalt mixture properties, which
led to his investigation of the precision statement of the Hamburg Wheel Tracking
Test (HWTT). Likewise, the current study aims to investigate the repeatability of
the modified wheel tracker through small-scale testing of the New Zealand Hot Mix
Asphalt (HMA), which, not only will help in developing the precision statement and
bias, but also prove and evaluate the performance of the conventional heavy-duty
asphalt mixes in New Zealand sampled with Performance Graded (PG) binders.

2 Materials and Experimental Programme

For the purpose of the current study, two dense graded asphalt concrete mixtures
AC 14 and AC 20 were used. The AC 20 is a heavy-duty dense graded asphalt mix
with 20-mm nominal maximum aggregate size (NMAS), while the AC 14 has an
aggregate size of 14-mm. A mixing and compaction temperature of 172°C was
chosen according to AS/NZS 2891.2.1:2014 and AS/NZS 2891.2.2:2014. The loose
HMA was then short-term aged for one hour at 142 °C before the compaction,
according to Austroads standard. A roller compactor was used for compacting the
asphalt concrete mix slab specimens. The procedure for compaction was chosen
according to the New Zealand and Australia standards, and the asphalt concrete mix
specimens were compacted at air voids content of 7 ± 1% as shown in Table 1. The
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Table 1 Test matrix for the current study

Mix Replicates Binder Mix
NMAS

VTM
(%)

Temperature °C Slab
thickness
(mm)

1 1 PG 76-16 AC 14 7 ± 1 60 50

2 PG 76-16 AC 14 7 ± 1 60 50

3 PG 76-16 AC 14 7 ± 1 60 50

2 1 PG 70-16 AC 14 7 ± 1 60 75

2 PG 70-16 AC 14 7 ± 1 60 75

3 PG 70-16 AC 14 7 ± 1 60 75

3 1 PG 76-16 AC 20 7 ± 1 60 75

2 PG 76-16 AC 20 7 ± 1 60 75

3 PG 76-16 AC 20 7 ± 1 60 75

wheel tracker test was conducted at 60 °C. A total of 3 combinations of mix types,
binders, and slab thickness with three replicates were considered for each kind of
mix.

The wheel tracker test, based on the standard AG: PT/T231, utilises a 305-
mm * 305-mm * 75-mm and 305-mm * 305-mm * 50-mm compacted HMA-mixture
slabs. A vertical load of 0.7 kN is applied on the samples with a wheel tracking rate of
approximately 26.3 passes/min. The test can be conducted at high temperatures such
as at 50 and 60 °C, in dry condition. The test is terminated at 50,000 wheel passes or
15-mm rut depth, whichever occurs first. For the unconfined test, Francken model is
fitted to the permanent deformation data to obtain the Flow Number (FN) as the data
show the tertiary stage, i.e., inflection. For the confined test, the rut depth at 50,000
wheel passes or the number of wheel passes for a 15-mm rut depth is recorded.

3 Results and Analysis

For the confined condition, the rut depths at 12000, 25000, and 50000 wheel passes
(or the final rut depth, in mm) were recorded and utilised for the precision estimates
of the confined setup. The results are presented in Table 2. This was done to ensure
the identification of more variables for the purpose of precision estimates, and to pri-
marily acknowledge the fact that the permanent deformation in a confined mode is
principally due to the mix densification, and hence, the rate of deformation and the
rut depth value at increasing wheel passes with the progress of the test need to be
evaluated.

The results in Table 2 indicate that the confined setup of the wheel tracker has
a promising repeatability in terms of rut depth at 12000, 25000, and the final rut
depth at 50000 wheel passes, as observed from the coefficient of variation (%CV)
values. The results also show that the repeatability is comparable to the HWTT
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repeatability as reported by Azari (2014), and Cox et al. (2013) in their research. For
the purpose of analysing the results of unconfined condition, the flow numbers (FN)
were determined for the samples that were tested, and were used to determine the
precision of the unconfined setup of the modified wheel tracker test. The results are
presented in Table 3.

As can be observed fromFig. 2, the FlowNumbers based on vertical and horizontal
deformation of the mixes and their replicates studied under the unconfined wheel
tracker correlated significantly well with each other with a considerably high R2

value. Research by Saleh (2018) suggests a higher correlation of the aforementioned
parameters, which is likely due to the fact that the research used a wider range
of mixes and incorporated a wider range of factors. Nevertheless, the correlation
shown in Fig. 2 indicates the validation of the provision of recording the horizontal
deformation and subsequently the calculation of the Flow Numbers based on that.

Figure 3a, b and c depict the representative permanent deformation curve, the
vertical deformation and the horizontal deformation of three mixes utilised in the
current study, studied under confined and unconfined setup of the wheel tracker
respectively.

4 Discussion

Figure 3b and c clearly show that both vertical and horizontal permanent deformation
curve reveal three distinct zones—the primary, secondary and the tertiary zones, as
can observed from other fundamental permanent deformation tests, such as the Flow
Tests (Flow Time and Flow Number). On the other hand, none of the mixes revealed
such a curve (or did not fail) when tested in the confined setup, observed from Fig. 3a.

In terms of the permanent deformation resistance of themixes studied in this paper,
Mix 3 proved to be the best performingmix observed from the average FlowNumbers
based on vertical and horizontal deformations. This is expected and convincing, as
the mix utilised a bigger NMAS of 20-mm and stiffer binder of PG 76-16, when
compared toMix 2, which utilised 14-mmNMAS and a softer binder of PG 70-16. It
was also noted that the performance of Mix 1 could not be compared with the other
two as the thickness of Mix 1 slabs was 50-mm, however, the rut that accumulated
has been proportional to the slab thickness. This could be observed from Table 2,
where, in confined mode, the mix has an average final rut depth of 3.55-mm, which
is smaller than the average final rut depths of the other two mixes which had the slab
thickness of 75-mm.

The repeatability of the modified wheel tracker was investigated in this paper and
it can be said that the test method showed promising repeatability in both confined
and unconfined setup, observed from the coefficient of variation (%CV) values for
each mix (Tables 2 and 3). The confined setup showed better repeatability compared
to the unconfined setup possibly because none of the mixes and their replicates failed
(i.e., did not exhibit tertiary flow or inflection point) in the confined setup. Thus, the
mixes tended to behave more uniformly as the side barriers of the mould restrained
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Fig. 2 Relationship of flow
numbers based on vertical
and horizontal deformations

Fig. 3 Representative
permanent deformation
curves of the three mixes
studied in a confined setup of
the modified wheel tracker,
b vertical deformation, and
c horizontal deformation of
three mixes studied in
unconfined setup of the
modified wheel tracker

(a)

(b)

(c)
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the horizontal movement of the slabs, thereby leaving minimal room for variation.
On the other hand, the unconfined setup is likely to experience more variation in
Flow Numbers based on vertical and horizontal deformations, because the slab is
free to move laterally in this setup, and this open-ended condition does leave room
for variability in mix performance. However, the first two of the three mixes studied
in this paper showed promising repeatability that can be compared with the CV
(%) value of 23.9% for the number of passes to inflection point, as summarised by
Beercroft and Petho (2015) while referring to the findings of the research by Azari
(2014) on AASHTO T34 precision estimates.

Mix 3 showed higher variability of the Flow Numbers based on vertical and
horizontal deformation, and this can be attributed to the added consequence of using
the aggregates from two different quarries, whichmay have contributed to the change
of specific gravity values. Moreover, the testing of the third mix was done over a
longer period of time compared to the continuous testing of Mix 1 and 2. It was
also noted that the wheel tracker was dismantled and re-assembled a number of
times in between the testing of Mix 3 replicates, which induced handling error (such
as tightening of bolts of the mould, and transducer placement), that in turn quite
apparently contributed to the higher variability in Mix 3.

The variability of results across the replicates of the mixes can be attributed to
several reasons, such as, the lack of homogeneity of the material used in each slab,
the variability due to compaction and air voids, in addition to the variability due to
the test itself. A full factorial design of experiments for the ruggedness testing of the
factors associated with the precision is recommended for further study.

5 Conclusions

Based on the current study, the following conclusions can be drawn:

1. The Flow Numbers based on the corresponding vertical and horizontal defor-
mations correlated exceptionally well each other. This proves that the horizontal
deformation of the asphalt mixes is not an isolated phenomenon, but a highly rel-
evant one, defined as the lateral deformation relative to the vertical deformation
when the slabs studied under the wheel tracker experiences a lateral movement,
thereby getting rid of the unrealistic full-confinement.

2. The repeatability of themodifiedwheel tracker was investigated in this paper, and
it can be seen that it has a promising repeatability when compared to the precision
estimates of theAASHTO324HWTT, evident from existing literature. However,
an Inter-laboratory Study (ILS) is recommended for further study.

3. The unconfined wheel tracker proved much more useful over the confined one,
as not only the rut depth, but a number of parameters, namely the Flow Number
based on the vertical deformation, and Flow Number based on the horizontal
deformation could be obtained and used for the precision estimates and also
for distinguishing the mixes in terms of permanent deformation resistance. This
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makes the unconfined wheel tracker much more reliable, as a wider range of
parameters can be obtained and utilised for analysis.

4. From the unconfined setup results, both vertical and horizontal permanent defor-
mation curve reveal three distinct zones—the primary, secondary and the tertiary
zones, as can observed from other fundamental permanent deformation tests,
such as the Flow Tests (Flow Time and Flow Number). On the other hand, none
of the mixes revealed such a curve when tested in the confined setup. It can
therefore be concluded that the unconfined setup is much more realistic and
scientifically convincing in terms of assessing the permanent deformation per-
formance of asphalt concrete mixes. It can also be noted from Fig. 3b and c
that it takes significantly lesser time (indicated by lesser wheel-passes) for the
test to end in unconfined setup when compared to the confined setup (Fig. 3a),
which takes much longer time to end (indicated by longer wheel-passes). Thus,
the modified setup of the wheel tracker is time-saving in the sense that the char-
acterisation of the permanent deformation performance of HMA can be done in
much shorter time.

5. For future research, a deeper statistical analysis, such as a full (or at least half)
factorial ruggedness testing is recommended for the investigation of the effect
of the parameters that effect the variability of test results, as well as the mix
performance.
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Simulation of Heavy Weight
Deflectometer Test: Spectral Element
Method vs Finite Element Method

Jean-Marie Roussel, Hervé Di Benedetto, Cédric Sauzéat,
and Michaël Broutin

Abstract The Heavy Weight Deflectometer (HWD) is a nondestructive testing
device widely used for airfield pavement assessment. The HWD test consists in
applying a wheel-representative load, generated by a falling mass, at the pavement
surface. Deflections time histories are recorded by geophones located at several dis-
tances from the applied load. Inverse analysis procedures are needed to estimate lay-
ers mechanical properties, such as Young’s moduli for Linear Elastic (LE) materials
or complex moduli for Linear Viscoelastic (LVE) materials. Most of inverse analysis
processes consider (i) LE behaviour for pavement layers and (ii) static HWD load-
ing. However, it has been shown that these hypotheses are leading to misestimate
bituminous layers modulus and, in most cases, to poorly optimized maintenance.
In order to better take into account bituminous layers behaviour, it is required to
use LVE constitutive model and adapted numerical methods. This study presents a
comparison between measured deflections and deflections computed using the Spec-
tral Element Method (SEM) which was implemented during this work. The tested
pavement was built within the test facility of the French Civil Aviation Technical
Center (STAC). It is equipped with temperature probes at several depths within
bituminous layers. The Spectral Element Method is a semi-analytical method in
frequency domain. The pavement response is computed for unit load and for each
frequency (from 1–200 Hz, every 1 Hz) at each geophone location, which leads to
the Frequency Response Function (FRF). Then, frequency-domain deflections are
obtained by weighting the FRF when calculating the Fast Fourier Transform (FFT)
of the measured HWD load. This method is numerically efficient and shows good
potential to solve axisymmetric multilayered problems. In particular, it allows to take
into account frequency-dependent complex modulus analytical expressions. Spec-
tral Element Method results have been validated with time-domain Finite Element
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Method data computed on a common pavement structure. SEMwhich is much faster
than FEM shows great potential for further backcalculations application.

Keywords Heavy Weight Deflectometer · Inertia effects · Spectral Element
Method · Finite Element Method · Linear viscoelasticity

1 Introduction

Pavement assessment is a major decision-making tool for road network and air-
port managers It provides structural information about bearing capacity of the pave-
ment and allows for optimized maintenance and rehabilitation operations. A good
structural monitoring is therefore environmentally and economically profitable.

The Heavy Weight Deflectometer (HWD) is the international reference tool for
airfield pavement assessment. This device generates a load by the mean of a falling
mass. This load is applied to the pavement surface through a load plate (see Fig. 1).
HWD load is assumed to be representative of a high speed moving wheel load
(Bretonnière 1963). A load cell is placed above the load plate and deflections (vertical
surface displacements) are recorded with geophones. The studied HWD is equipped
with a falling 720 kg mass which can generate a 300 kN dynamic load on a 45 cm
diameter load plate. Nine geophones are positioned at several distances from the
load center, until 210 cm. A typical set of data is presented on Fig. 2. The pseudo-
static deflection basin is obtained by retrieving the maximum deflection from each
geophone and plotting it as a function of radial distance (STAC 2014).

The most classical way to analyse HWD data is the backcalculation. It consists
in a mechanical model for which parameters are calculated at each iteration of a
fitting algorithm. The final set of parameters is obtained when the difference between
numerical and experimental data is lower than a specified value. The most critical
step of this backcalculation is the mechanical model. The quality of backcalculated
parameter largely relies on the chosen hypothesis. The most common mechanical
models consider a static loading and purely elastic materials. However, it has been
shown that, in the case of HWD test, (i) dynamic effects are non-negligible and (ii)
bituminous materials have a linear viscoelastic behavior. Hence, most of currently
used backcalculation software lead to significant approximations (Broutin 2010).

This article presents and evaluates an advanced method for HWD forward sim-
ulation. This includes a dynamic and Linear ViscoElastic (LVE) mechanical model
solved in the frequency-domain by the Spectral Element Method (SEM).

Fig. 1 Simplified scheme of
a HWD with the loading
system and geophones Foot

Falling mass

Buffer

Load plate

Geophones
Pavement
surface
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Fig. 2 Typical HWD data. Load and deflections time histories (left) and pseudo-static deflection
basin (right). dr is the deflection at a radial distance r from the load center (in cm)

2 General Framework

The mechanical model is based on an equilibrium equation describing physic phe-
nomena. Materials behavior is taken into account with constitutive equations derived
from rheological models, which give the stress-strain relationship. Finally, boundary
conditions specify layers interactions and infinite conditions in-plane and in-depth.

2.1 General Equations with Inertia Effects

HWD test geometry consists in a circular load applied at the surface of a pavement
made of horizontal layers. This geometry is therefore axisymmetric. Moreover, there
is no torsion, meaning that shear stress components σrθ , σθr and σθ z, σzθ are equal
to zero. As the HWD test has to be considered as dynamic, inertia effects are taken
into account by the mean of the acceleration vector γ = (

γr γθ γz
)t

and the bulk
density ρ, leading to Eq. (1).

{
∂σrr
∂r + ∂σr z

∂z + σrr−σθθ

r = ργr
∂σzz

∂z + ∂σr z
∂r + σr z

r = ργz
(1)
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Fig. 3 Analogical representations of the 2S2P1D a and Generalized Kelvin-Voigt b models

2.2 Rheological Models

It has been shown that, under small strain amplitude, bituminous materials have a
linear viscoelastic behavior (Olard 2003). This means that their complex modulus,
that can be separated in terms of norm and phase angle, is a function of loading
frequency. Numerous rheological models have been developed for linear viscoelastic
materials. In particular, the 2S2P1D, a continuous spectrum model, has been shown
to simulate very accurately bituminous materials behavior all over the frequency
range. The Generalized Kelvin-Voigt (GKV) model, with n Kelvin-Voigt bodies is
a discrete spectrum model which also well simulates bituminous materials when
n becomes large. A calibration procedure developed by Tiouajni (2011) allows to
calibrate Ei and ηi from 2S2P1D constants. Analogical representations of these two
models are presented in Fig. 3.

E∗
2S2P1D(ω) = E00 + E0 − E00

1 + δ(iωτ)−k + (iωτ)−h + (iωβτ)−1 (2)

E∗
GKV (ω) =

(
1

E0
+

n∑

i=1

1

Ei + iωηi

)−1

(3)

In order to better take into account bituminous behavior, linear viscoelasticity has
been used with the presented Spectral Element Method which has the advantage to
directly consider the complex modulus E∗(ω) of rheological models (Eqs. (2) and
(3)).

2.3 Boundary Conditions

For the HWD test, the load Q is applied on the load plate area on the pavement
surface as a uniform stress. Pavement layers are assumed to be perfectly bonded
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by ensuring the continuity of vertical and horizontal displacements and normal and
shear stresses.

Infinite conditions are analytically applied in-depth and in-place far from the load
center.

3 Numerical Methods

3.1 Finite Element Method

A Finite Element Method (FEM) simulation has been set up for the HWD test on
the software Comsol®. It consists in a 2D axisymmetric geometry meshed with
197 quadrangular elements. Time-domain linear viscoelasticity calculation has been
implemented in the Finite Element Method (Roussel 2019). Only the discrete GKV
model has been used due to the fact that continuous models are not suitable for
those simulations (Pouget 2010, 2012). The final simulation has 15 000 degrees of
freedom. This method will be used further to evaluate and validate an advanced
Spectral Element Method.

3.2 Spectral Element Method

The Spectral Element Method is a semi-analytical method in frequency domain. It
has first been introduced by Rizzi and Doyle (1992) and then applied to HWD test
by Al-Khoury et al. (2001), Grenier et al. (2009), El Ayadi et al. (2012) and Zhao
et al. (2015). In this method, each layer is represented by a single element in which
displacements, strains and stresses are described using equilibrium and constitutive
equations.Boundary conditions are then applied. Thepavement response is computed
for each frequency (every 1 Hz, from 1 to 200 Hz) at each geophone location for
unit load, which gives the Frequency Response Function (FRF). Then, frequency-
domain deflections are obtained by weighting the FRF by Fast Fourier Transform
(FFT) of the measured HWD load. This method is numerically efficient and shows
good potential to solve axisymmetric multilayered problems. In particular, it allows
to take into account frequency-dependent complex modulus analytical expressions.
In the frame of this work, the SEM has been coded in the commercial software
Matlab®.
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4 Validation and Application

4.1 Studied Pavement Structure

The studied pavement structure is from the STAC test facility, located at Bonneuil-
sur-Marne (France). It is made of four layers detailed in Table 1. The two granular
layers, GNT and SOL are assumed to be purely linear elastic. The two bituminous
layers, BBA and GB have been laboratory tested with the complex modulus tension-
compression test on cylindrical specimens (Gudmarsson et al. 2015).Result examples
are given in Fig. 4 in terms of norm and phase angle of the complex modulus for the
material BBA. 2S2P1D model has been fitted on experimental data and the GKV
model with 14 kV bodies has been calibrated on the 2S2P1D model.

Table 1 Pavement structure of the STAC test facility

Layer Behavior Thickness
[cm]

Bulk density
[kg/m3]

Modulus
[MPa]

Poisson’s
ratio [-]

Airfield type
bituminous
mixture
(BBA)

LVE 14.7 2540 E∗
BBA 0.30

Base type
bituminous
mixture (GB)

LVE 15.6 2406 E∗
GB 0.30

Untreated
graded
aggregate
(GNT)

LE 51.5 2100 275 0.30

Subgrade soil
(SOL)

LE �inf. 1800 165 0.30

Fig. 4 Master curves of the
norm and phase angle of E*
used for materials BBA
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4.2 Comparison with Finite Element Method (FEM)

In order to validate the SEM code, a straight comparison has been done with the
Finite Element Method. It has been done considering the previously defined pave-
ment structure. FEM and SEM computations have been performed with the same
mechanical properties and the same load signal. For LVE materials, the GKV model
has been used since it is the only model implemented both in SEM and FEM.

The Fig. 5 shows the considered load and the computed deflections with the
two methods. There is a very close correlation between deflections calculated from
SEM and from FEM. The Table 2 contains the pseudo-static deflection basins and
it can be observed that there is less than 1% of difference on the peak values. The
main difference is seen during the free vibration phase (t > 0.06 s) where the
deflections from FEM are still positive while deflections from SEM have returned
to zero. This can be assigned to the reflection phenomenon. Indeed, although low
reflective boundaries have been used in the FEM model, reflected waves may not be
totally attenuated. This phenomenon seems to decreasewhen themesh size increases.

The comparison with FEM validates the SEM code in terms of deflections. More-
over, it shows that the SEM better simulates infinite conditions. The computation
times are 40′′ for SEM and 2′30′′ for FEM on a laptop computer.

4.3 Comparison with HWD Test Measurements

TheSEMdata have then been compared toHWD testmeasurements. This data set has
been logged on the STAC test facility while pavement mean temperature was 13.5 °C
with a weak thermal gradient. This temperature has been taken into account in bitu-
minous mixtures behaviour. Pseudo-static deflection basins are presented in Fig. 6.
Maximum deflections are of the same order of magnitude. A better match between
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Fig. 6 Comparison between
calculated and measured
deflection basins
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numerical and experimental data could be obtained by backcalculating materials
mechanical properties.

5 Conclusion and Outlooks

A the Spectral Element Method, which integrates dynamic effects and linear elastic
as well as linear viscoelastic constitutive equations has been presented in this paper.
Results have been validatedwith time-domain Finite ElementMethod data computed
on a common pavement structure. SEM method shows good potential to simulate
HWD test and for being used in backcalculation. Comparison with experimental
results from a test section is also proposed.

SEM will be further applied to analyse HWD tests and to determinate layers
mechanical properties, including viscoelastic parameters. Further work on this direct
simulationmodel will also consist in improving interfaces conditions between layers.
Indeed, it has been shown that interfaces are actually not perfectly bonded and that
their behavior can have significant effect on computed deflections (Chupin et al.
2010; Grellet et al. 2018; Sadoun et al. 2016).
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Three Dimensional Finite Element Model
for Active Crack Control in Continuously
Reinforced Concrete Pavement

Muhammad Kashif, Pieter De Winne, Ahsan Naseem, Nouman Iqbal,
and Hans De Backer

Abstract Crack patterns in continuously reinforced concrete pavements (CRCPs)
traditionally have been controlled by continuous longitudinal reinforcement steel.
This passive crack control has resulted in the formation of an unfavorable crack
pattern with a high probability of clusters of closely spaced cracks, which has even-
tually led to premature distresses such as spalling and punch-out in the later age
of CRCP. In an effort to eliminate the cluster cracking and crack meandering, the
standard design concept for CRCP in Belgium underwent several changes over time,
mainly addressing the longitudinal reinforcement rate, depth of the reinforcement
steel, and thickness of the concrete slab. In the current design concept, the active
crack control method in the form of partial surface saw-cuts on side of the con-
crete slab perpendicular to the axis of the road within 16–24 h after the placement
of concrete is being employed to facilitate the formation of a regular spaced crack
pattern in CRCP. However, this area needs further investigation and validation. The
present study investigates the early-age crack pattern induced by active crack control
method under typical Belgian conditions. Therefore, a 3D finite element model of
CRCP with induced partial surface saw-cuts is developed using FE tool Diana 10.2.
Findings show that active crack control method exhibits the cracking sooner than
passive crack control method. Moreover, a more controlled and regular spaced crack
pattern is produced.

Keywords Active crack control · Passive crack control · CRCP · 3D FE analysis

1 Introduction

Continuously reinforced concrete pavement (CRCP) is a rigid pavement structure that
consists of a concrete slab reinforced throughout its entire length by longitudinal and
transverse reinforcement. The continuous steel reinforcement eliminates the need for
transverse expansion or contraction joints. Transverse cracking is allowed to form
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freely as a result of longitudinal dry shrinkage of concrete, but the cracks are held
tightly together with the continuous longitudinal reinforcement steel, which ensures
that the crack opening remains relatively small and thus prevents further deterioration
of the pavement structure. This type of pavement structure is mostly preferred for
high priority routes due to its durability, stability and low maintenance requirements
(Verhoeven 1993; Hall et al. 2007; Rasmussen et al. 2009).

For more than 40 years, Belgium has been using CRCP to build the motor-way
network and other high priority roads. The proponents of CRCPs cite durability,
sustainability and low maintenance cost which made it as long-lasting applications
especially in Belgium. However, the crack cluster formation still occurs. Field obser-
vations of recently constructed CRCPs in Belgium following the current design con-
cept, characterize the developed transverse crack pattern as low mean crack spacing
along with a high percentage of clusters of closely spaced cracks (Rens and Beeldens
2010; Ren et al. 2013, Rens et al. 2013; Ren et al. 2014).

Initially, the idea of active crack control or induced crackingwas applied to jointed
plain concrete pavement (JPCP) and jointed reinforced concrete pavement (JRCP).
The idea of active crack control was firstly adopted in full-scale CRCP field test
sections in the United States (McCullough and Dossey 1999; Kohler and Roesler
2004). Their studies revealed that the active crack control method could be an effec-
tive attempt to induce the transverse cracks sooner, straighter and at the designated
locations to decrease the risk of severe distress such as punch-out in CRCP. In the
United States, the active crack control technique is applied to CRCP by either auto-
mated tape insertion or transverse saw-cut through the whole width of a concrete
slab.

A new modified active crack control method in the form of partial surface saw-
cuts was proposed in 2012 for Belgian conditions (Rens et al. 2013; Ren et al. 2013).
It was first applied in the reconstruction project of Motorway E313 near the city
Herentals, Belgium. The partial surface saw-cuts of 400 mm long were made on
one side of the pavement slab at spacing of 1200 mm by using a cutting disk. The
present research is conducted to study the cracking behavior of CRCP under typical
Belgian field conditions. For this purpose, the 3D finite element (FE) models of a
CRCP segment with active and passive control methods are developed by using FE
tool Diana 10.2. The transverse crack pattern obtained from FE models is compared
and discussed with respect to the field observations of CRCP in Belgium.

2 Finite Element Modeling of CRCP

The FE tool DIANA 10.2 is used to develop 3D FE models of a CRCP segment in
this study, following the current standard design for CRCP in Belgium. The spacing
between saw-cuts is taken equal to 1200mm (Ren 2015). The length, width and depth
of a CRCP segment are assumed as 2400, 1800 and 250 mm respectively by taking
an advantage of symmetry. The behavior of CRCP can be assumed to be symmetric
with respect to the center of the two adjacent transverse cracks as well as with respect
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to the center of the lane under environmental loading. Therefore, one-half of the slab
is considered on either side of saw-cuts and other half of the lane is taken into account
by considering the proper boundary conditions (Al-Qadi and Elseifi 2006; Choi et al.
2011). The geometry of the CRCP segment with the position of saw-cuts and the
reinforcing steel layout is illustrated in Fig. 1.

The Euro-code model is used as a reference constitutive concrete model for real
mimicking of the early-age crack development in a CRCP segment under the typical
Belgium conditions. The input parameters used in the FE model are summarized
in Table 1. Thermal conductivity of concrete is assumed to be 3.0 W/m °C. The
heat transfer mechanism between the concrete slab and its surrounding is defined
through convection only. The heat transfer coefficient is taken as 8.55 W/m2 °C.
Reinforcing steel bars are modeled using the truss elements. Full-bonding contact is
assumed between the reinforcing bars and concrete. Although, the calculated stress
field is highly dependent on the assumed bond stress and slip, full-bonding is con-
sidered in an effort to ensure convergence of the staggered structural-flow analysis.
After a mesh sensitivity analysis, the size of element is taken as 50 mm. Two aspects
of boundary conditions are considered: (1) structural restraint (2) thermal boundary.

Fig. 1 Geometry of the CRCP segment

Table 1 Material input parameters

Concrete class C40/50

Cement type Blast furnace slag cement (CEM III/A)

Aggregate type Sandstone

Coefficient of thermal expansion of concrete 10.0 × 10−6 (1/°C)

Relative humidity 80%

Thermal conductivity 3.0 W/m °C

Heat transfer coefficient 8.55 W/m2 °C



712 M. Kashif et al.

Fig. 2 Boundary conditions of 3D FE model

The structural translation restraint in an upward direction (Uz = 0) is applied at the
bottom face of the concrete slab assuming that a stiffer base layer is lying below the
concrete slab.

The double symmetry of the geometry is taken along X-axis and Y-axis in order to
reduce the computational time and the disk space. Along thewidth of CRCP segment,
the translation in X-direction (Ux= 0) is applied at the symmetry faces. For thermal
problem, the top surface and outer edge face of the concrete slab are considered to be
directly exposed to external temperature field condition. The structural and thermal
boundary conditions of 3D FE model are illustrated in Fig. 2.

The 3D staggered structural-flow analysis is performed in two parts. In the first
part of analysis, the structural elements are transformed into flow elements. Then in
the second part, temperature output from transient heat flow analysis is used as input
for structural nonlinear analysis acting as thermal strains. The external temperature
filed applied to the FE model is illustrated in Fig. 3.

Fig. 3 External temperature
field
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3 Results and Discussions

The development of crack pattern, steel stress in the 3rd longitudinal bar and concrete
stress in the vicinity of longitudinal reinforcing steel were studied.

3.1 Early-Age Crack Pattern

The present study is mainly focused on the development of early-age crack pattern
in a CRCP segment under external temperature field. Cracking occurs when the
stress exceeds the tensile strength of concrete. In order to identify the location in the
model where the first cracking is expected, the development of tensile strength is
plotted against the development of tensile stress along the width of the concrete slab
following the location of saw-cuts. The crack initiation in active and passive crack
control FE models is demonstrated in Fig. 4. It can clearly be observed that cracking
occurs all over the outer edge of the concrete slab in passive nature.

While in case of active crack control, cracking occurs from the saw-cuts. The
partial surface saw-cuts in active crack control method act as the most weakest area
with respect to the rest of the concrete slab from which cracking occurs. In passive
crack control method, cracking occurs naturally in accordance with the boundary
conditions applied in FE model. The stress vs strength plot illustrated in Fig. 5
indicates the location of cracking in the concrete slab. The transverse crack pattern
produced at the age of 30days is demonstrated inFig. 6.Active crack control produces
a more regular spaced crack pattern. The cracks initiate from the saw-cut tips and
propagate along the width of the concrete slab. No cracking occurs in between the
saw-cuts which indicates that the mean crack spacing will be equivalent to the design
spacing of partial surface notches in CRCP. On the other hand, cracking takes place
along the three transverse steel bars in CRCP segment with passive crack control
method as shown in Fig. 6b.

3.2 Stress Distribution

In order to see the stress distribution in the longitudinal steel bars and concrete
elements near to the steel, the 3rd longitudinal steel bar with respect to the entire
model of CRCP is selected as a reference. For passive crack control method, three
peaks of steel stress in the reference bar are observed exactly above the location of the
transverse steel bars (500, 1200, 1900 mm) where the transverse cracking occurred
as shown in Fig. 7. While in case of active crack control method, two stress peaks
occurs exactly over the location of induced saw-cuts in CRCP.

The stress distribution in concrete elements near longitudinal steel (3rd longitu-
dinal steel bar) is illustrated in Fig. 8. It can clearly be observed that the maximum
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Fig. 4 Crack initiation in CRCP a Active crack control b Passive crack control

stress occurs over the saw-cuts with respect to the rest of length of the concrete slab.
This could be the possible reason for initiating the cracks effectively from the saw-
cuts in active crack control method. Therefore, the cluster of cracks initiates from
all over the saw-cuts and propagate along the width of the pavement slab as shown
in Fig. 6a. Passive crack control method exhibits the smaller stress distribution in
comparison to active crack control method as there is no cluster of cracks as shown
in Fig. 6b. In center of the concrete slab, the concrete stress becomes constant.
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Fig. 5 Stress vs strength plot along the width of the concrete slab a Active crack control b passive
crack control

4 Findings

1. Cracks imitate from the saw-cut tips and propagate along thewidth of the concrete
slab.

2. Passive crack control method exhibits the crack initiation from the outer edge of
the concrete slab and crack propagation all along the transverse steel.

3. Active crack control method exhibits the cracking sooner than passive crack
control method.

4. Maximum average stress produced in 3rd longitudinal reinforcing bar by active
crack control method is 15% greater than that produced by passive crack control
method.

5. Active crack control produces a significant amount of stress in concrete elements
in the vicinity of longitudinal steel at the crack interface in comparison to passive
crack control.
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Fig. 6 Transverse crack pattern in CRCP a Active crack control b Passive crack control
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Inference of Pavement Properties
with Roadside Accelerometers

Julius Nielsen, Eyal Levenberg, and Asmus Skar

Abstract An array of four synchronized single-axis accelerometers was fixed to
the surface of an asphalt pavement. Vertical acceleration traces triggered by sev-
eral nearby passes of a truck with known characteristics were recorded. The work
focused on presenting and demonstrating an interpretation method for inferring the
mechanical properties of the pavement systembased on the recorded accelerations. In
general terms, the method was based on careful low-pass filtering the field-measured
acceleration traces, and then best-matching them with a corresponding set of calcu-
lated acceleration traces. For this purpose, the pavement system was modeled as a
two-layered linear elastic half-space, and a model-guided signal filtering approach
was devised to ensure that irrelevant signal content is removed prior to the matching.
Based on the analysis of six separate truck passes itwas noticed that the inferred upper
layer modulus exhibited medium variability (coefficient of variation of 45%) while
the lower (subgrade) modulus showed little variability (coefficient of variation of
8%). Themoduli values displayed fair agreement with those independently estimated
from non-destructive and semi-destructive tests. By analyzing many more passes
inferred moduli are expected to become more representative. Overall, the method
seems workable and scalable, with capacity to handle any number of acceleration
sensors as well as other sensor types.

Keywords Pavement condition evaluation · Pavement sensing · Pavement
accelerations ·Mechanical pavement properties ·Model-guided filtering

1 Introduction

Recent years has seen marked increase in public dependency on the service level and
overall functionality provided by pavements. This increased dependency is accom-
panied by user intolerance to service interruptions, part of which are due to activities
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taken for evaluating mechanical condition. Such condition evaluation data are essen-
tial for optimizingmaintenance and repair decisions; they are also important for revis-
iting design decisions, for assessing the performance of non-standard materials or
construction technologies, and for estimating loss of structural integrity after natural
disasters. Thus the engineering community is challenged to develop non-disruptive
technologies for mechanical pavement evaluation.

One approach for addressing the challenge is building and operating mobile sens-
ing platforms that can carry out condition evaluation while moving alongside the
users (Harr and Elton 1983; Hildebrand and Rasmussen 2002; Andersen et al. 2017).
Another approach, which is the focus of this paper, calls for instrumenting pave-
ments with sensing gear—effectively transforming these traditional systems into
smart self-aware constructions (e.g., Lajnef et al. 2011; Klar et al. 2016; Skar et al.
2019). Specifically advocated herein is the use of accelerometers, which of all sen-
sor types, are deemed most suited for installation over wide areas (Ryynäenen et al.
2014; Levenberg et al. 2014; Arraigada et al. 2009).

The aim of the current contribution is to further advance the idea and techniques
for inferring pavement mechanical condition based on measured acceleration traces.
The overall approach taken is similar to that in Levenberg (2012) and in Leven-
berg (2015) where measured signals are not double integrated, but carefully filtered
and then directly matched against model-generated signals. The new advances being
explored herein are: (i) utilizing measurements obtained from an array of synchro-
nized accelerometers and not from a single sensor; (ii) investigating an improved
filter concept that is based on truncating a Fourier series and not on a convolution
with a smoothing kernel; and (iii) placement of the sensors roadside at the pave-
ment surface and not implanting them below the ride surface. All aforementioned
advancement points are closely linked to the goal of developing a roadside sensing
platform for non-disruptive condition evaluation of pavements.

2 Experimental Setup and Field Measurements

The experimental investigation was performed in Henrik Dams Allé (Kongens Lyn-
gby, Denmark), which is a single-carriageway straight asphalt road that is 610 m
long. This road has a paved width of 8 m and includes shallow block-paved drainage
ditches on both sides. The pavement structure is 650mm thick, composed of 120mm
asphalt concrete and 530 mm of combined unbound base and subbase. The subgrade
is a relatively stiff sandy clay extending to a large depth. The test section was located
in the center of a nominally flat stretch; it was instrumented with four single-axis
accelerometers (named Acc#1…Acc#4) that were fixed to the asphalt surface via
60 mm long screws. The sensors were spaced 5 m apart in the travel direction, with
varying transverse offsets from the road centerline: 2.5m forAcc#1 andAcc#4, 2.7m
for Acc#2, and 2.9 m for Acc#3. Figure 1a offers a plan view of the test section, dis-
playing the positions of the sensors. Also shown are three nearby locations where
asphalt concrete core samples were obtained for further laboratory investigation, and
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Fig. 1 Experimental setup: a top view (x-y plane) of the test section, b sketch of the Raptor truck,
and c photograph of one accelerometer fixed to the pavement surface

where in situ tests were carried out to assess layer thicknesses, record dynamic cone
penetration resistance, and collect falling weight deflections.

The accelerometers were all identical, model KB12VD manufactured by Metra
Mess (Germany). A picture of one such accelerometer attached to the pavement
surface is offered in Fig. 1c. The KB12VD sensors are analog, characterized by a
measurement range of ±0.6 g and measurement sensitivity better than 1 µg. Two
interlinked M312 units (also manufactured by Metra Mess) were employed for pow-
ering the sensors, data acquisition, and analog to digital conversion (24 bit). The
M312 units were connected to the accelerometers via long cables and also to a lap-
top via two USB cables for data logging; they offered synchronized acquisition at a
native rate of 96 kHz. Given that the KB12VD sensors are not suited for monitoring
static or very slow-occurring responses, native measurements were preprocessed by
high-pass filtering with a cutoff frequency of 1 Hz. Moreover, in order to produce
a workable data size, and without loss of relevant information, measurements were
down-converted to 1 kHz by application of a low-pass filter with 500 Hz cutoff and
subsequent downsampling. Acceleration responses were generated by the Dynatest
Raptor, a heavy truck that hosts a beam of lasers (as well as other sensors) designed
to perform pavement evaluation while driving. Figure 1a superposes a silhouette of
the Raptor over the experimental arrangement; the travel speed is assumed constant
and denoted by V. Figure 1b offers side and top view sketches of the truck, show-
ing tire configuration and indicating axle loads. A right-handed Cartesian coordinate
system is introduced with the x-axis pointing in the vehicle travel direction, the z-axis
pointing downward into the pavement system, and the y-axis pointing transversely
to the travel direction with its origin coinciding with the edge of the rear right tire of
the track. Assuming the truck is traveling in a straight line parallel to the x-axis, the
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Fig. 2 Measured accelerations in the field experiment for Pass#1 (y0 = 250 mm)

symbol y0 is introduced to denote the offset distance from the rear right tire edge to
Acc#1 or equivalently to Acc#4.

Testing was done while the road was partially closed to traffic. The Raptor truck
was instructed to carry out several passes near the sensing array at different speeds.
All passes were recorded on video, and the lateral offsets, i.e. the y0’s, were eval-
uated based on the video footage. To facilitate the offset determination, equidistant
lines with 100 mm spacing were marked on the pavement surface prior to the truck
passes. The accuracy level at which lateral offsets were determined with this proce-
dure is estimated to be about ±50 mm. Hereafter, data from one of the passes with
y0 = 250 mm (Pass#1) are presented and subsequently utilized to demonstrate the
interpretation method. This choice is inconsequential because the underlying proce-
dure is essentially generic. The measured accelerations are presented in Fig. 2 with
a common timeline. As can be seen, the different sensors recorded the pass with
some time lag representing the actual driving speed (Levenberg 2014). Given the
known vehicle dimensions, the truck passing speed was assessed to be V = 57 km/h.
Moreover, it can also be seen that the acceleration intensities vary in accordance
with the lateral distance from the truck, e.g., the signal peaks of Acc#1 and Acc#4
are relatively similar to one another, while the signal of Acc#3 seems weakest. As
expected (Levenberg 2015), the lateral offset is seen to have a strong influence on
the signal strength; a transverse offset of merely 200 mm considerably attenuates the
acceleration signal.
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3 Data Interpretation Method

The interpretationmethod described hereafter is focused on assessing themechanical
properties of a tested pavement based on roadside accelerations such as those shown
in Fig. 2. In general terms, the assessment is sought by best fitting all measured
acceleration traces with calculated acceleration traces obtained from a computational
pavement model. In this connection, the classic two-layered linear elastic half-space
model was chosen (Burmister 1945), with two unknowns to be inferred: E1 Young’s
modulus of the top layer representing the structure, and E2 Young’s modulus of
the half-space representing the subgrade. To expedite the numerical computations
required for the modeling, the acceleration technique proposed in Andersen et al.
(2018) was employed. Taken as known in the fitting procedure are: the thickness of
the structure layer (650 mm), the Poisson’s ratios of the two layers (ν1 = 0.35, and
ν2 = 0.40), the travel speed of the truck (V ), the truck’s tire configuration and axle
loads (Fig. 1b), and the lateral offset y0 (Fig. 1a).

The fitting procedure was carried out in several steps: (i) for a trial values of E1

and E2 the layered pavement model was engaged to calculate vertical surface dis-
placement traces uz(t)’s at the sensor locations; (ii) a double derivative with respect
to time is applied to the displacement traces (finite difference formula) to arrive
at calculated accelerations corresponding to the measured signals; (iii) an individ-
ual objective function was defined to quantify the matching error between a given
measured acceleration trace and it’s corresponding calculated trace; (iv) a global
objective function was defined, combining all individual objective functions into
a single scalar entity that represents the matching error between all measured and
calculated accelerations; and (v) a search was performed to find optimal moduli
that minimize the global objective function. Ultimately, the optimal moduli set was
deemed representative of the in situ mechanical pavement layer properties.

The above described procedure requires an additional (intermediate) step prior
to defining an individual error function (Levenberg 2012, 2015). This step entails
low-pass filtering the measured traces to remove high-frequency signal content that
originates from vehicle dynamics and from the interaction between rolling tires and
a rough textured surface. To graphically illustrate this requirement, Fig. 3a offers a

Fig. 3 Synthetic data produced with layer moduli of E1 = 300 MPa and E2 = 100 MPa compared
to raw measurements of Acc#4: a time domain, and b frequency domain
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magnified view of Acc#4 signal superposed over a corresponding calculated acceler-
ation tracewith an assumedmoduli set ofE1=300MPa andE2=100MPa.As can be
seen, the calculated trace is smooth, clearly reflecting the effects of the different truck
axles, both in terms of acceleration directions andmagnitudes. On the other hand, the
measured trace is very noisy, with acceleration levels abruptly changing sign produc-
ing amyriad of peaks. Because of this behavior themeasured acceleration traces can-
not be directly matched against calculated traces. Doing so will result in ill-defined
objective functions that cannot facilitate the search for optimal E1 and E2.

Low-pass filtering ofmeasured traces requires an a priori selection of a certain cut-
off frequency. The chosen cutoff is critical for insuring a correct outcome. Choosing a
cutoff that is too high retains irrelevant signal content that may contaminate and bias
the objective function. On the other hand, choosing a cutoff frequency that is too low
removes signal content that holds relevant pavement response information needed
for obtaining a correct solution. To resolve this issue, a model-guided approach was
taken, in which the cutoff frequency is selected based on the frequency content of the
calculated acceleration trace that is being used for the matching (Levenberg 2012,
2015;Drori and Levenberg 2016). To illustrate this point, Fig. 3b presents the spectral
amplitudes of both the measured and calculated acceleration traces of Fig. 3a. These
spectral magnitudes are normalized by their corresponding peaks and are therefore
unitless—ranging between zero and unity. As can be seen, the calculated acceleration
trace is essentially band-limited with an effective high-frequency of about 45 Hz.
This frequency level corresponds to a normalized spectral amplitude of approxi-
mately one percent; it essentially means that a Fourier series with frequencies up
to 45 Hz can reproduce the calculated acceleration signal almost perfectly. On the
other hand, and as can also be seen in Fig. 3b, the field-measured acceleration signal
contains frequencies that are much higher than 45 Hz. Thus, when matching two
traces for evaluating their individual objective function, the measured acceleration
signal should first undergo low-pass filtering with a cutoff frequency corresponding
to a normalized spectral amplitude of 1%. This cutoff is simply applied by first rep-
resenting the measured signal for the entire duration of the truck passing event as a
Fourier series, and then reconstructing the series while excluding all terms associated
with frequencies higher than the desired cutoff. This procedure is equivalent to the
application of a near-perfect filter.

4 Analysis of Properties

The interpretation method outlined in the previous section is herein applied to infer
the layer properties of the tested pavement. The starting point is choosing a trial pair
of layer moduli E1 and E2. Next, acceleration traces are calculated for each of the
four sensors; these are concurrently investigated in the frequency domain to obtain a
suitable set of four different cutoff frequencies based on the one percent rule—refer
to Fig. 3b. Then, the cutoffs are applied to filter the measured signals—after which
four individual objective functions are defined:
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ϕ j = 1

N

N∑

n=1

∣∣amf
j,n − acj,n

∣∣ (1)

where ϕj= ϕj(E1, E2) is the individual objective function for Acc#j, amf
j,n is the

measured and filtered acceleration signal ofAcc#j at time tn, acj,n is the corresponding
calculated (model-simulated) signal for Acc#j at time tn, andN is the total number of
data points utilized for the matching (based on 1 kHz sampling rate). As a means of
simultaneously considering the signals from all four sensors, the following so-called
min-max multicriterion formulation is employed (Osyczka 1978; Levenberg 2013):

� =
4∑

j=1

(
ϕ j

ϕ0
j

− 1

)
(2)

wherein F = F(E1, E2) is a global objective function, ϕj is the individual objective
function defined in Eq. (1), and ϕ0

j is the smallest value the objective function ϕj can
attain when minimized with respect to E1 and E2.

The last analysis step is minimizing the global objective function with respect to
E1 and E2 to arrive at the sought pavement properties. This can be attempted with
a nonlinear search algorithm (e.g. Lagarias et al. 1998). However, since nonlinear
search algorithms cannot guarantee converges to a global minimum, especially if the
search path is not smooth or contains local minima (or both), the solution space is
densely gridded, and the global minimum is simply picked out.

Shown in Fig. 4a is the outcome of the above described approach, corresponding
to the acceleration traces in Fig. 2 (i.e., Pass#1). It provides a contour plot of F
for different combinations of E1 in the range 50…500 MPa and E2 in the range
10…200 MPa. This plot is composed of more than 2000 function evaluations with
10 MPa intervals for E1 and 5 MPa intervals for E2. Once a region encapsulating
the global minimum was identified, with values in the range 380…400 MPa for E1

and 80…90 MPa for E2, the solution grid was further refined (in this region only) to
intervals of 1 MPa for both E1 and E2. The final, globally optimal, solution is E1 =

Fig. 4 Plot of the global objective function in Eq. (2) for Pass#1: a contour plot ofF as a function
of E1 and E2, and b sections through the minimum point (denoted with a cross marker)
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390MPa andE1 = 83MPa. Figure 4b provides two sections of the objective function
surface taken through this optimal point. As can be graphically deduced, the behavior
of F in the moduli space can be challenging for a nonlinear search algorithm, given
the tortuous behavior and existence of local minima. This unfavorable behavior can
be ascribed, at least in part, to the fact that the method is based on digital signals,
and that the frequency cutoff changes when different trial set of moduli values are
assessed.

Figure 5 shows the optimal match in the time domain for Pass#1, superposing
calculated acceleration traces (with E1 = 390MPa and E2 = 83MPa) over their cor-
responding measured and filtered signals. As can be seen, the match is fairly good
across all four sensors. Table 1 presents results from six different passes, listing the
lateral offset (from video analysis), the travel speed of the truck, the inferred moduli
assuming a two-layered half-space, and the minimal (optimal) value of the corre-
sponding global objective function. To arrive at this table the entire interpretation

Acc#1 

Acc#3 

Acc#2 

Acc#4 

(a) (b) 

(d)(c)

Fig. 5 Optimal match obtained for Pass#1 between measured (and filtered) accelerations and
calculated accelerations in a two-layered half-space model. The time origin t = 0 denotes when the
front axle of the truck is closest to Acc#1

Table 1 Layer moduli of the test pavement inferred from roadside accelerometer readings during
different truck passes

Pass # y0 [mm] V [km/h] E1 [MPa] E2 [MPa] F

1 250 57 390 83 0.2126

2 300 35 189 104 0.3086

3 300 38 267 91 0.2020

4 400 58 347 92 0.2913

5 500 23 163 94 0.3698

6 400 38 548 87 0.4777
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method was essentially repeated. As can be observed, the top layer modulus (E1)
varies within a wide range 163…548 MPa while the lower layer (half-space) mod-
ulus (E2) varies within a narrow range 83…104 MPa. It is important to note that all
six passes were carried out within a short time window of 20 min during which the
asphalt temperature level was constant, about 7 °C.

5 Summary and Discussion

An array of four roadside accelerometers was utilized in a field experiment to record
several nearby passes of a truck. Assuming a two-layered pavement model, an inter-
pretationmethod was proposed and applied (separately for each pass) to infer moduli
corresponding to in situ values. Upper layer moduli exhibited a coefficient of varia-
tion of 45% while the lower (subgrade) moduli exhibited a coefficient of variation of
8%. These variabilities seemed unrelated to lateral offsets, travel speeds, and optimal
(minimal) value of their respective global error functions. Combining the results from
the six different passes into a single moduli set, utilizing a weighted average based on
�−1 (see Table 1), gives: E1 = 310MPa and E2 = 91MPa. These values do not com-
pare well with elastostatic backcalculation of falling weight defelectometer results,
which gave a pavement structure modulus of 640 MPa and a subgrade modulus of
170 MPa. However, they do compare very well with dynamic cone penetrometer
results (Chen et al. 2005), which gave a pavement structure modulus of 340 MPa
and a subgrade modulus of 120 MPa. Aspects that may influence the variability and
inaccuracy of the interpretation results include: (i) incorrect assessment of the lateral
offset y0 (see Fig. 1); (ii) truck not driving perfectly parallel to the road centerline;
(iii) truck not driving at constant speed while passing next to the sensor array; and
(iii) imposition of an improper pavement model on the measurements.

Overall, the proposed method seems to yield a workable and rational solution that
avoids the difficulties associated with double integration of acceleration signals. The
method is also deemed scalable, with capacity to handle any number of acceleration
sensors as well as other sensor types. In this connection, the envisioned application
is wide-area placement of accelerometers inside, e.g., road studs.
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Behaviour of the Interface Bonding
Between Asphalt Overlays and Rigid
Pavements

K. Bayraktarova, M. Dimitrov, B. Hofko, and L. Eberhardsteiner

Abstract The application of an asphalt mix overlay over old rigid pavement is a
way to extend the service life of a pavement construction up to 10 years. The effec-
tiveness of this maintenance measure strongly depends on the bonding conditions
between the asphalt and the concrete layer and the effective transfer of the stresses
and strains from the upper to the lower layer under traffic loads. The bond charac-
teristics were investigated using laboratory tests and numerical simulations. Static
testing equipment was used for the determination of the shear and tensile adhe-
sion strength of cores from six sections of one highway. All six sections include
three different pre-treatment methods and two types of asphalt mixtures. To evaluate
resulting stresses and strains in the pavement construction under traffic load, finite
elements simulations were carried out. Thereby, a simulation of the laboratory shear
test setup provides information about the bond conditions as defined in the finite
element model, which is used as input to simulate stresses and strains under different
loading conditions. This approach is not only used to identify significant resulting
stresses and strains due to traffic load but also to derive threshold values for future
laboratory shear adhesion tests.

Keywords Interface · Surface · Bond · Concrete · Asphalt overlay

1 Introduction

Europe has more than 80 years history in building concrete highways. Initiated in
Germany in 1929, there is currently about 25% of its freeway network made of rigid
pavements. In Austria, about one third of the highway network consists of rigid
pavements. The extended age of many concrete pavements requires expensive main-
tenance or reconstruction. A way to extend the lifespan for 5 to 10 years is to build a
new asphalt surface layer over the existing concrete construction (Thouret et al. 1990;
Herbst et al. 1993; Baek and Al-Qadi 2009). The interface behaviour between the
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asphalt and the concrete layer is of crucial importance for this maintenance measure
(Ozer et al. 2012; Khazanovich et al. 2013). Therefore, there are different types of
preparation of the concrete surface prior to the application of the asphalt mixture.
Among these, high pressure water jetting, shot peening and a combination of both are
commonly applied to rigid pavements before building an asphalt overlay (Kathleen
Hall 2007).

There are three primary aims of this study: (i) to investigate alternative methods
of surface treatment of the old jointed concrete pavement before the placement of a
new asphalt overlay, (ii) to evaluate the performance of the contact interface between
the concrete and the asphalt layer using static testing methods for determining the
tensile and the shear resistance and (iii) to determine the occurringmaximum stresses
on the bonding interface caused by rolling and decelerating (braking) traffic using
FE-analysis.

2 Test Sections and Sampling

To increase the knowledge for the practical feasibility of different preparation tech-
niques, a test section was built in Austria, in April 2015 as part of a larger rehabili-
tation measure on a freeway. The rigid pavement on the first lane was replaced with
a new asphalt binder layer. Different test sections on the second and third lane with
length of 90 m were constructed.

Before the layering, the concrete surface was pre-treated in a different way (shot-
peening, high pressure water jetting and combination of both) in order to ensure
adequate bond between the concrete and the new asphalt layer. These pre-treatment
methods were applied on the 24 years old rigid pavement before layering it with
dense (type S2, mean air void content between 2 and 6%) and porous (type S3, mean
void content between 6 and 12%) stone mastic asphalt SMA 11. This results in the
following six test sections:

• Shot peening layered with SMA S2 (S2S)
• High pressure water jetting 2500 bar layered with SMA S2 (S2H)
• Shot-peening and high-pressure water jetting layered with SMA S2 (S2SH)
• Shot peening layered with SMA S3 (S3S)
• High pressure water jetting 2500 bar layered with SMA S3 (S3H)
• Shot-peening and high-pressure water jetting layered with SMA S3 (S3SH)

Cores were taken from the right wheel trace of the second lane before opening to
traffic for each of the six test sections. One year after the rehabilitation, coring and
testing was repeated to analyse the long-term evolution of the interface behaviour.

On one hand the investigation of the bond at the interface between the asphalt
and concrete layer is performed using experimental tests. On the other hand, the
bond conditions in the FE-analysis of the occurring maximum stresses and strains
are described by the Cohesive Zone Model (CZM) (ABAQUS/Standard 2014).



Behaviour of the Interface Bonding Between Asphalt Overlays … 731

3 Experimental Testing

According to ÖNORM EN 12697-48 (ÖNI 2013) there are different laboratory test
methods to assess the interface behaviour. Since the shear resistance test and the
pull-off resistance test are standard tests in Austria, they have been employed to
examine the bond at the interface between the asphalt and the concrete layers.

3.1 Shear Resistance Test

The testing equipment for the shear resistance test allows direct shear testing of
cylindrical samples (diameter 100 mm) without normal stress, at temperature of
20± 1 °C and deformation rate of 50± 3 mm/min. The shear strength βS in N/mm2

can be calculated by using the following equation:

βs = Fs,max

A
(1)

where Fs,max is the maximum shear force in N and A is the area of the cross section
of the specimen in mm2

3.2 Pull-off Resistance Test

Pull-off resistance tests are carried out at a test temperature of 0 °C and a centric
tensile force applied with a constant rate of 200 N/s. The maximum reached tensile
force F t,max in regard to the area of the specimen cross section A in mm2 determines
the pull-off resistance. The tensile adhesion strength βHS in N/mm2 is calculated by
Eq. (2).

βHS = Ft,max

A
(2)

4 FEM—Simulation of the Stress Conditions
on the Interface Asphalt-Concrete

Finite element simulations were carried out using the software ABAQUS
(ABAQUS/Standard 2014) in order to investigate the stress conditions at the inter-
face between the existing concrete layer and the new asphalt overlay. Therefore, two
finite element models were created (see Fig. 1).
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Fig. 1 Abaqus model of
pavement construction and
traffic loads

Model 1 simulates the static shear resistance test in order to determine the interface
bond properties. It is assembled according to the test setup in ÖNORM B 3639-1
(ÖNI 1997b) and consist of a 30 mm thick SMA layer on the top of a 60 mm thick
concrete layer. Both assemblies have a diameter of 100 mm. The material properties
of the layers at 20 °C are given in Table 1. While the concrete layer is fixed in each
direction, the asphalt layer is fixed only in y- and z-direction so that it can move in
direction x. In the x-direction, which corresponds to the horizontal direction from
model 2, a measured displacement from the static laboratory test is applied.

To characterise the bonding conditions on the interface between the asphalt and
the concrete layer the Cohesive Zone Model (CZM) has been used as an interaction
property in the FE-Model. As Fig. 2 shows, the CZM can be described by two inde-
pendent parameters—the normal work of separation or the fracture energy GTC and
either the shear strength tmax

s=t or the complete separation length δ
f
s=t (Papanastasiou

and Sarris 2017). CZM is able to describe the bonding behaviour between the two
different layers considering the material behaviour and the failure in the fracture
process zone (traction-separation relationship across fracture surface). The bond is
damaged as soon as the occurring stresses exceed the limit stress or in this case the

Table 1 Material properties of each construction layer

Material Asphalt
overlay

Concrete
slabs

Asphalt layer Unbound base Subgrade

Layer
thickness
[cm]

3 25 5 45 300

E-module
[N/mm2]

4800 30000 9500 140 70

Poisson’s
ratio [-]

0.3 0.5 0.3 0.3 0.35
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Fig. 2 Constitute law for fracture behaviour (ABAQUS/Standard 2014)

maximum shear stress βS = ts = tt. The acting stresses tn, ts and tt on the interface
are related to the cohesive stiffness K and the displacement d. The stiffness matrix
is formed from the shear stiffness components K s and K t and the normal stiffness
component Kn.

Using the experimental data from the shear resistance test, it is also possible to
estimate the shear stiffness K s = K t with Eq. (3)

Ks = Kt = βs

δmax
s=t (Fmax )

(3)

where δmax
s=t is the measured displacement at the measured maximal shear force Fmax .

Thus, the experimentally obtained data serves as an input parameter to the CZM.
Figure 3 shows a comparison of the force-displacement curves from the shear

resistance test and from the simulation. Both curves show a good agreement. The
difference between the experimentally conductedmaximal shear force and simulated
maximal shear force is 2.4%. It can be concluded that the actual interface bonding
behaviour of the tested specimen was reliably modelled.

A second model of an actual pavement construction was created to determine
the occurring maximum stresses on the bonding interface caused by rolling and
decelerating (braking) traffic (see Model 2 on Fig. 1). The CZMwas used also in this
model to characterise the real interface bonding conditions. The material properties
of each construction layer are given in Table 1.

As the model 1 in Fig. 1 shows, the vertical and the horizontal loads induced by
rolling and decelerating vehicles were simulated. Two load caseswere observed; load
case 1—free rolling (with standard vertical pressure 0.8 N/mm2 for heavy vehicle
trucks) and load case 2—decelerating (vertical pressure of 0.8 N/mm2 and horizontal
pressure 0.56 N/mm2 estimated for a coefficient of friction between tyre and road of
0.7). The simulations were performed at 20 °C.

As result from the simulations with model 2 with different interface bond charac-
teristics from the shear resistance tests can be summarized that the maximum shear
stresses arise at load case deceleration.
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Fig. 3 Comparison of the force-displacement curves from the shear resistance test and from the
simulation

Table 2 Results of the
simulation in regard to the
shear stresses on the interface
between the asphalt overlay
and the rigid pavement

Test specimen Simulated maximum shear stress
[N/mm2]

S2KH3 0.70

S2KH4 0.70

S2KH6 0.61

S2KH6b 0.71

S2KH7 0.71

Mean value 0.69

Standard deviation 0.04

95%—quantile 0.75

With the help of this methodology, shear resistance tests on test specimens of
the main test track were evaluated and the relevant shear stresses occurring at the
interface between the concrete and the asphalt layer were determined. Table 2 shows
the individual results of the simulation as well as the mean value, standard deviation
and 95% quantile.
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5 Results and Analysis

5.1 Results from the Shear Resistance Testing

The results from the test section before traffic release have been analysed using
statistical evaluation (t-test). It shows that there are no significant differences between
the pre-treatment methods or asphalt types (Fig. 4).

The bar chart in Fig. 5 shows the results from the shear resistance tests one year
after traffic release. It becomes obvious that most of the methods lead to an increase
of the shear strength. This effect is much more distinct in the sections with dense
graded SMA 11 S2. However, only the specimens, pre-treated with the combination
of shot peening and high pressure water jetting (S2SH), reach the required value of
1.2 N/mm2 for the shear resistance of asphalt overlays according to national require-
ments (RVS 08.16.06) (FSV 2015). On the other hand, the open graded SMA 11 S3
contribution to the shear strength in the tested section is much less significant. The
specimens, pre-treated with high pressure water jetting (S3H), have a shear strength
of 0.65 N/mm2 after one year, which is even a decrease of 14%.

The shear resistance results of the test section show that the overlaying with
SMA 11 S2 leads to better development of the long-term strength.

Fig. 4 Shear resistance results before traffic release
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Fig. 5 Shear resistance results 1 year after traffic release

5.2 Results from the Pull-off Resistance Testing

The results of the pull-off resistance tests of the test section are displayed in Figs. 6
and 7. The increase of the tensile adhesion strength in the sections with SMA 11 S2
is much more obvious than the one with SMA 11 S3. The specimens from section
SMA 1 S2, pre-treated with high pressure water jetting, have by far higher pull-off
strengths. The average is 2.90 and 3.13 N/mm2 respectively.

Fig. 6 Pull-off resistance results before traffic release
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Fig. 7 Pull-off resistance results 1 year after traffic release

The sections layered with SMA 11 S3 appear to show different kind of results
by comparison. The highest pull-off resistance before traffic release is determined
for those samples that were pre-treated with the combination of shot-peening and
high-pressure water jetting. The highest value one year after traffic release is for the
specimens pre-treated with shot-peening (S3S). However, all of the tensile adhesion
strengths differ slightly from each other and meet the requirement of 1.5 N/mm2

(RVS 08.16.06) (FSV 2015).

6 Conclusion

A test section was built on a three-lane freeway. Core samples were taken before and
1 year after traffic release and afterwards tested trough shear and pull-off resistance
tests. Additionally, finite elements simulations were carried out to evaluate resulting
stresses and strains in the interface under traffic load.

Two finite element models were developed using the software ABAQUS
(ABAQUS/Standard 2014). The first one recreates the used static shear resistance
test. With the second one the relevant load and bond conditions on the interface
between the asphalt layer and the rigid base were determined. The resulting maxi-
mum shear stresses from the simulations with input data from laboratory tests were
statistically analysed. Themean value of the maximum shear stresses is 0.69 N/mm2,
the standard deviation 0.04 N/mm2 and the 95% quantile 0.75 N/mm2. Based on
these results and considering a safety factor of 1.2, a threshold for the shear strength
according to ÖNORM B 3639-1 (ÖNI 1997b) of 0.9 N/mm2 can be recommended.
The application of such coefficient is necessary in order to sufficiently secure the
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results due to the small sample size. With appropriate further investigations and sim-
ulations, this coefficient could be reduced in the future and the requirement further
specified. According to this recommendation, sections with a shear strength between
0.9 N/mm2 and 0.6 N/mm2 can be accepted with a quality deduction. Sections with a
shear strength below 0.6 N/mm2 are not acceptable. With regard to the requirements
for the adhesive bond according to ÖNORM B 3639-2 (ÖNI 1997a), no changes are
recommended based on the results of this project.

Based on the results from the shear resistance tests before traffic release, it can
be concluded that there are no significant differences between the pre-treatment
methods. None of themmeet the current requirement of 1.2 N/mm2 in RVS 08.16.06
(FSV 2015).

The results from the pull-off tests before traffic release do not indicate a clear trend.
The combination of high-pressure water jetting and the dense stone mastic asphalt
SMA 11 S2 leads to the highest pull-off strength. However, the average values of
the other repairing methods slightly differ from each other. Therefore, no specific
statement can be made which surface treatment or layering has the most positive or
negative effect on the bond between the rigid pavement and the asphalt layer. All of
the specimens meet the requirement of 1.5 N/mm2 in RVS 08.16.06 (FSV 2015).

The tested core samples, taken 1 year after traffic release, show an increase of their
shear resistance. The outcome of this research indicates a clearer improvement in the
sections with dense stone mastic asphalt SMA 11 S2 than with porous stone mastic
asphalt SMA 11 S3. However, only the specimens pre-treated with the combination
of shot peening and high-pressurewater jetting reach the required value of 1.2N/mm2

for the shear resistance of asphalt top layers according to RVS 08.16.06 (FSV 2015).
The sections with SMA 11 S2 clearly show a more significant increase in the pull-off
strength in comparison to the sections with SMA 11 S3. All of the specimen meets
the requirement of 1.5 N/mm2 RVS 08.16.06 (FSV 2015).

The findings of this research are convincing that the repairing method “com-
bination of shot-peening and high-pressure water jetting with SMA 11 S2” is
recommended for future maintenance of rigid pavements.
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Estimation of Resilient Modulus
for Fine-Grained Soils Using Ground
Penetrating Radar

Logan Tihey and S. Sonny Kim

Abstract As state Departments of Transportation (DOT) continue to adopt the
Mechanistic-Empirical Pavement Design Guide (MEPDG), the ability to readily
obtain higher quality input parameters becomes an ever-growing need. One such
parameter is the Resilient Modulus (MR), which is defined as the ratio of cyclic
deviatoric stress to recoverable strain. The ensuing investigation was conducted in
an attempt to replace the use of the repeated load triaxial test in determining the MR

of soils with modulus estimations obtained from LightWeight Deflectometer (LWD)
and Ground Penetrating Radar (GPR) testing. The constructed test setup consisted
of a test pit subdivided into six sections containing an elastic silt (MH) at different
water content and density levels. LWD and GPR testing was conducted at each of the
six test sections, and the results were correlated to the different soil water content and
density levels. Through a regression analysis, the preliminary model was developed
the ELWD of fine-grained soils was estimated using the soil’s water content, bulk
density, and the measured dielectric constant. A strong correlation was observed (R2

of 0.858) between the predicted and measured ELWD values, indicating its potential
for future use in predicting stiffness of fine-grained soils using GPR.

Keywords LWD · GPR · Resilient modulus · Dielectric constant

1 Introduction

The Resilient Modulus (MR) is currently used as in input parameter for the
Mechanistic-empirical Pavement Design Guide (MEPDG). The MR of a soil is
defined as the ratio of deviatoric cyclic stress to the recoverable strain. The repeated
load triaxial test used tomeasureMR is expensive, arduous, and time-consuming.This
led researchers to investigate alternative methods such as nondestructive technolo-
gies for estimating the MR. The following chapter presents a discussion of various
studies conducted on the topic of estimating the MR of a soil via stiffness parameters
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obtained from the LightWeight Deflectometer (LWD) andGround Penetrating Radar
(GPR) non-destructive technologies. The studies referenced herein concentrate on
correlating the elastic modulus (ELWD) obtained from the LWD with MR test results
obtained from the repeated load triaxial test. The effect of various soil parameters
(i.e., water content, density, and soil type) on measured moduli is also investigated
in this paper.

Mousavi et al. (2017) inform that researchers have utilized the Light Weight
Deflectometer (LWD) to predict the MR of subgrade soil at a specific confining
pressure and deviatoric stress. However, these methods have failed to be sufficient
in that the MR is dependent on various stress states, and the majority of research
objectives pertaining to estimating theMR using the LWDhave focused on predicting
the MR at a singular stress state.

2 Literature Review

Since the MR was required as an input parameter for the MEPDG, researchers have
sought ameans to estimate theMR of a soil. Some have attempted to utilize the elastic
modulus (ELWD) obtained from LWD testing as an efficient estimate for the MR. In a
study conducted by Park et al. (2018), the efficacy of estimating the MR of untreated
cohesive soils using the light weight deflectometer, falling weight deflectometers
(FWD), and dynamic cone penetrometers (DCP) was investigated. It was determined
that LWD, FWD, and DCP testing conducted on top of the subgrade did not show
significant correlation with the laboratory determinedMR value. Relatedly, Schwartz
et al. (2017) conducted a study in an attempt to standardize LWD use in compaction
quality assurance (QA) of unbound geomaterials. In the study, nine resilient modulus
constitutive and empirical predictive models were employed in an attempt to define a
target modulus for the developed QA procedure, bypassing the impractical need for
extensiveMR testing. After comparing the results from the constitutive and empirical
predictive models with laboratory MR test results, it was determined that the best
of the nine models provided results at a level of accuracy considered insufficient
for estimating the field LWD target modulus. Among others, both of these studies
suggest that a method of accurately predicting the MR at various stress conditions is
of significant interest to both the design and constructing of pavements.

In a study conducted by Mousavi et al. (2017), a method for predicting the MR

at various stress states using the LWD is presented. The proposed method provides
the ability to estimate MR values at varying stress states, and it eliminates the need
to assume a Poisson’s ratio and shape factor, which can account for significant vari-
ation in measured modulus values. Mousavi et al. present a model for estimating
the MR of A-4 and A-7-5 soils from field LWD data by correlating the ratio of
applied stress to measured surface deflection

(
σ
δ

)
to the MEPDG elastic modulus

(k1), stiffness hardening (k2), and strain-softening (k3) coefficients. It was found that
the model predicted k1, k2, and k3 coefficients with R2 values of 0.71, 0.82, and 0.55
respectively. Additionally, a comparison between the laboratory measured MR and
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model-predicted MR values resulted in an R2 value of 0.83. The model was verified
by the remaining portion of the dataset and by available data from two studies with R2

values of 0.83 and 0.96 respectively. The study showed good correlation between the
model-predicted and laboratory determined MR values for soil types A4, A4-a, and
A-7-5, leaving the need for further validation of untested soil types. The proposed
model eliminates significant uncertainties encountered in conventional models while
displaying strong correlation with laboratory-determined MR values, suggesting its
promise for future use.

The promise displayed by the LWD in compaction quality assurance and MR

estimation has guided researchers to investigate the relationship between various soil
parameters and ELWD. A recent study conducted byKavussi et al. (2019) explored the
relationship and interdependency of the soil compaction level, moisture content, and
stress state of unbound granular material (UGM) on the ELWD using the Response
Surface Method (RSM). In the study UGM was compacted in a text box (1530-
mm × 1530-mm × 700-mm) in two 200-mm lifts at various moisture contents
and compaction levels. The stress state of the UGM was manipulated through the
changing of the LWDdropweights (10, 15, and 20 kg). Kavussi et al. discovered that,
at low moisture levels, the ELWD was sensitive to compaction variations. Oppositely,
lower ELWD sensitivities was observed at higher moisture levels with compaction
variation, albeit higher moisture contents resulted in lower overall ELWD values.
UGM at lower compaction levels displayed lower ELWD sensitivities to changes in
moisture content and higher sensitivities at higher compaction levels. Kavussi et al.
also verified the findings of Tatsuoka and Correia (2018) by confirming that ELWD

sensitivity to moisture content was dependent on compaction, and ELWD sensitivity
to degree of saturation was independent of compaction level. This indicates that the
degree of saturation is the most significant moisture parameter as it relates to soil
stiffness. The study also showed slight increases in ELWD with the use of higher LWD
weights. The developed model resulted in an R2 value of 0.99. The proposed model
was verified though subsequent testing of identical aggregate and gradation with
new combinations of compaction, moisture, and stress levels. Some of the testing
combinations of the validated data include compaction levels within and outside
the range of the compaction levels used to develop the model. Upon validation, R2

values of 0.94 and 0.985 were determined for within-range and out-of-range data
respectively. Abdelmawla et al. (2019) suggested a model to predict soil physical
properties (water content and soil bulk density) using Air-coupled GPR systems
scan data. They also assert that the GPR technique discussed illustrates the potential
for a new era in roads and geotechnical inspection methodologies for subgrade soil
assessment and prediction of different properties, physical, stiffness and strength.

Non-destructive testing (NDT) methods are preferred over traditional methods–
i.e., coring and destructive testing–as traditional practices are time-consuming, pose
safety concerns, and are less cost-effective. Ground Penetrating Radar (GPR) is one
of the most efficient NDT for subsurface monitoring. GPR can perform pavement
health analysis with the advantage of scanning at traffic speed, which removes the
need to disrupt traffic. The GPR’s primary applications in pavement engineering are
the determination of layer thickness and detection of subsurface defects.
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The primary material property obtained from GPR testing is the dielectric con-
stant. The dielectric constant, also known as the relative permittivity, εr, of a homo-
geneous media relates the relative EM velocity in a material to the speed of light in
free space, (c). Leng et al. (2009):

εr = (c/ v)2 (1)

where,

εr dielectric constant,
c speed of light in free space of 3 * 108 m/s,
ν EM velocity in the material

This dielectric constant is amaterial specificparameter,whichwill changedepend-
ing on the soil condition, stiffness, physical properties, and strength. As a result, it
is believed that the soil dielectric constant could be related to soil properties, with
different numerical approaches.

3 Materials and Preliminary Test

In an effort to develop a relationship between the soil stiffness and the dielectric con-
stant obtained from GPR testing, a laboratory test setup was constructed. The setup
was comprised of a (6-foot by 6-foot by 1-foot) test-box subdivided into six sections
with varied water content levels. Water content levels at the time of compaction were
determined through the use of a microwave. Prior to placing the soil in the six sec-
tions, the distribution of grain size, Atterberg limits, and optimum moisture content
were determined from a sieve analysis, Atterberg limit tests, and Standard Proctor test
respectively. The results in addition to the USCS Soil Classification can be viewed
in Table 1. Each of section was compacted in two 6-in. lifts. The six sections were
provided sample identification numbers of D1 through D6. Their moisture content at
the time of compaction can be viewed in Table 2. After compaction, sand cone test
was conducted to determine the compacted density and water content at the time of
testing. The results can be viewed in Table 3.

After characterizing the soil and determining its compacted properties, LWD and
GPR testing was conducted. LWD tests were conducted with a 10 kg weight at drop
heights of 6, 12, 18, and 24-in. Four drops were conducted at each drop height: two
seating drops followed by twomeasurement drops. LWD testing was conducted with

Table 1 Soil classification and properties

Specific USCS Plastic Liquid Plasticity

Gravity Classification Limit Limit Index

2.76 MH 37.44 57.1 19.7
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Table 2 Soil water content at compaction

Table 3 In situ soil
compaction test results on test
day

Location Water content at testing Density (pcf)

D1 19.0% 123.935

D2 18.0% 127.822

D3 16.0% 113.42

D4 20.0% 139.813

D5 21.0% 125.287

D6 16.0% 106.975

the 300 mm plate followed by the 150 mm plate–totaling 32 drops at each section.
Variations in drop height and plate diameter were tested to investigate modulus
dependency on changes in impact velocity and plate stress distribution. The LWD
test setup can be viewed in Fig. 1. Air-coupled GPR testing was conducted on the six
different sections following the completion of LWD testing, A picture of the GPR
test setup can be viewed in Fig. 2.

Averagemodulus values (ELWD)were developed from the twomeasurement drops
that followed the two seating drops using a shape factor and Poisson’s ratio of 1.8
and 0.35 respectively. The drops were broken down into different locations with the
following nomenclature: the first part of the location refers to the respective soil
section while the second part refers to the drop height and plate size. For example,
D1.1 referred to the set of drops that included the 300 mm-plate at the 6-in. drop
height, andD1.4 refers to the group of drops that included the 300mm-plate at the 24-
in. drop height. Thus, D1.6 would include the drops at the 12-in. drop height for the
150 mm-plate. The average ELWD from the two measurement drops was determined,
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Fig. 1 LWD test prep on D2

Fig. 2 Air-coupled GPR
testing on D1

and the average moduli values for all of the various drop heights were averaged to
determine the final ELWD value for the test section with respect to its plate size as
shown in Table 4.

GPR testing was conducted with a time range of 12 ns, resulting in 254 reflections
per scan. Upon completing the GPR setup, the system was calibrated using a metal

Table 4 Determination of D1 ELWD for 300 and 150 mm plate sizes
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plate, which was done to determine the amplitude of the wave reflected from the
metal plate (Am). The amplitude of the wave reflected from the metal plate was used
in the analysis to determine the dielectric constant (ε1) of each section. Considering
the antenna of the GPR was stationary, each section (D1–D6) received hundreds
of scans, which is more than enough to determine the dielectric constant for each
section.

4 Test Results and Discussions

Test results showed no clear indication of increasedmodulus values as the drop height
of the LWD increased. Conversely, the te results showed a clear increase in ELWD col-
lected from the 300mm-plate as comparedwith the 150mm-plate, as expected. Addi-
tionally, the 150 mm-plate displayed more variability with an average modulus stan-
dard deviation across the six sections of approximately 3.01 compared to the 300mm-
plate, which had an average standard deviation of 2.06. Figure 3a, b show a plot of
ELWD measured with the 300 mm-plate against the soil water content and density
respectively. Upon fitting the curves, R2 values of 0.99 and 0.80 respectively, which
shows a strong relationship between the parameters. Figures 3c, d showaplot of ELWD

measured with the 150 mm-plate against the soil water content and density respec-
tively. When fit, the results displayed significantly lower levels of correlation with
R2 values of 0.68 and 0.46 respectively. The lower levels of correlation and higher
standard deviation observed with ELWD values obtained using the 150 mm plate led
to its exclusion in model development. The dielectric constant of each soil layer was
determined using the following equation Maser in 1996 (Al-Qadi et al. 2003):

Fig. 3 ELWD 300 mm as a function of Moisture Content a and Density b; ELWD 150 mm as a
function of Moisture Content c and Density d
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Fig. 4 Measured ELWD—300 mm vs. dielectric constant

ε1 =
(
1+ A0

Am

1− A0
Am

)2

(2)

where,

ε1 dielectric constant of the sample,
A0 amplitude of the soil surface reflection,
Am amplitude of the wave reflected from the metal plate

The dielectric constant for each section was then plotted against the its respective
ELWD value to ascertain the relationship between the two parameters as seen in Fig. 4.

5 LWDModel Development

A preliminary model was developed through a regression analysis in an attempt to
approximate the ELWD of the elastic silt (MH) using the water content, dielectric
constant, and bulk density. Model development included applying various trendlines
to the plot of the measured ELWD values versus ε1. In doing so, a fairly significant
coefficient of determination (R2 = 0.738 as seen in Fig. 4) was observed when the
power function trendline was applied. Thereafter, a power model was developed
using the parameters listed along with three coefficients: a, b, and c. Using the solver
function on excel, the error between the predicted and measured ELWD values was
minimized through manipulation of the a, b, and c coefficients. The proposed model
can be described by the following equation:

ELWD =
(
1.674 · 10−5

W 7.981
C

)
· ε(0.266)·γbulk

1 (3)

where,
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Fig. 5 Measured ELWD vs. predicted ELWD

ELWD Predicted ELWD (MPa),
WC Water Content of Sample (decimal),
ε1 dielectric constant of sample (predicted using Eq. (2)),
γbulk bulk density of soil sample

As previously mentioned, Fig. 5 displays a plot of the measured versus predicted
ELWD, which recorded an R2 of 0.858. The strong correlation between the predicted
and measured values indicates a relationship between the measured ELWD values and
the parameters used in the model as it relates to elastic silts. This points toward the
model’s promise in predicting the ELWD of elastic silts and the potential of using the
dielectric constant obtained from GPR testing in predicting soil stiffness.

6 Conclusions

The aforementioned investigation was conducted to ascertain, if any, the relationship
between the elastic modulus obtained from LWD testing and the dielectric constant
obtained from GPR. The modulus values obtained from testing showed a stronger
relationship with the water content than the compaction level (R2 values of 0.99
versus 0.80), which coincides with the findings of Kavussi et al. (2019). Results
from the 150 mm-plate testing were excluded from model development due to the
lower levels of correlation found between the elastic modulus and moisture content
and the higher ELWD variability. A preliminary model to predict ELWD values based
on the water content, bulk density, and dielectric constant was developed through
a regression analysis. Using the model, estimated ELWD values were developed and
subsequently plotted against the measured ELWD values, in which an R2 value of
0.86 was obtained. This preliminary study has displayed the potential of estimating
the stiffness of elastic silt using the GPR. Validation of the proposed model through
additional testing is needed.
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Impact of Construction Practices on Air
Voids and Permeability of Asphalt
Mixtures

Syed W. Haider, Michele Lanotte, Khurram Malik, and Aftab Quadri

Abstract Several isolated premature failures on the rehabilitated portion of the
Lahore-IslamabadM-2Motorway were observed, within a year of opening to traffic.
Based on the visual evaluation of the distresses, failure causes could be attributed to
poor in-pavement and surface drainage on the rehabilitated sections, segregation of
HMA mixture, HMA mix-design, and the presence of heavy axle loads in the outer
lanes. Cores in the distressed and normal areas were taken in different sections along
the south and north bounds direction and several destructive tests were conducted
on the HMAmaterials to determine the field compacted air voids. Also, field perme-
ability in-situ tests were conducted on the same locations where cores were taken.
Results showed that the mix segregation occurred in the fast lanes resulted in higher
field air voids than the plant mixed-lab compacted samples. Thus, the permeability of
mixes in these locations was significantly higher than expected, which caused water
to seep through the surface mixes in all lanes. Additionally, due to the cross-fall of
the HMA and aggregate base layers, the moisture entering in the fast and middle
lanes accumulated under the outer lanes in both directions.
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1 Introduction

The permeability of a pavement surface layer is generally assumed to be proportional
to its air void content. However, the lack of void interconnection and size dimensions
of the individual voids may result in a watertight pavement of relatively high void
content (Arambula et al. 2007; Choubane et al. 1998; Hunter and Ksaibati 2002;
Masad et al. 2002). It is also well known that asphalt mixtures with different air void
contents will present variable drainage capacity. The presence of water in asphalt
concrete pavements may affect their mechanical properties, reducing their strength,
stiffness, and durability. Water damage is generally manifested as raveling or strip-
ping, commonly attributed to water infiltration into the asphalt mixture. Therefore,
the hydraulic conductivity or coefficient of permeability of asphalt mixtures is a
valuable property that should be known, in order to evaluate the water infiltration
capacity of asphalt concrete pavements. Hydraulic conductivity in a saturated asphalt
mixture is defined as the rate of discharge of water under laminar flow conditions
through a cross-sectional unit area of a porous medium. Its value provides an indica-
tor of the drainage capacity of asphalt concrete pavements under initial construction
conditions (Norambuena-Contreras et al. 2013).

Proper compaction of hot-mix asphalt (HMA) mixtures is vital to ensure that a
stable and durable pavement is built (Mohammad et al. 2016). For dense-graded
mixes, numerous studies have shown that initial in-place air voids should range
between 3–8%. Lower percentages of in-place air voids can result in rutting and
shoving, while higher percentages allow water and air to penetrate the pavement,
leading to an increased potential for water damage, oxidation, raveling, and cracking.
Low in-place air voids are generally the result of a mix problem, while high in-
place voids are typically caused by inadequate compaction (Brown et al. 2004). The
density that can be obtained under normal rolling conditions is related to the ratio
of lift thickness and nominal maximum aggregate size (t/NMAS). For improved
compatibility, it is recommended that the t/NMAS be at least three for fine-graded
mixes and at least four for coarse-graded mixes (Brown et al. 2004). Ratios less
than these suggested numbers could be used, but more compactive effort would be
required to obtain the desired density.

In most cases, a ratio (t/NMAS) of 5 does not result in the need for a more
compactive effort to obtainmaximumdensity. However, caremust be exercisedwhen
the thickness gets too large to ensure that adequate density is obtained. The effect
of mix temperature on the relationship between density and t/NMAS also indicates
that one of the reasons for low density at thinner sections (i.e., lower t/NMAS) is
the more rapid cooling of the mixture. Hence, for thinner layers, it is even more
critical that rollers stay very close to the paver so that rolling can be accomplished
prior to excessive cooling. For thicker sections (i.e., larger t/NMAS), the rate of
cooling is typically not a problem. The in-place void content is the most significant
factor impacting the permeability of HMA mixtures. This is followed by a coarse
aggregate ratio and VMA. As the values of the coarse aggregate ratio increases,
permeability increases. Permeability decreases as VMA increases for constant air
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voids. The variability of permeability between various mixtures is generally high.
Some mixtures are permeable at the 8–10% void range, and others do not seem
to be permeable at these higher voids. However, to ensure that permeability is not a
problem, the in-place air voids should be between six and seven percent or lower. This
appears to be valid for a wide range of mixtures regardless of NMAS and grading.
Hydraulic conductivity of asphalt mixtures is known to be affected significantly by
air void content, but may also by other factors such as lift thickness, aggregate shape,
and aggregate gradation. Results of another study indicate that air void content is
the predominant factor controlling hydraulic conductivity, but the aggregate shape
(source) and gradation also have a statistically significant influence (Harris 2007).

2 Materials and Methods

Sixty (60) and thirty (30) HMA cores were extracted from the south and northbound
direction, respectively. Coring locations were selected in both failed or normal areas
of the pavement structure. The following factors were considered while identifying
the locations of cores:

a. Segregation,
b. Lane type (Fast (F) innermost lane, Middle (M), and Slow (S) outer most lane),
c. Design thicknesses (3.5, 4, 5 and 10 in.),
d. Binder type (PG vs. 60–70 pen)

Cores were used to estimate the in-situ field compacted air voids. Also, plant-
mixed lab compacted (PL) air voids were obtained from construction records. Statis-
tical analyses (ANOVA and t-test) were performed on the data to identify significant
factors impacting the field air voids. Also, field permeability tests were conducted
near the core locations.

According to Darcy’s Law (Eq. (1)), the coefficient of permeability (k) can be
estimated by two methodologies: constant head and variable head. In the constant
head method, the flow rate through a porous material is measured by sustaining a
constant head of water. The coefficient of permeability can be determined by Eq. (2).

Q = ki A = k
�H

L
A (1)

k = QL

hAt
(2)

where: Q is the rate of flow (cm3/sec), k is the coefficient of permeability (cm/sec), i
is the hydraulic gradient, A the cross-sectional area of the specimen perpendicular to
the direction of the flow (cm2), ΔH the head loss across the specimen (cm), L is the
length of the specimen (cm), t is the time of measurement (sec), and h is the pressure
head (cm).
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The constant headmethod ismore appropriate for highly permeablematerialswith
k values higher than 10−3 cm/s. The falling head method is preferred for materials
with low permeability coefficients; k values less than 10−3 cm/s. Asphalt concrete
generally has a k value between 10−3 and 10−5 cm/s, making the falling head method
the best choice. In this study, a constant head of 850 mL was maintained to measure
the time for water flow through an area of 182 cm2.

3 Results and Discussion

Figure 1 shows the 95% confidence interval of field air voids (normal vs. segregated
area) in both directions. The results show that there is a significant difference between
air voids based on the area of coring. Significantly higher air voids were observed in
segregated areas as compared to normal areas, especially in the southbound direction.
Average air voids in south-bound were about 8%.

Table 1 shows the results of the mean air void comparison for southbound direc-
tion. The p-value less than 0.05 shows that the difference is statistically meaningful
with 95% confidence.While average air voids are higher in the areas with segregation
along northbound, the difference is statistically insignificant.

Table 2 shows the average air voids along different lanes. Generally, the air voids
are the highest in the fast lane and lowest in the slow lanes. This observation is valid
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Fig. 1 Field air voids differences between normal and segregated areas a southbound b northbound

Table 1 Comparison of field air voids (normal vs. segregated areas) in southbound (SB)

Source DF SS MS F p-value

Sag code 1 20.63 20.63 7.07 0.010

Error 58 169.18 2.92

Total 59 189.81

Note: DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares, F = F-value
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Table 2 Comparison of field
air voids (normal vs.
segregated areas) in different
lanes (SB)

Segregation Lane

F M S

Yes 7.42 6.33 6.08

No 8.44 7.98 6.82

Note: F = fast lane (innermost lane), M = middle lane, S = slow
lane (outer most lanes)

for northbound direction as well (see Fig. 2). Table 3 shows the results of the one-way
ANOVA. There is a significant difference in air voids between the inner and outer
lanes.

Although no significant difference in air voids was found between different design
thicknesses (see Table 4), it seems that 4 cm exhibited the highest average air voids
(i.e., 8.2%) in the southbound direction.

Figure 3 shows the comparison of air voids between different binder types used
in the asphalt mix along with the project. While higher air voids are observed in the
asphalt mixwith PG binder, the difference is not statistically significant (see Table 5).
Figure 4 shows the variations of the mix and field air voids. There is a significant
difference between mix and field air voids, as shown by the 95% confidence intervals
in Fig. 5.
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Table 3 Comparison of field air voids between different lanes (SB)

Source DF SS MS F p-value

Lane type 2 23.54 11.77 4.04 0.023

Error 57 166.27 2.92

Total 59 189.81

Note: DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares, F = F-value
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Table 4 Comparison of field air voids between different design thicknesses

Source DF SS MS F p-value

Design thickness 3 13.49 4.5 1.43 0.244

Error 56 176.32 3.15

Total 59 189.81

Note: DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares, F = F-value
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Table 5 Comparison of field air voids between binder types

Source DF SS MS F p-value

Binder types 1 1.41 1.41 0.43 0.513

Error 58 188.4 3.25

Total 59 189.81

Note: DF = degrees of freedom, SS = sum of squares, MS = mean sum of squares, F = F-value
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Figure 6 shows the relationship of air voids with asphalt mixtures permeabil-
ity. The overall results of field permeability showed that asphalt mixture is very
permeable (i.e., k > 10−3 cm/s), especially in the areas of high air voids (>7%).
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The permeability of asphalt mixtures is significantly lower in the northbound as
compared to those in the southbound direction (see Figs. 6a, b). The permeability
of mixes in segregated areas can be very high even at air voids of less than 7% (see
Fig. 6c). In general, when the field air voids are more than 6%, the permeability of
the mixes i.e., k > 10−3 cm/s. Figure 7 shows the permeability of surface mixes by
different lanes, a clear trend between field air voids and permeability coefficients
(k) can be observed within fast and middle lanes. However, the k-values showed
high variability for the slow lane. The cause of this variability may be attributed to
variations in the field air voids in the slow lanesmainly because of traffic compaction.
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Figure 8 presents the relationship between field air voids and permeability by
binder type.More variations in air voids can be observed in the 60–70 binder (Fig. 8a),
while a strong correlation can be observed for PG binder between air voids and the
mix permeability (Fig. 8b). Figure 9 shows the relationship by design thickness, it
seems the air voids of 6% or more can make the mix permeable irrespective of the
design thickness.
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4 Conclusions

The following are findings from this case study based on in-situ and material testing
results:

• The field air voids were found to be higher than 7%, especially in areas where the
asphalt mixture segregation was observed.

• Field air voids are significantly higher in the fast lanes than slow lanes irrespective
of factors considered in thematerial testing, especially in the southbounddirection.

• Field air voids (PF) are significantly higher than the plant mixed-lab compacted
(PL) air voids.

• As a consequence of above findings, the permeability of mixes is significantly
higher than the standard (k value range 10−3 and 10−5 cm/s) when the field air
voids are more than 6%. Because of higher permeability water can seep through
the mixes in all lanes.

• Since the cross-fall of 1.8–2.2% (causing an average head of about 9 inches
between fast and slow lanes) is maintained (in HMA and aggregate base layers)
to cater for surface runoff, the moisture entering in the fast and middle lanes will
accumulate under the outer lanes in both directions.
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Application of Dynamic Creep Testing
to Investigate Permanent Deformation
Characteristics of Asphalt Mixes

Amir Kavussi and Seyed Mohsen Motevalizadeh

Abstract Permanent deformation of asphalt mixes is caused as a result of several
parameters, including; asphalt mix characteristics, climatic conditions, and traffic
loading extent and configuration. For evaluating this distress mode, international
institutions and standard codes of practices suggest different processes and testing
methods. However, each of these investigates rutting resistance of asphalt mixes at
specific conditions. The aim of this research was to investigate the effects of different
loading configurations on Hot Mix Asphalt (HMA) in laboratory, applying Repeated
Load Permanent Deformation (RLPD) testing method. With this purpose, various
loading configuration and load durations and rest periods were applied. In order to
simulate the impacts of both light and heavy weight traffic loading on permanent
deformation resistance of mixes, two different stress levels of low and high extents
were applied in RLPD testing. Based on the findings of this research, it resulted
that asphalt mixes under low stress level (which corresponds with light weight load-
ing traffic) in RLPD testing, do not get to “Flow Number” values. In addition, it
resulted that performance characteristics of asphalt mixes cannot properly be eval-
uated applying one loading condition only. Among the various testing parameters,
it resulted that “Flow Number” is the best indicator of resistance of asphalt mixes
against permanent deformation.

Keywords Dynamic creep test · Hot Mix Asphalt · Loading combination · Rest
time

1 Introduction

Permanent deformation is one of the most occurring load-associated distresses in
flexible pavements (Witczak and Fonseca 1996; Qi and Witczak 1998; Ameri et al.
2014). This distress mode is associated with rutting in wheel paths, which develops
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gradually as the number of load repetitions accumulates (Qi and Witczak 1998).
Parameters, such as traffic, environment, materials, and design considerations affect
pavement performance over time (Mansourkhaki et al. 2015). Permanent deformation
is revealed by longitudinal profile irregularities and particularly, by transverse profile
deformations in wheel paths (Huang 2004). These distresses affect riding comfort
and safety of road users to a great extent (Barksdale 1971).

Many theories and methods have been employed; including, phenomenological
empirical methods and mechanistic theories, consisting of viscoelastic damage and
visco-elasto-plastic damage models (BS DD 226 1996). It is well recognized that
asphalt binders exhibit non-linear behavior under high strains or stresses. The evo-
lution of micro-cracks and micro-voids and rate-dependent plastic or visco-plastic
hardening are other major sources of non-linearity in thermo-mechanical response
of HMA (Qi and Witczak 1998). Numerous experimental studies have shown that
the response of HMA mixes is time, rate, and temperature dependent and exhibits
both recoverable (visco-elastic) and non-recoverable (visco-plastic) deformations
(Standard et al. 1995; Qi and Witczak 1998, Salama et al. 2006). Because of the
time-dependent behavior of asphalt mixes, distresses in asphalt pavements are func-
tion of loading pulse duration and rest time (Xu et al. 2014). Several laboratory
testing methods are carried out to measure rutting resistance of asphalt pavements.
Most of these are based on constant load duration and resting time.

2 Permanent Deformation and Rutting

Rutting is defined as the progressive accumulation of permanent deformation of
each layer of pavement structure under repetitive traffic loading (Tayfur et al. 2007;
Motevalizadeh et al. 2018). It was reported that permanent deformation in asphalt
mixtures includes two different modes; namely, compacted deformation that can be
described by means of layer consolidation and plastic deformation that occurs as a
result of asphalt shear flow (Khodaii ad Mehrara 2009).

Permanent deformation is composed of primary, secondary and tertiary zones
(Zhou et al. 2004). In the primary zone, accumulated permanent deformation grows
rather rapidly until it reaches to the secondary zone. In fact, in zone 1, the rate of
permanent deformation per cycle is dramatically decreased until initiation of the
secondary zone. In the secondary zone, rate of permanent deformation per cycle
will be constant until it gets to a minimum value. At this point, the accumulated
permanent deformation starts to increase rapidly. This point was introduced as the
initiation of tertiary zone, named as Flow Number (FN) (Qi and Witczak 1998).

Various procedures, including “Three-Stage Method” and “Stepwise Method”
have been recommended to properly calculate FN (Goh and You 2009). Moreover,
another method was suggested in which each stage of rutting curve was modelled
separately (Zhou and Scullion 2002). The power law, linear and exponential models,
which are presented in Eqs. 1–3, respectively, were applied to describe the primary,
secondary and tertiary stages.
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εP = aNb, N ≤ NPS (1)

εP = εps + c(N − NPS), NPS ≤ N ≤ NST , and εPS = aNb
PS (2)

εP = εST + d
(
e f (N−NST ) − 1

)
, N ≥ NST (3)

In these equations, εP is the plastic strain at each cycle; εPS and εST are plastic
strains at onset of the secondary and the tertiary stages; N is the number of load
repetition;NPS andNST are numbers of load cycles correspondingwith the onset of the
secondary and the tertiary stages. Furthermore, a, b and c are the regression constants.
It is worth to consider that εPS and εST can be obtained using εPS = aNb

PS and,
εST = εPS + c(NST − NPS) equations. Stepwise Method was based on traditional
methodology of the application of smoothening method to determine FN (Goh and
You 2009).

3 Objective of the Research

The main objective of this research was to evaluate permanent deformation resis-
tance of asphalt mixes using RLPD testing method. With this aim, parameters such
as loading pattern and load duration, rest time and stress levels were taken into con-
sideration and the responses of the HMA mix against permanent deformation were
determined.

4 Materials and Testing

4.1 Materials

The aggregates and filler were sampled from a limestone quarry in Tehran province
in Iran. The aggregate grading was continuously graded with maximum nominal size
of 12.5 mm. The binder was a 60–70 penetration grade bitumen from Refinery of
Tehran. Marshall Method of mix design (ASTM D-1559) was carried out and the
optimum bitumen content was determined. This was determined to be%5 of the total
weight of the mix.



764 A. Kavussi and S. M. Motevalizadeh

Table 1 The selected loading patterns in RLPD testing

Variable Corresponding
traffic speed

Loading pattern

HT1-100 HT-20 HT-10 LT2-100 LT-20 LT-10

Loading
duration (ms)

100 km/h 100 – – 100 – –

20 km/h – 500 – – 500 –

10 km/h – – 1000 – – 1000

Loading and
rest time ratio

1 (Loading) 9 (Rest time)

Stress level
(kPa)

200

100

Temperature
(°C)

55

Loading wave Haversine

Replicate 2

4.2 Testing Method

Repeated Load Permanent Deformation (RLPD) test was carried out on HMAmizes
at 55 °C. Based on previous studies (Barksdale 1971) and British Standard method
of practice (BS DD 226 1996), haversine loading wave was applied at different
loading configurations. RLPD testing was performed at two deviator stress levels of
100 and 200 kPa. Loading durations of 100, 500 and 1000 ms were applied. With
each loading duration, the rest time was selected to be 1 or 9 times of loading time.
For example, at 100 ms loading, the rest times were 900 ms. It should be noted
that in accordance with visco-elasto-plastic theory, resilient strain consists of two
portions, namely time-dependent and time-independent parts (Witczak and Fonseca
1996). The time-dependent part that is affected by the rest time, consists of elastic
and plastic deformations. Accordingly, different magnitudes of resting times result
in different visco elastic and visco plastic strains. Therefore, different values of rest
times would have significant impacts on permanent deformation characteristics of
asphalt mixes. Table 1 reports summary of the various loading patterns that were
adopted.

5 Results and Discussion

5.1 Impact of the Low Stress Level

Stress level of 100 kPa can be considered as low stress level, corresponding with
light weight loading on road pavements. In RLPD testing of HMA mixes, this stress
level was applied at different loading patterns. At this stress level, the results of
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the corresponding permanent deformation strains were determined, as it is shown in
Fig. 1. As it can be seen from this figure, the maximum and minimum permanent
deformations occurred at LT-10 and LT-100 loading patters, respectively. In addition,
LT-10 and LT-20 configurations, comparedwithHT-10 andHT-20, resulted in greater
permanent deformations. These indicate that, the increase in rest time in these con-
ditions, does not result in lower permanent deformation values. At increased loading
durations, disregarding the impact of the rest period, greater permanent deformations
were resulted. The minimum permanent deformation of the HMA mix, occurred at
LT-100 which is smaller than that of HT-100. On the other hand, HT-10 resulted in
smaller permanent deformations, comparedwith LT-10. From these, it can be resulted
that permanent deformation in asphalt mixes strongly depends on the applied loading
and resting times.

Permanent strain results in HMA mixes under cyclic loading at stress level of
100 kPa are presented in Fig. 2. As it can be seen in this figure, combinations of load-
ing duration and resting times affected permanent deformations appreciably. In fact,
with reference to this figure, the effect of passing vehicle speed (that was simulated
by loading durations) on permanent deformation of HMAmixes, can distinctively be
observed. Comparing the curves for accumulated strains at loading times and those
at resting times in Fig. 2a, b, shows that the differences of the effects of traffic speed
are more pronounced on curves related to the accumulated strains at resting times.
In other words, increased resting time resulted in greater permanent deformations,
when the specimens were exposed to greater loading durations. Therefore, the above
testing procedure confirms the field conditions that low speed vehicles result in more
severe rutting on pavements.

Fig. 1 Effect of loading pattern and combinations on permanent strains of HMA
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a) Rest ratio of 1/1 (loading time over rest 
time)

b) Rest ratio of 1/9 (loading time over rest-
ing time) 

Fig. 2 Effects of vehicle speed on permanent deformation of HMA mix in RLPD test

In analyzing the testing results of RLPD test at greater loading cycles, at the initial
stages of the secondary zone (Fig. 3), it can be noticed that increased loading duration
resulted in early initiation of the secondary zone than the other patterns. For instance,
it was observed that the mix that was subjected to HT-100 loading condition, reached
to initiation point of the secondary zone much later than mixes that were subjected
to HT-20 and HT-10 conditions. In contrast, initiation of the secondary zone would
occur earlier as the resting time is increased. This phenomenon shows that initiation
of the secondary zone strongly depends on the rest time durations.

Fig. 3 Effect of loading combinations on initiation of the secondary zone in RPLD test
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5.2 Impact of High Stress Level

The maximum permanent strains at 800th cycle was observed under the influence of
LT-10pattern and stress level of 200kPa.The results for various loading combinations
are reported in Fig. 4. The lowest strains occurred under HT-100 condition. Similar to
whatwasmentioned in the previous section, it can be stated that increased rest periods
resulted in greater permanent deformations. For instance, permanent deformation of
the specimens that were subjected to HT-100 were 25% lower than those subjected to
LT-100 loading. In addition, LT-10 pattern, compared with HT-10, resulted in greater
permanent deformations.

Permanent deformations of asphalt mixes at stress level of 200 kPa and over a
wide range of cyclic loading are presented in Fig. 5. Results reported in this figure

Fig. 4 Effects of loading combinations on permanent deformation of HMA mixes in RPDL test

a) Rest ratio of 1/1 (loading time over rest-
ing time) 

b) Rest ratio of 1/9 (loading time over rest-
ing time)

Fig. 5 Effects of vehicle speed on permanent deformation of HMA mixes
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Fig. 6 Effect of loading combinations on start point of the secondary zone

and those in Fig. 2 indicate that permanent deformation resistance of HMA mixes is
greatly affected by stress level. Eventually, it can be concluded that the application of
various stress levels, will result in better understanding of behavior of asphalt mixes
against permanent deformation.

As it is illustrated in Fig. 6, the secondary zone of HMAmixes that were exposed
to HT-100 loading configuration, was initiated earlier than those at HT-20 and HT-10
conditions. The differences were approximately 50 and 35%, respectively.Moreover,
number of loading cycles related to the onset of this zone were decreased with
increased resting time. In addition, it can be observed that for the loading patterns in
which loading duration was 1000 ms, the increased resting time resulted in greater
permanent deformations (almost 95% increase). These results were in accordance
with those in a previous research work (Ayar et al. 2018). As it was mentioned
previously, viscous portion of bitumen’s strain is a time-dependent phenomenon that
would be influenced by variation of resting time. In fact, time-dependent portions of
asphalt mixes would have enough time to develop if greater resting time is provided.
Eventually, it can be stated that in RLDP testing, the initiation of the secondary zone
will be reached earlier, if resting times are assigned on samples.

5.3 Impact of Loading Patterns on Flow Number

Since the adopted stress levels in this research were selected from the low and mod-
erate levels, most of HMA specimens did not reach to Flow Number (FN) point,
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except at two loading patterns of HT-10 and HT-20. This indicates that HMA mix-
tures meet FN point only if these are subjected to heavy loading conditions; which
occur in conditions such as moderate and high stress levels, heavy traffic with low
resting time and slow speed vehicles (i.e. at great loading durations).

Comparison of the results of FN and permanent deformations shows an interest-
ing contrast. In fact, although increased resting time results in greater permanent
deformations, however, their related FN values would be increased. Eventually, a
thorough research is needed to investigate interaction between the rest time and the
loading duration at greater stress levels than those applied in this research.

6 Conclusions

From investigation of the effects of various loading parameters on permanent defor-
mation characteristics of an HMA mix in RLPD testing, the following conclusions
were achieved:

1. At stress level of 100 kPa which corresponds with light traffic loading, the test-
ing does not get to FN point. Under the influence of this stress level, changes
in loading cycles did not have significant impacts on permanent deformation
characteristics of mixes.

2. The impacts of different resting times on permanent resistance of HMA mixes,
strongly depends on the loading pattern. At high and moderate stress levels,
greater resting times resulted in increased FN values. While, at low stress levels,
where the specimens did not get to FN point, increased stress level resulted in
greater permanent deformations.

3. Greater loading durations and resting times accelerated initiation of the secondary
zone. In fact, greater rest periods allowed enough time for formation of viscous
strains in asphalt mixes.

4. Permanent deformation in the secondary zone and initiation of the secondary zone
reflect themisleading results in predicting permanent deformation characteristics
of HMA mixes. Eventually, the best parameter that can be employed will be FN
value.

5. Since permanent deformation of anHMAmixdepends on the interaction between
the loading parameters, it is not possible to introduce a certain loading pattern as
a critical regime for investigating their permanent deformation resistance.
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A Performance Prediction Model
for Continuously Reinforced Concrete
Pavement Using Artificial Neural
Network
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Abstract The pavement performance prediction models are key components of
pavement management systems. Predictions models are used for determining the
future condition of pavement as well as types of maintenance and rehabilitation
actions needed to keep the operation of transportation systems continuous. Accord-
ingly, maintenance and rehabilitation actions must be prioritized due to limited bud-
get allocations. Mississippi Department of Transportation (MDOT) utilizes Hidden
Markov probability models. However, varying traffic conditions and unusual events
in the operation are not reflected in these models due to the nature of probabilistic
modeling. A new model using a more inclusive and powerful approach to predict
the future condition of the pavement is needed. In this study, the distress data from
Continuously Reinforced Concrete Pavement (CRCP) sections in Mississippi was
used to develop a performance prediction model using Artificial Neural Networks
(ANNs) approach. Additionally, rehabilitation actions were included as part of the
model inputs to study the impact of rehabilitation actions on the model. The per-
formance of all the developed models showed a good agreement between observed
and predicted condition measures. However, only one model with the best statistical
accuracy was selected to be utilized as the best performing model, which can be used
for the prediction of CRCP performance within the allowable time range.
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1 Introduction

Mississippi Department of Transportation (MDOT) maintains a total of 200 miles
continuously reinforced concrete pavement (CRCP) statewide. Most CRCP pave-
ments are used in interstate or principal arterial systems (Pathway Services Inc.
2017). The pavement management system (PMS) data has been collected contin-
uously in terms of distress type, severity, and frequency. The evaluation of these
parameters is essential to pavement performance and monitoring. Pavement perfor-
mance generally is an indicator of the pavement condition over its lifespan, and as
a measure of ride quality. The ability to predict pavement performance over its life
span is a key aspect of the pavement management system. Accordingly, prediction
models are a vital tool for the network-level decision-makers to prioritize the projects
based on the level of importance due to budgetary constraints. Pavement Condition
Rating (PCR) and International Roughness Index (IRI) are the terms that are used
to evaluate the condition of a pavement section. PCR is a mathematical expression
reflecting the combined effect of varying distress type, their severity and extent1.
IRI is a profile-based statistic, which is calculated using a “quarter car model” and
is used as the index for comparing the smoothness of a pavement2. IRI data used in
this study was collected by a data collection vehicle that is equipped with class-1
South Dakota inertial profiler class 1-ASTM E9503. Maintaining any pavement sys-
tem is a routine and preventive process to keep roads’ condition up to the standards
for public use. Minor maintenance can go year-round with the routine checks for
expanding the life-span of the section. Major maintenance is costly but necessary
when the road condition no longer meets the quality standards. Typically, CRCP
pavements have higher longevity and a higher construction cost. The maintenance
and rehabilitation activities are not planned on an annual basis for every section
and accordingly must be scheduled for the critical pavement sections as needed. For
planning and scheduling, probabilistic models have been utilized for a long time.
However, probabilistic based models are not effective tools for varying conditions.
Also, the effects of rehabilitation andmaintenance actions on future pavement condi-
tions are difficult to incorporate into probabilistic models, yet they are very important
in the decision-making process.

Artificial Neural Networks (ANNs) approach is a widely used tool that can learn
from historical data to predict the future. ANNs approach is proven to be the best
function approximation method, especially on highly nonlinear relations. Pavement
performance prediction is known to be highly complex phenomena and the ANNs
approach is a very suitable tool to explore the complexity of this phenomenon. In this
study, 424 datasets from 53 CRCP sections in Mississippi were utilized to develop
ANN prediction models. The datasets from 2010 to 2018 were included to develop

1http://www.dot.state.oh.us/Divisions/Planning/TechServ/TIM/Documents/PCRManual/
2006PCRIntro.pdf.
2http://1204075.sites.myregisteredsite.com/downloads/RT/RT3.07.pdf.
3https://static1.squarespace.com/static/57978fefcd0f688f77aa40b3/t/5a092ebdec212d1131b09b38/
1510551231995/pathrunnersmall.pdf.

http://www.dot.state.oh.us/Divisions/Planning/TechServ/TIM/Documents/PCRManual/2006PCRIntro.pdf
http://1204075.sites.myregisteredsite.com/downloads/RT/RT3.07.pdf
https://static1.squarespace.com/static/57978fefcd0f688f77aa40b3/t/5a092ebdec212d1131b09b38/1510551231995/pathrunnersmall.pdf
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five ANN models. Even though Equivalent Single-Axle Load (ESAL) is one of the
design parameters according to the design manual by Asphalt Institute along with
other parameters such as layer thickness, pavement materials, structural number, etc.
(Huang 2004), none of the models included ESAL and rainfall data as inputs due to
unavailability at the time of this study. Five models and their development stages are
presented in the following sections.

2 Literature Review

Different optimization techniques (i.e. probabilistic and deterministic) such as ANN
and regression have been utilized to predict pavement performance to support PMS.
All developedmodels considered different aspects of the pavement systembut they all
had a single purpose in common: maximizing the cost-benefit actions. Probabilistic
models introduce randomness in the model and the outcomes follow a probabilis-
tic distribution. One of the popular probabilistic models in the 1990s is the Hidden
Markov model which has been commonly utilized in pavement management sys-
tems. Elhadidy et al. (2015) used the Markov chain model for predicting pavement
performance over the life span and developed a genetic algorithm to achieve opti-
mum cost-benefit actions. Abaza et al. (2004) used a discrete-timeMarkovian model
in decision-making-level to schedule maintenance and rehabilitation based on the
pavement’s future performance. In another study, mechanistic analysis, a type of
deterministic approach, has been performed on Continuously Reinforced Concrete
Pavement (CRCP) to estimate pavement life in terms of punchout frequency consid-
ering wheel load, environmental effect, and stochastic nature of material (Won et al.
1991). Another deterministic performance prediction model was developed for the
rehabilitation and management of flexible pavement using AASHTO’s serviceabil-
ity concept (Abaza 2004). George et al. (1989) developed an empirical mechanis-
tic model using SAS software for asphalt concrete pavement to predict Pavement
Condition Rating (PCR) by gathering historical information and monitoring about
2000 miles of roads over two years. An error back-propagation neural network was
constructed to predict the roughness progression in flexible pavement using road
distresses, structural number, and environmental and traffic impact (Attoh-Okine
1994). Wang et al. (2003) proposed an integer linear programming model using
the optimizer program, GAMS to aid network-level decision-makers for planning,
maintenance, and rehabilitation activities. The pavement performance curves were
generated for long sections of pavement using AASHTO’s serviceability concept to
establish pavement rehabilitation policies (Abaza et al. 2001). A knowledge-based
computer simulationmodel, CA4PRS (ConstructionAnalysis for Pavement Rehabil-
itation Strategies) was developed to support highway agencies for the rehabilitation
and reconstruction of highways. This simulation model is inputted with schedule
interfaces, pavement design and materials, resource constraints, and lane closure
scheme, and contractor’s logistics. The maximum distance of the highway to be
rehabilitated is determined based on “What-If” scenarios (Lee and Ibbs 2005).
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3 Methodology

3.1 Data Collection

The data used in this study is collected as a part of a survey in Mississippi byMDOT.
Mississippi has four different pavement types: Flexible, Jointed Concrete Pavement
(JCP), Continuous Reinforced Concrete Pavement (CRCP), and Composite Pave-
ment (CP). According to the 2018 survey, a total of 69 sectionsweremarked as CRCP
in the database. The longitude and latitude and landmarks at the section beginnings
and endings are used as identifiers. The section length varies from 0.028 miles to
10.055 miles and thickness varies from 152.4 to 558.8 mm. The age of the CRCP
pavement has a range of 2 to 64 years until 2010. Like all other states, MDOT oper-
ates a pavement management system that includes PCR, International Roughness
Index (IRI), and distress data. Usually, PCR values decrease and IRI values increase
with the deterioration of pavement over time. In the CRCP database, the distresses
recorded include longitudinal and transverse cracking, patching, lane-to-shoulder
drop-off, durability cracking, longitudinal spalling, punchouts, and punchout repair.
All of these distresses are classified into three categories based on the field condition:
low,medium, and high. Besides these distresses, IRI ismeasured asMeanRoughness
Index (MRI) and also classified as low, medium and high severity level. PCR value
is calculated based on measured IRI and the deduction factors that are determined as
functions of distresses and severity level. Another variable known as Distress Rating
(DR) is calculated in the same manner without including the measured IRI. Finally,
the ratio of PCR and DR is expressed as a percentage and designated as Roughness
Rating (RR).

3.2 Data Processing

The database for ANN model development is obtained after cleansing and reorga-
nizing the raw data files. The data collected from 2010 to 2018 for each section
are included in the model development as data acquisition methods, materials, and
tools have changed before 2010. Any section with missing or illogical data has been
excluded as the ANNmodel development process needs a complete dataset for train-
ing. These exclusions reduced the number of sections from the initial 69 to the final
53. Each section is comprised of four different datasets based on PCR, IRI, and
rehabilitation action, which resulted in 212 datasets. In Mississippi, the distresses
data is collected every even year. To develop prediction models that are applicable
for a 1-year increment, the odd year data was needed to be generated by averaging
consecutive years from 2010 to 2018. This resulted in a total of 424 datasets used
for model development. Concrete pavement has a rigid structure and does not dete-
riorate significantly over time, so only two documented major rehabilitation records
were found. It is known that not all rehabilitation actions were properly recorded.
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Due to the insufficient amount, another approach to assign rehabilitation actions was
proposed based on the discussions with the state agency. Improvement of PCR and
IRI values without any rehabilitation was found to be irrational. Some uncertainty
due to the calibration of profilometer, systematic errors, and the environmental con-
ditions on the day of the survey may have resulted in some of the irrational condition
measures. To incorporate the effect of the rehabilitation on PCR and IRI, artificial
rehabilitation actions based on the significant changes in PCR and IRI have been
assigned categorically (i.e. Assigned “1” if the rehabilitation took place and “0” if no
rehabilitation occurred). Based on the evaluation of data history, the threshold values
for PCR and IRI were assumed to be 2.5 and 0.06, respectively. For example, if the
PCR increased at least 2.5 points in a year compared to the previous year, the reha-
bilitation was assumed to take place in that year. Otherwise, it was considered as no
rehabilitation. Similarly, if IRI decreased 0.06 points in a year, the rehabilitation was
assumed to take place in that year. By using this methodology, two sets of assignment
categories were generated: rehabilitation based on PCR and rehabilitation based on
IRI. The models with two outputs (i.e. PCR and IRI) were modified to be used with
the complementary PCR (i.e. 100-PCR) because of the fact that two outputs must be
directly proportional in ANNmodeling. It is known that PCR and IRI usually change
inversely over time without any rehabilitation actions, but the complementary PCR
and IRI both change proportionally over time. Thus, the utilization of complemen-
tary PCR and IRI helped the network to optimize the model with higher accuracy
and to establish a better correlation between actual and predicted outputs.

3.3 ANN Structure and Modeling Process

The ANNs approach used in this study is a single layer feed-forward error back-
propagation neural network. A typical ANN structure consists of an input layer, a
hidden layer, an output layer, and connection weights. The input layer contains inde-
pendent variables and the output layer contains dependent variable(s). The hidden
layer connects the independent and dependent variables by a series of nodes and con-
nection weights and is placed between the input and output layers. The hidden layer
allows the flow of information from the input layer to the output layer through the
connection links that areweighted by numerical values known as connectionweights.
The hidden layer is the main part of the ANN structure, as it defines the accuracy of
the model. The error between the observed and predicted values is backpropagated
through the connection links to update the connection weights and threshold values.
ANN approach has been extensively utilized in many studies. More information can
be found in the literature (i.e. Attoh-Okine (1994) and Raab et al. (2013)).

A total of five models were developed using the same CRCP database. In these
models, some of the input parameters were varied to understand their effects on the
outputs’ prediction accuracy. All the inputs and outputs used in these models are
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listed in Table 1. In Table 1, age is the elapsed time between the construction year
and 2010. PCR and IRI used in the inputs are the measured values in 2010. ESAL
and cumulative annual rainfall were not included in these models as the data were
not available at the time of the study. All ANNmodels were trained with 50%, tested
with 25%, validatedwith 25%of the data and finally, trainedwith the full dataset. The
training sets were chosen in a way that ANNmodels were trained with wider ranges.
The first stage included training and testing with the predetermined datasets. Once
the first stage was complete, the best networks were selected and compared based
on minimum ASE (Averaged Squared Error), minimum MARE (Mean Absolute
Relative Error) and maximum of coefficient of determination (R2). The ASE and
MARE were calculated by the Equations (1) and (2) correspondingly.
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Here, Y P
i j = Predicted output, Y O

i j = Actual output, N = number of dataset, and
n = number of outputs.

The best networks were validated by the validation datasets reserved solely for
this step and finally, trained with the full dataset, which was called all data in Table 2.
The network that had the minimumASE and maximum R2 in testing, validation, and
in all data stages was selected for the final ANN model architecture.

The final architecture of each model is presented in the bottom row of Table 2 as
“X-Y-Z”, where X is the number of inputs, Y is the number of hidden nodes, and Z is
the number of outputs. The correlation plots in Fig. 1 present the correlation between
the actual and predicted values for all data stages for all the developed models. In

Table 1 Inputs and outputs of the developed models

Model no Common inputs Additional input(s) Output(s)

Model 1 • Location
• Thickness
• Age
• Length
• Time (t)
• PCR
• IRI

Rehabilitation based on
PCR

PCR (t)

Model 2 Rehabilitation based on
IRI

IRI (t)

Model 3 Rehabilitation based on
both PCR and IRI

Complementary PCR (t)
and IRI (t)

Model 4 Rehabilitation based on
PCR

Complementary PCR (t)
and IRI (t)

Model 5 Rehabilitation based on
IRI

Complementary PCR (t)
and IRI (t)
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Table 2 Statistical accuracy measures of all models

Model Model 1 Model 2 Model 3 Model 4 Model 5

Training MARE (%) 4.685 5.865 7.487 8.499 7.797

R2 0.615 0.902 0.825 0.721 0.798

ASE 0.0020 0.0009 0.0013 0.0019 0.0014

Testing MARE (%) 5.125 7.719 10.407 10.329 10.716

R2 0.476 0.837 0.681 0.639 0.654

ASE 0.0025 0.0016 0.0020 0.0022 0.0022

Validation MARE (%) 4.788 8.119 11.722 10.431 11.098

R2 0.553 0.692 0.589 0.623 0.599

ASE 0.0020 0.0026 0.0025 0.0021 0.0022

All data MARE (%) 4.212 5.923 7.365 8.734 7.969

R2 0.666 0.872 0.817 0.699 0.758

ASE 0.0016 0.0012 0.0012 0.0019 0.0015

Final architecture 11-6-1 11-8-1 12-8-2 11-4-2 11-6-2

Fig. 1, each plot depicts only a single output (i.e. PCR or IRI). Thus, the models
with the single output are shown with a single plot (i.e. model 1 in Fig. 1(a)), and
the models with the two outputs are presented in two plots (i.e. model 3 in Figs. 1(c)
and (d)).

4 Results

4.1 Model 1

The inputs for Model 1 are location, thickness, age, time (t), length, PCR, IRI and
rehabilitation based on PCR and the output is PCR (t) as shown in Table 1. The ASE
values for training, testing, validation, and all data are 0.0020, 0.0025, 0.0020 and
0.0016 respectively. R2 values for this model are as follows: 0.615 for the training,
0.476 for the testing, 0.553 for the validation, and 0.666 for all data. The correlation
of PCR in the all data stage for this model is shown in Fig. 1(a). The final architecture
of this model is 11-6-1, where 11 is the number inputs, 6 is the number of hidden
nodes and 1 is the number of output.
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Fig. 1 Regression plots of full dataset of all models
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Fig. 1 (continued)

4.2 Model 2

Model 2 includes location, thickness, age, length, PCR, IRI and rehabilitation based
on IRI as the inputs and IRI (t) as the output. The ASE values for training, testing,
validation, and all data are 0.0009, 0.0016, 0.0026 and 0.0012 respectively. R2 values
are 0.902 for the training, 0.837 for the testing, 0.692 for the validation, and 0.872
for all data. The correlation between the actual and predicted IRI in all data stage for
this model is shown in Fig. 1(b). This network structure is 11 inputs, 8 hidden nodes,
and 1 output.

4.3 Model 3

The inputs and outputs of this model are very similar to model 2. In addition to model
2 inputs, rehabilitation based on PCR as an additional input and complementary
PCR (t) as an additional output were considered. The ASE values for the selected
network are as follows: 0.0013 for the training, 0.0020 for the testing, 0.0025 for the
validation, and 0.0012 for all data. The R2 for training, testing, validation, and all
data are 0.825, 0.681, 0.589 and 0.817, respectively. Figures 1(c) and (d) show the
correlation between the actual and predicted values of the PCR and IRI in all data
stage, respectively. This network has 12 inputs, 8 hidden nodes, and 2 outputs.
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4.4 Model 4

To develop this model, all the inputs except the rehabilitation based on IRI and all
the outputs of model 3 were utilized. The ASE values are as follows: 0.0019 for the
training, 0.0022 for the testing, 0.0021 for the validation and 0.0019 for all data. The
R2 values represent a moderate correlation among the datasets and the values are
0.721 for the training, 0.639 for the testing, 0.623 for the validation, and 0.699 for
all data. Figures 1(e) and (f) show the correlation between the actual and predicted
values of the PCR and IRI in all data stage, respectively. The final network has 11
inputs, 4 hidden nodes, and 2 outputs.

4.5 Model 5

Thismodel utilized location, thickness, age, length, PCR, IRI and rehabilitation based
on IRI as inputs and complementary PCR (t) and IRI (t) as outputs which are shown
in Table 1. The ASE values for training, testing, validation, and all data were 0.0014,
0.0022, 0.0022 and 0.0015 respectively. R2 values for this model are 0.798 for the
training, 0.654 for the testing, 0.599 for the validation, and 0.758 for all data. The R2

values indicated a moderate to a high correlation between the actual and predicted
outputs. The correlations between actual and predicted values of both PCR and IRI
in all data stage are shown in Figs. 1(g) and (h), respectively. This network had 11
inputs, 6 hidden nodes and 2 outputs shown in the bottom row of Table 2.

5 Sensitivity Analysis

A sensitivity analysis was carried out to evaluate the significance of the inputs on
the output(s). A graphical user interface was developed by importing all the final
ANNmodel parameters into an excel spreadsheet. To examine the models, one input
was changed while keeping the other inputs constant. In this paper, the sensitivity
analysis of model 2 is presented since it is the best model in terms of statistical
accuracy measures. All model 2 inputs shown in Table 1 were kept constant except
Time (t) that was changed from one to eight to generate predictions of IRI. Figure 2
shows two representative pavement section predictions by model 2. In each plot,
the predicted IRI value follows the trend embedded within the actual IRI data. It
can be inferred from Fig. 2 that IRI increased over time up to the sixth year and
decreased in the latter two years without any rehabilitation action. Usually, without
any rehabilitation, pavement deteriorates over time, therefore, IRI increases. Even
though these two sections did not agree with the expected behaviour, the model still
followed a similar trend. The CRCP has long life-span and does not deteriorate much
with time; the changes in predicted and actual values of IRI are accordingly small.
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Fig. 2 Sensitivity analysis of Model 2, a Section ID: 1956 and b Section ID: 3076

6 Discussion and Conclusion

In this study, the distress data from Continuously Reinforced Concrete Pavement
(CRCP) sections in Mississippi was used to develop the performance prediction
models using Artificial Neural Networks (ANNs) approach with a backpropaga-
tion algorithm. IRI and PCR are the common output for all the developed models.
Rehabilitation actions were categorized based on IRI and PCR. All five models with
common and varying input(s) and output(s) are represented in Table 1. All the future
predictions, up to 8 years, were based on the data in 2010. All the developed models
have significant model statistics, which are depicted in Table 2. Model 2 was found
to be the most accurate among the five models. This model had the least ASE and
highest R2 in all stages of modeling among all the models. In the sensitivity anal-
ysis shown in Fig. 2, the two randomly selected sections performed logically and
followed a very similar trend as the actual measurements. At the time of conducting
this study, traffic and environmental data were not available, which could potentially
improve the statistical accuracy measures. It should be mentioned that the data size
used in this study was small considering the life span of CRCP. To capture the ulti-
mate response of PCR and IRI rehabilitation actions properly, more data that contain
the total life span of CRCP must be included. Also, within the 8 years of data, the
change in PCR and IRI was erratic which may be due to the calibration of profilome-
ter, time and day of the survey, and weather conditions. Future studies should include
cumulative ESAL, rainfall, and temperature data, which may improve the accuracy
of the models and incorporate more performance logic into the existing models. The
data from the upcoming years should be used for retraining the existing models for
potential improvement and reliable projections. As the pavement condition in the
current year is highly dependent on the previous year’s condition, a new modeling
approach should look into utilizing the condition of the pavement section over the
years as dependent variables.
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Parameter Identification of Asphalt
Pavements Subjected to Moving Loads

Zhaojie Sun, Cor Kasbergen, Karel N. van Dalen, Kumar Anupam,
Athanasios Skarpas, and Sandra M. J. G. Erkens

Abstract Pavements generally demand necessary maintenance and rehabilitation to
maintain their service performance in the whole lifespan. The maintenance and reha-
bilitation strategies are usually formulated based on the results of non-destructive
testing, inwhich the traffic speed deflectometer (TSD) test is an efficient tool for pave-
ment structural evaluation at network level. In this paper, the TSD test on asphalt
pavements is simulated by a spectral element method-based theoretical model, which
is further combined with a nonlinear minimisation algorithm to achieve parameter
identification. After conducting parameter sensitivity analysis, a case study is used
to demonstrate the ability of the proposed parameter identification technique. The
results show that this technique is able to deal with TSD measurements to effec-
tively identify the structural parameters of asphalt pavements. The presented TSD
test-based parameter identification technique is a promising tool for asphalt pavement
structural evaluation at network level, which is beneficial to formulate cost-effective
maintenance and rehabilitation strategies.

Keywords Parameter identification · Asphalt pavement · Moving load · Spectral
element method · Traffic speed deflectometer

1 Introduction

The maintenance and rehabilitation of pavements are essential to extend their ser-
vice life. In order to minimise unnecessary costs, the maintenance and rehabilitation
strategies should be accurate enough, which requires reliable techniques for pave-
ment functional and structural evaluation. An elegant method for pavement structural
evaluation is the non-destructive testing, in which the falling weight deflectometer
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(FWD) test is a widely used approach (Li et al. 2017; Elbagalati et al. 2018). In the
FWD test, the pavement response caused by an impact load is measured, which can
be further analysed to identify structural parameters of pavements (Al-Khoury et al.
2001). However, the FWD test is time consuming and resource intensive for network-
level structural evaluation because of the stop-and-go testing process (Keenahan and
OBrien 2018). The limitations of the FWD test encourage the development of another
non-destructive testingmethod, which is called the traffic speed deflectometer (TSD)
test (Levenberg et al. 2018; Nasimifar et al. 2018). This test canmeasure the response
of pavement surface caused by awheel loading at normal driving speeds, so it is more
suitable for pavement structural evaluation at network level (Maser et al. 2017).
Although the TSD vehicle has been well developed, it still needs a proper parameter
identification technique to deal with corresponding measurements. Hence, this paper
aims to formulate a parameter identification technique suitable for TSD measure-
ment analysis. The presented work is beneficial to the development of engineering
techniques for pavement structural evaluation at network level.

2 Model Formulation

With the assumptions that the pavement surface is smooth, the driving speed is
constant, and the measurements are only caused by the right rear wheel pair of the
TSD vehicle, a theoretical model for the TSD test on asphalt pavements is a layered
system subjected to a uniformly moving constant surface force, which is evenly
distributed over a pair of rectangular areas, as shown in Fig. 1. In order to solve
the moving load problem, both a stationary Cartesian coordinate system (OXYZ)
and a moving Cartesian coordinate system (oxyz) are introduced. The stationary
coordinate system is stationary with respect to the layered system and its origin
is located in the centre of the initial loading area, while the moving coordinate
system is moving with the load and its origin is located in the centre of the moving

Fig. 1 A theoretical model for the TSD test
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loading area. The stationary coordinate vector and the moving coordinate vector are

notated as X = [
X Y Z

]T
and x = [

x y z
]T
, respectively. If the load moves in the

positive direction of the X-axis with a constant speed c, the relationships between
the coordinates of the two coordinate systems are:

x = X − ct, y = Y, z = Z (1)

where t is time, and these two coordinate systems are coincident when t is zero.

2.1 Response of Elastic Layered Systems Under Moving
Surface Loads

As presented in Sun et al. (2019), a spectral element method-based procedure can be
used to calculate the response of elastic layered systems under moving surface loads.
In this procedure, a layer spectral element and a semi-infinite spectral element are
developed to respectively simulate a layer and a half-space, and the combinations of
these two spectral elements can model layered systems with different configurations.
For the case of the TSD test, both the loading pressure and loading area are considered
to be constant over time. In addition, the contact area between the right rear wheel
pair of the TSD vehicle and pavement surface is assumed to be two rectangular areas
with a certain distance between them, and the centre of the contact area coincides
with the origin of the moving coordinate system. This configuration of the contact
area can be described by a spatial distribution function h0(x, y) defined as follows:

h0(x, y) = H(x0 − |x |)
[
H

(
y0
2

−
∣∣∣∣y + y0 + d

2

∣∣∣∣

)
+ H

(
y0
2

−
∣∣∣∣y − y0 + d

2

∣∣∣∣

)]

(2)

in which H(·) is the Heaviside step function, 2x0 is the length of one rectangular
area in x-direction, y0 is corresponding length in y-direction, and d is the distance
between two rectangular areas in y-direction.

2.2 Simulation of Material Damping

Numerically, the material damping can be simulated by replacing the Young’s mod-
ulus with a complex Young’s modulus derived from a certain damping model. For
the moving load problem, the complex Young’s modulus should be expressed in
the wavenumber-frequency domain related to the moving coordinate system for fur-
ther application. The asphalt layer in asphalt pavements has viscoelastic properties,
which are simulated by the Zener model in this study. As shown in Fig. 2, the Zener
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Fig. 2 Schematic representation of the Zener model

model consists of aMaxwell component and aHookean element (with spring constant
E0) connected in parallel. The Maxwell component consists of a Hookean element
(with spring constant E∞ − E0) and a Newtonian element (with viscosity constant
η) connected in series. Physically, E0 is called the static modulus because it cor-
responds to the complex Young’s modulus when loading angular frequency equals
zero, and E∞ is called the glassy modulus because it corresponds to the complex
Young’s modulus when loading angular frequency equals infinity.

In the stationary coordinate system, the stress-strain relationship of the Zener
model under uniaxial tension/compression can be expressed as follows:

[(E∞ − E0) + η∂t ]σ0
(
X, t

) = [E0(E∞ − E0) + ηE∞∂t ]ε0
(
X, t

)
(3)

where @t means derivative with respect to t, σ 0(X, t) and ε0(X, t) are the ten-
sile/compressive stress and strain in the stationary coordinate system, respectively.
According to Eq. (1), the stress-strain relationship of the Zener model has the
following form in the moving coordinate system:

[(E∞ − E0) + η(∂t − c∂x )]σ
(
x, t

) = [E0(E∞ − E0) + ηE∞(∂t − c∂x )]ε
(
x, t

)

(4)

in which @x means derivative with respect to x, σ (x, t) and ε(x, t) are the
tensile/compressive stress and strain in the moving coordinate system, respectively.

By following the sameFourier transformconvention shown inSunet al. (2019), the
expression of the complex Young’s modulus for the Zener model in the wavenumber-
frequency domain can be obtained by replacing @t with iω, replacing @x with −ikx,
and using the analogy relation similar to that of linear elasticity:

Ẽ(kx , ω) = E0(E∞ − E0) + iηE∞(ω + ckx )

(E∞ − E0) + iη(ω + ckx )
(5)

where i is the imaginary unit satisfying i2 =−1, Ẽ(kx,ω) is the complexYoung’smod-
ulus in the wavenumber-frequency domain, kx is the wavenumber in the x-direction,
and ω is the angular frequency. It can be concluded that, for a certain damping
model, the expressionof the complexYoung’smodulus in thewavenumber-frequency
domain related to the moving coordinate system can be obtained from its traditional
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expression in the frequency domain related to the stationary coordinate system by
replacing ω with ω + ckx. The base layer and subgrade in asphalt pavements are
considered to be elastic with hysteretic damping, which corresponds to the follow-
ing expression of complex Young’s modulus in the wavenumber-frequency domain
related to the moving coordinate system:

Ẽ(kx , ω) = E
[
1 + 2iξsgn(ω + ckx )

]
(6)

in which E is the Young’s modulus, ξ is the damping ratio, and sgn(·) is the signum
function.

3 Parameter Sensitivity Analysis

The more sensitive the response is to a certain parameter, the easier it is to identify
this parameter. Hence, the parameter sensitivity analysis is necessary to have an
insight into the feasibility and accuracy of the parameter identification process. In
practice, the TSD vehicle measures the vertical deflection slopes of surface points
along the midline of right rear wheel pair. Hence, the vertical deflection slope curve
along the x-axis observed on the pavement surface is the response of interest. The
sensitivity of the slope curve to different structural parameters is investigated based
on single factor analysis, in which the variation of a certain parameter is 50% of
its reference value. According to the actual loading conditions of the TSD test, the
following loading parameters are used for simulation:

• The speed of the moving load c is 13.9 m/s (50 km/h);
• The magnitude of loading pressure p0 is 707 kPa;
• The distance between two rectangular areas d is 0.15 m;
• The parameters of the loading area are x0 is 0.06316 m and y0 is 0.27432 m;
• The dimensions of the space window of interest are 400 m by 400 m.

In addition, the reference structural parameters of the considered asphalt pavement
are shown in Table 1. The reference parameters of the Zener model used to simu-

Table 1 Reference structural parameters of the asphalt pavement

Layers E (MPa) ξ ν ρ (kg/m3) h (m)

Asphalt – – 0.3 2300 0.1

Base 110 0.05 0.3 1900 0.3

Subgrade 60 0.05 0.3 1600 Infinite

Note: E is the Young’s modulus, ξ is the damping ratio, ν is the Poisson’s ratio, ρ is the density,
and h is the layer thickness.
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late the asphalt layer are: E0 = 6.4 MPa, E∞ = 19500 MPa, and η = 7000 MPa·s.
The response corresponds to the reference structural parameters is shown in solid
lines. In order to distinguish the sensitivity degree to different parameters, the follow-
ing five levels are used for description: hardly sensitive, slightly sensitive,moderately
sensitive, relatively sensitive, and highly sensitive.

3.1 Sensitivity to Parameters of the Zener Model

The sensitivity of the vertical deflection slope curve to parameters of the Zener
model is shown in Fig. 3. The results indicate that the slope curve is hardly sensitive
to the static modulus (E0), highly sensitive to the glassy modulus (E∞), and slightly
sensitive to the viscosity constant (η).

Fig. 3 Sensitivity of vertical deflection slope curve to parameters of the Zener model: (a) static
modulus, (b) glassy modulus, and (c) viscosity constant
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3.2 Sensitivity to Young’s Modulus

The sensitivity of the vertical deflection slope curve to the Young’s moduli of base
layer (E2) and subgrade (E3) is shown in Fig. 4. The results indicate that the slope
curve is relatively sensitive to the Young’s modulus of base layer and highly sensitive
to the Young’s modulus of subgrade.

Fig. 4 Sensitivity of vertical deflection slope curve to Young’s moduli of: (a) base layer and (b)
subgrade

3.3 Sensitivity to Damping Ratio

The sensitivity of the vertical deflection slope curve to the damping ratios of base
layer (ξ 2) and subgrade (ξ 3) is shown in Fig. 5. The results indicate that the slope
curve is slightly sensitive to the damping ratios of base layer and subgrade.

Fig. 5 Sensitivity of vertical deflection slope curve to damping ratios of: (a) base layer and (b)
subgrade
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3.4 Sensitivity to Thickness

The sensitivity of the vertical deflection slope curve to the thicknesses of asphalt
layer (h1) and base layer (h2) is shown in Fig. 6. The results indicate that the slope
curve is highly sensitive to the thickness of asphalt layer and moderately sensitive to
the thickness of base layer.

(a) (b)

Fig. 6 Sensitivity of vertical deflection slope curve to thicknesses of: (a) asphalt layer and (b) base
layer

4 Structural Parameter Identification

The response of a structure is determined by the loading conditions and structural
parameters. Theoretically, if the response and loading conditions are known, it should
be possible to identify the structural parameters. This parameter identification pro-
cess is normally achieved by combining a forward calculation model with a proper
nonlinear minimisation algorithm. A set of most likely parameters can be sought by
minimising the differences between the modelled and measured response. For the
case of the TSD test, the objective function f (p) used for the nonlinear minimisation
algorithm can be defined as follows:

f
(
p
)

=
N∑

n=1

∣∣∣
∣∣∣

smodelled
(
xn, yn;p

)

smeasured(xn, yn)
− 1

∣∣∣
∣∣∣

(7)

where p is a vector contains all the unknown parameters, N is the total number of
measuring points, smodelled(xn, yn; p) and smeasured(xn, yn) are the modelled and mea-
sured vertical deflection slopes at measuring point (xn, yn), respectively. In general,
a smaller value of the objective function corresponds to a better match between the
modelled and measured response. Hence, for a set of specific measured response,
the most likely parameters can be identified by minimising the objective function.
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The nonlinearminimisation algorithm used in this paper is the Powell hybrid algo-
rithm,which can solve a non-constrained systemof nonlinear simultaneous equations
via a finite-difference Jacobian. One feature of the Powell hybrid algorithm is that
the number of unknowns equals to the number of equations. Hence, for the case of
the TSD test, the number of unknown parameters should be no more than the number
of measuring points. In reality, the TSD vehicle can only measure the slopes of about
9 points. Hence, some structural parameters should be fixed to make the problem
solvable. With considering the results of sensitivity analysis, the following parame-
ters are chosen for identification: E∞, E2, E3, η, ξ 2, ξ 3, h1, and h2. For the reference
asphalt pavement structure shown in the previous section, the slopes of eight points
along the x-axis on the pavement surface calculated by the forward model are taken
as synthetic measurements. Then, the unknown parameters are identified by using
the proposed parameter identification technique. It is found that good initial guesses
of the unknown parameters are important to improve the accuracy and efficiency of
the parameter identification process. The initial guesses used in this case are: E∞ =
18000 MPa, E2 = 60 MPa, E3 = 40 MPa, η = 6000 MPa·s, ξ 2 = 0.04, ξ 3 = 0.04,
h1 = 0.05 m, and h2 = 0.2 m. Correspondingly, the identified parameters are: E∞
= 19500.5 MPa, E2 = 110.0 MPa, E3 = 60.0 MPa, η = 6996.3 MPa·s, ξ 2 = 0.050,
ξ 3 = 0.050, h1 = 0.10 m, and h2 = 0.30 m. These identified parameters have good
agreement with the true values (i.e. reference parameters), which confirms the ability
of the proposed technique.

5 Conclusions

This paper proposes a parameter identification technique for asphalt pavements sub-
jected to moving loads, which can be used to deal with traffic speed deflectometer
(TSD) measurements to identify the structural parameters of asphalt pavements.
The proposed TSD test associated parameter identification technique may become a
promising tool for pavement structural evaluation at network level, and help to formu-
late cost-effective maintenance and rehabilitation strategies. In the future work, more
case studies will be conducted to verify the robustness of the proposed parameter
identification technique.
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Effects of Field Compaction Method
on Water Permeability and Performance
of Asphalt Concrete Pavements

Chinecherem Agbo Igboke, Eslam Elsayed, Yasser Hassan,
and Abd El Halim Omar Abd El Halim

Abstract This paper presents the results of field studies of hot mix asphalt pave-
ments compaction using conventional compaction technologies (train of vibratory
steel drum, pneumatic tired roller) and the Asphalt Multi-Integrated Roller (AMIR)
to examine the effects of different compaction methods on the water permeability
of asphalt concrete pavements as a surrogate measure of durability and eventual
long-term performance. Nine different pavement construction projects were used in
this paper where laboratory and field properties of pavements compacted using con-
ventional and AMIR compaction were measured and evaluated. Field measurements
of water permeability showed higher mean value and higher variation of the per-
meability coefficient for conventional compaction than the AMIR-compacted pave-
ments, even though the air voids and relative compaction were almost the same.
Compared to the conventional compaction, statistical analysis showed that AMIR
compaction reduced water permeability of compacted surfaces on stiff bases (such
as an overlay on top of a milled asphalt concrete pavement) and also reduced the rate
of permeability increase due to increase in air voids.

Keywords Asphalt concrete pavement · Compaction · Permeability · Pavement
performance

1 Introduction

The structural performance and durability of asphalt concrete pavements are con-
trolled by a number of factors including proper mix design and adequate compaction.
Hughes (1989) suggested that neither of these two factors alone can guarantee a
satisfactorily performing pavement. Properties such as strength, resistance to age-
ing, resistance to deformation, resistance to moisture damage, permeability, and
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skid resistance are stated to be affected by compaction (Hughes 1989). Most high-
way jurisdictions emphasize the quality of pavement compaction through setting
a minimum compaction level or relative compaction (the percentage of compaction
achieved in the field relative tomaximumcompaction of themix) expected of the con-
tractor. Such requirements are based on the premise that a higher relative compaction
would ensure better performing and more durable pavements. As these requirements
focus on the end result, less emphasis is placed on the method of pavement construc-
tion. However, research findings have shown that the different compaction methods
impart different properties to the asphalt concrete with some more prone to dis-
tresses than others at comparable compaction levels (Tarefder and Ahmad 2016;
Airey and Collop 2016). Therefore, this paper examines the effects of asphalt pave-
ment compaction on the expected pavement’s long-term performance. The paper
uses the results of field trials involving two compaction methods: the conventional
compaction using a train of vibratory steel, pneumatic, and static steel rollers and
compaction using AMIR (Asphalt Multi-Integrated Roller) as a single roller. The
pavements in the study are compared based on relative compaction, air voids, and
water permeability.

2 Background of Asphalt Pavement Field Compaction

From the late 19th century when the first steam roller was invented till the late 1950s,
compaction of asphalt concrete was performed by the static steel drum roller with
different axle configurations (Hughes 1989; Geller 1984; Parker 1960). The 1960s
saw the introduction of the vibratory steel drum roller, and the oscillatory steel drum
roller was introduced between 1980s and 1990s to improve the efficiency of field
compaction and provide better performing asphalt concrete pavements. Figure 1
shows the three main technologies of rotary steel drum compactors according to
Kearney (2006). However, neither the shape nor the material of the drum has funda-
mentally changed among these three steel drum roller types (Hughes 1989; Parker
1960; Geller 1984). Hence, the current compaction technology is referred to in this
paper as conventional compaction.

Fig. 1 Different types of rotary steel drum compaction (Kearney 2006)
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For over a century now, the problems of “bow wave” phenomenon, pavement
surface irregularities and transverse cracks otherwise known as roller checking, have
been well documented in the literature (Hughes 1989; Parker 1960; Geller 1984;
Ramezani et al. 2018). Researchers such asGeller (1984) andParker (1960) attributed
these problems to mix instability, and hence emphasized the importance of training
and discipline of roller operators. Increasing the roller drum radius was also recom-
mended to address these problems. But on the shape of the compactor equipment,
Eq. (1), according to Parker (1960), shows that an infinite radius of the drum roller
is required to eliminate the drawbar pull, which is a considerable factor contributing
to the construction problems. Obviously, this indicates that a circular roller drum
will always generate a drawbar pull and, in turn, much of the associated compaction
problems.

P = WG

R − H
(1)

Where P = drawbar pull which is the engine track force that drives the roller, W =
roller weight, G = the horizontal distance of the roller-pavement contact, R= drum
radius, and H = depth of drum penetration into the hot asphalt during compaction.

Figure 2 shows the illustration of the roller drum dimensions, roller drum-
pavement contact area, and the drawbar pull (Parker 1960).

F = resultant force

tanθ = G

R − H
= P

W

Based on tensile strength testing of field-compacted slabs, Ramezani et al. (2018)
concluded that construction cracks at the top of a pavement layer would make the top
portion of the layer weaker than the lower portion. Several other problems associated
with the current conventional compaction of asphalt pavements have been reported in
the literature including lower tensile strength in the roller direction (hence perpendic-
ular to construction cracks) and higher susceptibility to moisture damage and other
forms of asphalt pavement distress (Abd El Halim et al. 2015; Abd El Halim et al.

Fig. 2 Influence of roller
drum radius on surface
irregularities (Parker 1960)
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1994; Abd El Halim and Haas 2004). A recent study concluded that the formation
of bumps in asphalt concrete pavements increases with greater vibration and steeper
downgrade in the direction of rolling (Shuler 2017). Unfortunately, most highway
jurisdictions have not considered in their job acceptance schemes the method of
compaction used in asphalt pavement construction. It is generally believed that once
the required compaction level has been achieved, other properties and long-term
performance of the asphalt pavement would be assured regardless of the method of
compaction. However, findings by Williams (2011), Kandhal and Mallick (2007),
and Fleckenstein et al. (2002) reported that the performance of asphalt pavements
does not depend on the level of compaction alone but rather on other characteristics,
such as permeability.

As mentioned earlier, Eq. (1) indicated that removal of the effect of the draw-
bar pull, which causes surface cracks, entails having an infinite radius of the steel
drum roller. This condition can be achieved by replacing the drum with a flat sur-
face such that the pavement is compacted without initiating cracks. The Asphalt
Multi-Integrated Roller (AMIR) compaction technology has been developed under
this premise to solve the problems of asphalt surface cracking during compaction
operations. As shown in Fig. 3, AMIR changes the two parameters that have been
fixed features of all steel rollers. First, the radius of the compaction equipment is
changed from a finite radius in all other rollers to a flat surface or infinite radius.
Second, the roller material in direct contact with the pavement is changed to rubber,
which is considerably closer to the stiffness of the hot asphalt concrete than the steel
used in conventional rollers. AMIR’s flat rubber belt provides a greater contact area
and time of compaction allowing proper densification of the mat using considerably
less vertical pressure exerted on the pavement surface (Abd El Halim and Mostafa
2006; El Hussein et al. 1993). AMIR efficiently compacts asphalt concrete pave-
ments and produces surfaces that are free of cracks and irregularities, with lower

Fig. 3 The schematic
diagram of a AMIR and
b Steel drum rollers

B

A
AMIR Roller

Asphalt Mat

Asphalt Mat

Roller cracks

Steel Drum
Roller 
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water permeability, and with improved engineering properties; all of which lead to
better durability and long-term performance (AbdElHalim et al. 2013; AbdElHalim
et al. 1988).

3 Research Methodology

To study the comparative effects of the conventional and AMIR compaction methods
on the properties of asphalt concrete, data were collected from several construction
projects. The data included parameters related to the quality of the finished pave-
ment such as density and water permeability measured in the field (referred to as
field permeability) as well as parameters related to the compaction process such as
compaction level, base type (compacted granular base, Portland cement concrete, or
milled asphalt concrete surface), roller type, and number of roller passes. The data
used in this paper comprise information from 162 cores collected from nine paving
projects across Eastern Ontario, Canada. All sites have similar climatic conditions,
and all fallwithin the same zone for performance grade requirement of asphalt cement
(OHMPA1999). The test locations were on relatively straight sections withmoderate
grades.

The cores were extracted at the same points where field permeability measure-
ments were taken on the pavement surface. The cores were transported to Car-
leton University, where they underwent tests to determine the volumetric parameters
(namely, density and air voids) and the unconditioned indirect tensile strength of
each core. The volumetric properties were determined using the saturated surface
dry method according to AASHTO T166 (AASHTO 2016), while the unconditioned
indirect tensile strengthwas determined as part ofAASHTOT283method (AASHTO
2014) using an INSTRON series 5583 loading machine at 50.8 mm/minute load-
ing rate. Field permeability tests were performed using the NCAT permeameter
according to the operating manual provided by the manufacturer (Gilson 2013).
Thus, a database was established for the coefficient of water permeability as mea-
sured in the field (referred to as permeability coefficient) along with other pavement
characteristics for the same location of permeability measurement.

Mix types for all projects were the Ministry of Transportation Ontario’s (MTO)
Superpave 12.5 Nominal Maximum Aggregate Size (NMAS) with different designs
for the projects. The binder content for these projects ranged from 4.7 to 5.1%.
Paving operations followed the relevant MTO standards with mixing temperature
and compaction temperature around 165 and 147 °C, respectively, and lift thickness
of about 50 mm. Eight of the nine projects involved two side-by-side test sections
at each site that corresponded to the conventional and AMIR compaction. A nuclear
density gauge was used to monitor the density during compaction and ensure that
enough compaction has been applied to each section to achieve the required com-
paction level. At the end of compaction, the two sections in each project had achieved
approximately the same relative compaction. However, the conventional compaction
required 22–24 passes of different rollers to achieve the required compaction, while
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AMIR achieved the same compaction level in 4–8 passes by a single roller depending
on the project and layer thickness.

The ninth project (Site 9) was conducted in the yard of a local contractor and
involved using each of the conventional and AMIR compaction to apply varying
compaction efforts on three sections for each compaction method in the yard of
a local contractor. The number of roller passes for each AMIR section was one-
third that of the corresponding conventional compaction section. More specifically,
the three AMIR-compacted sections A1, A2, and A3 were compacted using 4, 6,
and 8 passes, respectively. On the other hand, the three conventional compaction
sections S1, S2, and S3 were compacted using 12, 18, and 24 total roller passes,
respectively. All other parameters, including mix design and construction process,
were similar to the other eight projects. A total of 30 field permeabilitymeasurements
were performed, and 30 cores were recovered from the test sections of Site 9.

4 Results

First, Fig. 4 shows the compaction and permeability for Site 9 for the three AMIR-
compacted sections (A1–A3) and the corresponding conventional compaction sec-
tions (C1–C3). It could be seen that the conventional compaction yielded marginally
higher mean relative compaction, which was achieved with three times the num-
ber of roller passes of AMIR. However, each section of A1–A3 had a lower mean
permeability coefficient and lower variance than the corresponding values of C1–C3.

To investigate the effects of the two compaction methods on the properties of
asphalt pavement, regression analysis was used with the dependent variable being
the coefficient of permeability (K) as the performance indicator variable, while the
independent variables are those commonly used in quality control including maxi-
mum theoretical specific gravity (Gmm), relative compaction (Comp), bulk specific

Fig. 4 Summary of relative compaction (a) and Permeability (b) Test results at site 9
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gravity (Gmb), air voids (Va), indirect tensile strength (IDS), base type (Pavt: granu-
lar base= 0; milled/concrete base= 1), number of roller passes (Pass), lift thickness
(Thick), roller or compaction type (Rol: conventional = 0; AMIR = 1), and project
site. Compared to the results presented by Igboke et al. (2018), this paper adds the data
from the ninth control project to provide better insight on the effect of compaction
effort (Pass) and interaction with the other variables.

First, Table 1 shows a summary of the main characteristics of pavements com-
pacted by the two compactionmethods for all sites. As shown in the table, the relative
compaction and air voids were very close for both compaction types as the construc-
tion controlled for this variable. That is, compaction continued with the conventional
rollers until an acceptable compaction level was achieved. Despite the almost similar
air voids and density, AMIR-compacted pavements had lower permeability with less
variability (in terms of standard deviation).

Table 2 summarizes the main variables used in the regression analysis. In addition
to these variables, to account for the potential of site-specific conditions that could
have affected the pavement’s permeability, nine dummy variables (Site 1 to Site 9)
were used to represent the nine project sites. Each of these variables was set equal to
1 for the data belonging to this site, and all other site variables were set equal to 0.
Finally, the interaction of the different variables was considered using independent
variables that are the multiplication of two or more variables. These interaction
variables account for the multiplicative effects of the independent variables on K.

Table 1 Permeability and compaction values of two roller types

Compaction type Comp (%) Va (%) K (10−3 cm/sec)

AMIR Mean 92.60 7.40 3.97

Std deviation 2.89 2.89 5.47

Conventional Mean 92.11 7.89 4.49

Std deviation 1.92 1.92 7.90

Table 2 Summary of the main dependent and independent variables (number of samples = 162)

Variable Mean Std deviation Minimum Maximum

K (10−3 cm/sec) 4.28 7.00 0.005 45.3

Comp (%) 92.35 2.41 86.18 98.23

Va (%) 7.65 2.41 1.77 13.82

Gmm 2.53 0.049 2.38 2.66

Gmb 2.34 0.055 2.17 2.48

IDS (kPa) 267.23 186.37 42.25 1024.21

Pavt 0.093 0.29 0 1

Rol 0.41 0.49 0 1

Pass 15.84 7.13 4 24

Thick (mm) 52.43 7.39 42 95
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Table 3 Summary of regression analysis

Variable Regression coefficient Standard error p-value Standard estimate

Intercept 0.0070 0.0013 <.0001 0

Comp −0.00070 0.00022 0.0022 −0.24

Pavt 0.0063 0.0022 0.0041 0.263

Pass −0.000202 0.000067 0.0028 −0.21

VaRol −0.00070 0.00028 0.013 −0.23

PavtRol −0.011 0.0040 0.0053 −0.302

sqVaRolPavt −0.00027 0.00011 0.019 −0.21

Site 2 −0.0026 0.0010 0.013 −0.12

Site 7 0.02040 0.0028 <.0001 0.74

Table 3 summarizes the results of the significant model accounting for the inde-
pendent variables and their interaction. The regression model had an F-statistic value
of 38.29 (p-value < 0.001) indicating that the model is significant at 5% level of sig-
nificance. The model’s coefficient of determination (R2) is 0.667 indicating that the
model explained 66.7% of the observed variation in the permeability coefficient of
the test sections.

As shown in the table, relative compaction (Comp), base type (Pavt), and number
of passes (Pass) are significant variables at 5% level of significance. Expectedly, K
decreases with the increase of Comp and Pass. Compared to a pavement layer over
an aggregate base, K would increase for overlays on top of a stiff base of milled
asphalt concrete or Portland cement concrete. Two sites (2 and 7) were also found to
be significant with lower K at Site 2 and higher K at Site 7 compared to pavements
with the same characteristics at all other sites. Three interaction terms involving
Rol, Pavt, and Va were also significant with negative regression coefficients. First,
VaRol (interaction term for Va and Rol) indicates that an increase in the pavement’s
air voids would cause a smaller increment in K if the pavement is compacted with
AMIR than the case of conventional compaction. Similarly, PavtRol (interaction
term for Pavt and Rol) indicates that the increase in K over a stiff base is lower for
AMIR compaction than conventional compaction. Finally, sqVaRolPavt (interaction
term for square of Va, Rol, and Pavt) indicates a further reduced rate of increase in
K for AMIR-compacted pavements compared to conventional compaction when the
percentage of air voids increases and/or overlay over a stiff base.

5 Conclusions

This paper has explored the influence of conventional vibratory steel drum com-
paction train and the AMIR single roller compaction technology on the asphalt
pavement properties using field permeability as the property of interest to study
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the effect of the conventional and AMIR compaction methods on asphalt pavement
properties. Based on the findings of this paper, the following conclusions are made.
Field compaction equipment and its process are important factors that control the
resulting properties of asphalt concrete regardless of mix design. That compaction
level alone is inadequate to ensure the performance and durability of the asphalt
pavement system without consideration to the process of compaction used and other
related properties and benchmarked with other compaction types. Major factors such
as relative compaction, stiffness of the underlain base, type of field compactor and
number of rollers passes affect properties of asphalt pavement such as permeability.
The major conclusions of the foregoing results are that proper compaction improves
and enhances the mechanical and physical properties of asphalt pavement. Also, as-
constructed asphalt concrete quality should not be based on density alone, and that
the inclusion of permeability testing as part of a quality control scheme is expedient
conditioned on the process of compaction used.
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Cooling Time Requirements for Asphalt
Pavement Repairs

L. Chu and T. F. Fwa

Abstract In repairing asphalt pavements of busy airports or highways carrying
heavy traffic, a common constraint encountered is tight time windows available for
the repair work. A consideration is to provide sufficient cooling time before open-
ing to traffic. Opening too soon to traffic with insufficient cooling time may lead
to early damage to the repaired pavement. This is due to the relatively high tem-
peratures in the asphalt layer as well as the interfacial bonding layer, resulting in
insufficient strength in both layers not strong enough to resist heavy wheel loads.
This paper applies a validated finite-element simulation model to analyze the time
history of temperature cooling in a newly compacted asphalt pavement layer. The
simulation model makes use of the thermodynamics and heat transfer theory to pre-
dict the temperature changes with time after a newly paved pavement section has
been compacted. This information will enable the maintenance team to determine
the appropriate time that the repaired pavement section can be opened to traffic. This
paper analyzes two common thicknesses of pavement repairs, predicts time varia-
tions of temperature within the newly paved asphalt pavement materials for different
weather conditions. A summary of the cooling time needed for each case of pave-
ment repair under different weather conditions is presented. The results highlights
that the commonly adopted practice of relying on the top surface temperature to open
a newly repaired pavement section to traffic is inappropriate and may lead to early
damages to the repaired section.

Keywords Cooling time · Pavement temperature · Finite-element simulation ·
Asphalt pavement repair

L. Chu · T. F. Fwa (B)
School of Highway, Chang’an University South Erhuan Middle Section, Xi’an 710064, China
e-mail: ceefwatf@nus.edu.sg

L. Chu
e-mail: longjiachu@chd.edu.cn

T. F. Fwa
National University of Singapore, Singapore, Singapore

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_75

805

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_75&domain=pdf
mailto:ceefwatf@nus.edu.sg
mailto:longjiachu@chd.edu.cn
https://doi.org/10.1007/978-3-030-48679-2_75


806 L. Chu and T. F. Fwa

1 Introduction

Temperature control is vital to all phases of asphalt mixture construction, including
mix production, transportation delivery, laying and compaction, and also the earliest
time for opening to traffic (Chadbourn et al. 1996). Due to high traffic volume, most
busy airports in the world can only perform repairs of asphalt pavement late at night
or in the early hours, and re-open the repaired pavement sections to traffic in the
morning (Hampton and Hodgkinson 2017; Yeung and Fwa 2017). Opening to traffic
too soon with insufficient cooling time may lead to early damages to a repaired
pavement. This is due to the relatively high temperatures in the asphalt layers as
well as the interfacial bonding layer, resulting in low strength in both layers not
sufficiently strong to resist heavy traffic loading. Sufficient time must be allowed
for the temperature to cool down and the asphalt material to gain strength to resist
traffic loading. As a result, temperature monitoring and control of asphalt mixtures
is important in the repair of asphalt pavements in order to determine when the newly
repaired asphalt pavement section can safely open to trafficwithout causing any early
damages.

This paper studies the temperature cooling trends of the newly-laid repaired layer
on an old existing pavement using finite element simulationmodel. The cooling trend
of asphalt mixtures is influenced by different factors, including the thermal properties
of the newly laid pavement materials and the existing asphalt pavement materials,
and the environmental conditions such as solar influx intensity, cloud cover, ambient
air temperature and wind speed. These factors are considered in this paper. This
paper also discusses the effect of different paving strategies on the temperature cool-
ing trends of a newly laid asphalt layer. The objective for this paper is to study the
temperature cooling trends under various conditions using a simulation model, and
determine the cooling time period needed. This would provide the pavement main-
tenance team with valuable information for the determination of when the repaired
pavement section can be opened to traffic. This study provides a quantitative solu-
tion for determining the time to open to traffic, instead of the traditional practice
of relying on experience or the top surface temperature of the repaired layer. The
improved procedure can help to reduce the occurrences of early damages of newly
paved asphalt sections of busy airports or heavily trafficked highways.

2 Theoretical Basis of Heat Transfer in Action for Newly
Laid Asphalt Pavement

In order to predict temperature cooling trends of newly laid asphalt layer over an
old asphalt pavement, all forms of heat transfer between the newly laid layer and
the surrounding must be considered. Figure 1 presents schematically different heat
transfer processes involvedwhen laying a new repaired asphalt layer on an old asphalt
pavement.
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Fig. 1 Heat transfer processes considered in thermal cooling simulation model

(1) Heat transfer between the newly laid layer and the surrounding atmosphere:

• The newly laid asphalt layer will gain heat from solar influx. The intensity
of solar influx varies according to the time of the day and the cloud cover.
The quantity of heat absorbed can be obtained as follows (Ozisik 1979):

qs = aHs (1)

where qs = solar radiation energy absorbed, Hs is the net solar flux at the
pavement surface, and a= solar radiation absorptivity coefficient which is a
dimensionless quantity.

• The newly laid layer will also lose heat to the atmosphere through radia-
tion. The amount of radiation energy lost can be expressed by the following
equation (Hall et al. 2012):

qr = εσ
(
T 4
s − T 4

a

)
(2)

where qr = radiation heat flux emitted, ε = emissivity coefficient of asphalt
layer, σ = 5.669 × 10−8 W/m2K4 is the Stefan-Boltzman constant, Ts =
surface temperature of the newly laid pavement layer, and Ta = ambient air
temperature.

• Heat loss to the surrounding air through convection occurred between the air
and the pavement surface. This heat loss is a function of wind speed and can
be expressed by the following equation (Hall et al. 2012):

h = 5.8+ 4.1v (3)
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where v = wind speed in m/s, and h is convective heat transfer coefficient
for air flow in w/m2.

(2) Heat transfer occurred through conduction between the newly laid layer and the
old pavement structure beside and underneath:

Heat conduction occurred between the newly laid asphalt layer and the exist-
ing surrounding materials is governed by Fourier’s law which can be described
as follows (Hall et al. 2012):

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
= 1

α

∂T

∂t
(4)

α = k

ρc
(5)

where T= temperature, °C, α = thermal diffusivity, m2/s, k= thermal conduc-
tivity, W/m K, ρ = density, kg/m3, c = specific heat, J/kg K, and x, y, z are the
three coordinate directions in a three-dimensional space.

3 Finite Element Modeling

Finite element modeling is an effective technique for simulating pavement cooling
(Timm et al. 2001; Kassem et al. 2015; Wang et al. 2014). The commercial software
ABAQUS (2010) was used in the present study. The pavement simulated in this paper
is 12 m by 21 m in plan dimensions. Preliminary analyses indicated that during
cooling, the heat transfer within the central portion of surface asphalt layer was
essentially 2-dimensional in nature. A simple 2-dimension finite-element model was
adequate for the present study without considering the effect of vertical boundaries
along the four sides of the repaired layer. Preliminary analyses were also conducted
to determine the appropriate finite element mesh sizes, balancing the computation
time and the required accuracy of the predicted temperatures of the repaired layer.
The finite element mesh design adopted for different pavement layers are shown
in Fig. 2. The newly paved repaired asphalt layer adopts the smallest mesh size of
2 mm which is the most critical part affecting the earliest time for opening to traffic.
Validation of the model is found in a separate work of the authors (Chu et al. 2019).

The simulation model considers different affecting factors including wind speed,
ambient temperature, solar influx intensity and radiation loss, according to the
Eqs. (1) to (5). In the following sections, the finite element simulation model is
applied to study the cooling patterns of two common thicknesses of asphalt pavement
repairs, i.e. 100 and 150 mm thick repairs constructed in two lifts.
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Fig. 2 Schematic representation of finite-element mesh for proposed simulation model

4 Analysis of Thermal Cooling Trends in Repaired Layer

This section presents the results of analysis considering the effect of the following
three factors on the cooling time needed for the temperature in a newly paved repaired
layer to reach 60 °C: (i) wind speed; (ii) ambient air temperature; and (iii) the initial
compaction temperature. Traffic opening temperature of 60 °C has been a common
temperature used bymany airport and highway agencies.Using 60 °C as the reference
temperature for opening a repaired section to traffic, the effects of these factors on the
cooling trend and opening time of a newly paved layer are considered in two different
ways of construction: (1)A 150mm repair thickness constructed in two lifts of 75mm
each; (2) A 100 mm repair thickness constructed in two lifts of 50 mm each. The
highest temperatures in the bottom and top lifts are identified in the analyses. The
following asphalt thermal properties were applicable: thermal diffusivity = 0.98 ×
10 − 6 m2/s, absorptivity = 0.9, and emissivity = 0.8. Solar radiation flux was zero
for night paving in busy airports.

4.1 Effects of Wind Speed

The effect of wind speeds, ranging from 1 to 10 m/s, on the cooling time duration
needed to reach to 60 °C is presented in this section. The results of the wind speed
effects are shown in Fig. 3. The plot illustrates that with the increase of wind speed,
the time needed to reach 60 °C decreases for both the bottom and surface lift. Stronger
wind speed helps to reduce the time needed to cool down to 60 °C. It is noted that
the effect of wind tends to level off when its speed is higher than 8 m/s.
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Fig. 3 Effect of wind speed on time to reach to 60 °C after compaction

Based on the results of analysis, it can be seen that the bottom lift in each case
needs longer time to reach 60 °C than the surface lift for each of the paving strategies.
As expected, the case with a thinner thickness takes shorter time to reach 60 °C.

4.2 Effects of Ambient Air Temperature

The effect of ambient air temperature ranging from 24 to 33 °C, on the cooling time
duration needed to reach 60 °C is presented in this section. Figure 4 presents the

Fig. 4 Effect of air temperature on time to reach 60 °C after compaction
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results of cooling trends under different ambient temperatures for the two paving
strategies studied. It can be seen that as the ambient air temperature rises, longer
cooling time is needed to reach to 60 °C for both the bottom and surface lift. It is
noted that the bottom lift needs longer time to reach to 60 °C as compared with
the surface lift. As for the effect of repair thickness, the thinner repair thickness of
100 mm takes shorter time to cool down to 60 °C. The difference roughly remains
10 min and appears to stay the same for the range of ambient air temperature studied.

4.3 Effect of Compaction Temperature

The initial compaction temperature can significantly affect the time duration to cool
down to 60 °C. Figure 5 shows the cooling trends for the two repair thicknesses
under different compaction temperatures. The cooling time needed to reach 60 °C
increases with the magnitude of the initial compaction temperature. A difference of
20 °C in the initial compaction temperature, i.e. 140 and 160 °C, leads to 60 min
difference in the length of cooling time to 60 °C of the bottom layers for the two
repair thicknesses. When the initial compaction temperature is 140 °C, the bottom
lift takes roughly 120 min longer to reach to 60 °C than that of the surface lift, while
when the initial compaction temperature is 160 °C, the bottom lift requires roughly
140 min longer to cool down to the desired temperature. The case with thinner repair
thickness takes about 12 min shorter time to cool down to 60 °C than the case with
thicker lift thickness.

Fig. 5 Effect of compaction temperature on time to reach 60 °C after compaction
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5 Conclusion

A 2-dimentional finite thermal cooling simulation model has been developed in
this paper to study the temperature cooling trend of a newly laid repaired surface
layer on an old asphalt pavement. Initial compaction temperature and two different
environmental factors (i.e. wind speed and ambient air temperature) were the main
input variables considered to study the cooling time length needed to reach to 60 °C.
The three factors considered have significant effect on the length of cooling time
needed to reach the target temperature of 60 °C. In the different cases studied, the
temperature in the bottom lift is always higher than that in the surface lift. This is
of high practical significance as it means that it is inappropriate to open a newly
laid pavement section to traffic based solely on the surface temperature surface lift.
The established simulation model can provide pavement engineers with information
which would be useful for planning and scheduling of asphalt pavement repairs for
busy airports and highways.
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Cold Recycling in Germany—Current
Experiences and Future Projects

B. Wacker, M. Kalantari, and M. Diekmann

Abstract To guarantee the smooth transportation of goods and passengers over a
highly loaded road network, more efficient and even innovative maintenance and
rehabilitation measures are needed. During the last decade, the Federal Highway
Research Institute (BASt) has accompanied in a rehabilitation project on a federal
roadwaywith different cold recycling construction types and has regularlymonitored
it with non-destructive test methods. In recent years, different aspects of the tech-
nology have also been investigated on laboratory scale through different research
programs. In view of the current positive international experience with bitumen-
stabilized materials (BSM), foamed bitumen mixtures in particular have been met
with great interest in Germany. In the first phase of a new research project in coop-
eration of BASt and Wirtgen GmbH, a 100 m long test section will be tested in
the demonstration, investigation and reference areal of BASt (duraBASt) in order to
extract further experience with the method and adopt it for Germany. After comple-
tion of the construction process, one cold-recycling and one reference pavement type
will be analyzed with the standardized BASt Accelerated Pavement Testing Program
and further laboratory tests. The collected findings of the test section in the network
as well as on duraBASt will be utilized in design procedures and further development
of national regulations and specifications in Germany.

Keywords Cold-recycling · Foam bitumen · duraBASt · Accelerated Pavement
Testing

1 Introduction

One crucialmessage of the 2030Transport Infrastructure Plan ofGermany is “Preser-
vation before new construction” (BMVI 2016). This can lead to problems because
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there are no sufficient regulations yet to the reuse of reclaimed asphalt. To guarantee
the smooth transportation of goods and passengers over a highly loaded roadway
network, more efficient and even innovative maintenance and rehabilitation mea-
sures are needed. In addition, it is becoming more and more important to implement
environmental-friendly and resource-saving methods as much as possible. The recy-
cled asphalt is often used in new hot asphalt formulations in order to comply with the
Closed Substance Cycle Waste Management Act. However, the question arises of
how todealwith the repeated use of recycled asphalt (second-/third generation asphalt
granulate) because bitumen characteristics will degrade in the long term (Gogolin
2019). This means that the reclaimed asphalt aggregates may not be suitable for hot
recycling process with high rates of usage.

In this regard, cold recycling and stabilization techniques with the advantages like
higher rates of recycled materials utilization, lower energy consumption and some-
times faster construction, has attracted much attention. After getting positive results
from implementing the technology on low traffic volume roads, it was decided to
assess that for high traffic volume roads. During the last decade, the Federal Highway
Research Institute (BASt) has accompanied in a rehabilitation project on a federal
highwaywith different cold recycling construction types and has regularlymonitored
it with non-destructive methods. In recent years, different aspects of the technology
have also been investigated on laboratory scale through different research programs.
In view of the current positive international experiencewith bitumen-stabilizedmate-
rials (BSM) (Diefenderfer 2019; West 2018), foamed bitumen mixtures in particular
havemet with great interest in Germany. InGermany, only a few experiences and per-
formance data are available. In the first phase of a new research project in cooperation
with Wirtgen GmbH, a 100 m long test section will be tested in the demonstration,
investigation and reference areal of BASt (duraBASt) in order to extract further
experience with the method and adopt it for Germany.

2 Current Use of Cold-Recycling in Germany

There are two main national guidelines in Germany regarding to the topic of cold
recycling for in-place and in-plant methods (FGSV 2005, 2007). There is a catalogue
which is used to determine the thickness of the pavement layers on lower traffic
classes when cold recycled layer is used (FGSV 2005). Because of the imposed
limitation by the guideline and the limitation of performance data, almost all projects
done in Germany are in the range of low to medium traffic classes sections.

In 2006, within the scope of a renewal project of a federal road, the Federal High-
way Research Institute (BASt) was asked to supervise the planning and execution
of the rehabilitation measure. The federal road was a 2.4 km long stretch with an
average daily traffic of approx. 26,000 vehicles (15% heavy traffic, approx. 3,800
vehicles) based on the traffic data from 2006. Due to favorable framework condi-
tions, it was decided to design the section with a CR layer. The section had a higher
traffic level which was not included in the existing regulations therefore considered
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as an opportunity to earn experience and performance data about this material and
construction type.

Prior to planning, a comprehensive survey was performed on the existing section
by means of Ground Penetration Radar (GPR) and Falling Weight Deflectometer
(FWD). Themain goalwas to determine the layers’ thicknesses, assessing the bearing
capacity of the pavement structure and to be able to define homogeneous sections
(Zander et al. 2007). Based on bearing capacity measurements the section could
roughly divided into two areas with different bearing capacities. It was found that the
existing structure was not adequate for the future traffic and therefore a fundamental
rehabilitation was recommended.

For the new construction, the road administration requested a design that would
withstand for 30 million equivalent 10 t axle transitions within a service life of
20 years (Zander et al. 2007). The regulations and guidelines valid at that time
did not provide a standardized construction method with CR layer for the required
amount of traffic so the CR layer was arranged relatively thick under a conventional
asphalt construction. However, the knowledge about the material behavior was very
limited and therefore the results of the analytical designwere notmeaningful enough.
Therefore, further experiences were required to gain more knowledge (Zander et al.
2007). Based on the existing experience on the standard pavement sections from the
RStO (FGSV 2001), expected strains and stresses could be used for further analytical
design for experimental purposes. Due to the higher modulus of elasticity of the CR
layer (around 8,000MPa), it was possible to calculate almost identical fatigue service
lives for the asphalt package even in a design suggested by the road administration
with a relatively thin CR layer (4 cm SMA, 6 cm asphalt binder, 8 cm asphalt base
course and 12 cm CR). However, it was seen from the analysis results that the tensile
stresses ratio (the ratio of tensile stress at the bottom of the CR layer to the tensile
strength of the CR material) of the CR layer increased significantly compared to
the standard pavement types (selected from RStO for the same traffic class). Due to
this property, the design team expected the occurrence of early tensile fatigue cracks
in the construction with thin CR thickness (Zander et al. 2007). Therefore limiting
the tensile stress at the bottom of the CR layer was considered during the structural
design and selection of the final thicknesses.

Three different variants were selected and implemented for the renewal measure,
thus creating three sections in Fig. 1 (Golkowski 2010a). The division of the sections
is mainly based on different types of CR layer construction methods (4% bitumen
emulsion with 4% cement in Sects. 1 and 3 as well as 2.5% foamed bitumen with
3% cement in Sect. 2) and between Sect. 1 with a 10 cm asphalt base layer and
Sects. 2 and 3 with an 8 cm asphalt base layer (Golkowski 2010a). The CR layers
were laid with a thickness of 20 and 6.5 cm asphalt binder course with 3.5 cm asphalt
surface course of SMA 0/8 S in all sections (Golkowski 2010a). Due to the traffic
accommodation requirements, two main lanes (each direction) and one passing lane
(uphill direction) were available which, resulted in a total of nine observation fields
for the cold recycled sections. Because a paving problem, the cold recycled layer in
Sect. 2 of the main lane was partially replaced by an asphalt base layer with the same
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Fig. 1 Position of different construction variants (Golkowski 2010a)

thickness. The remaining observation fields (11–13) refer to a traditional renewal
measure.

The investigation program provided that every year in spring and autumn the
complete section of the route (2.4 km) was to be measured. In these investigations,
only the main traffic lanes with two measuring lanes (right wheel path and between
the wheel paths) were tested with the FWD and the GPR (Golkowski 2010a).

Twomeasurement campaigns were carried out within the first year after the traffic
release (autumn 1st year, spring/summer 2nd year) (Golkowski 2010b). In principle,
unsteady bearing capacity values could be determined in the sections with bitumen
emulsion, whereas homogeneous curves could be detected in the sectionwith foamed
bitumen. In the areas with foamed bitumen, a clear difference in the level of the
measured values (100–150 µm) between the two directions could be detected. It is
assumed that the different stresses may lead to this difference (Golkowski 2010b).
During the first measurements, no improvement or deterioration of the load-bearing
behavior was found. This can be related to the curing mechanism of the bitumen
recycled layers as the material gains strength and stiffness over time therefore the
deflection results are expected to decrease over the time by progress of the curing.
On the reference sectionwith conventional asphalt construction (traditional renewal),
lower bearing capacity parameters tended to be determined during the measurement
periods. However, an assessment based on the first measurement results is presented
as premature and further measurement results needs to be considered (Golkowski
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Fig. 2 Deflection data – sections 1 to 3 and reference section 11 (Tillmann 2016)

2010b). In general, difficulties in evaluating the load-bearing capacity and the load-
bearingbehaviorwith conventionalmethods in thefieldof cold recycling construction
were pointed out in the evaluation report (Golkowski 2010b).

After a total of seven years of service and nine measuring actions, the pavement
and the measurements were analyzed as part of a bachelor thesis. It became clear
that the bearing capacity in the sections with CR layer did not deteriorate over time,
but even improved in some cases (Tillmann 2016). Tillmann attributes this to post-
compaction by traffic in the wheel path (Tillmann 2016). Particularly in the section
of the CR layer with foamed bitumen, uniform measured values without extreme
picks can be observed over the entire period. Moreover, after seven years of use, no
deficiencies in the bearing capacity were found (Tillmann 2016) Fig. 2 shows the
results.

3 Current State of the Research on Cold Recycling
in Germany

Understanding the material’s behavior is the key to get the best performance out of
that and to be able to deliver optimum characteristics based on the requirements of
each project. The existing guidelines in Germany on cold recycling (FGSV 2005,
2007), are not covering all aspects related to mixture production and characteri-
zation. There are some documents from different sources (contractors, consultants
and state road offices) (Johannsen 2017; Weinert 2007, 2009) mainly based on the
mentioned two guidelines. They aimed to improve some open sections like: meth-
ods and instructions to produce CR mixture and specimens, tests, acceptance limits
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and structural design. Due to the open questions from the current guidelines (FGSV
2005, 2007) and the existing experiences of the last 20 years (Mollenhauer 2017;
Radenberg 2015; Hähn 2004) as well as international research, the need for further
research in the field of cold recycling with foamed bitumen in Germany became
necessary. This should also lead to a revision of the existing guidelines.

In this regard a fundamental research program on foamed bitumen cold mixes
was planned and started from 2014 in the Institute for Road Engineering of Siegen
University (ifs Siegen) and continued at BASt (Kalantari 2019). The research will try
to gain a better understanding from the behavior of the foamed bitumen and cement
stabilized mixes (FCSM) with the aim to integrate them by the pavement types in
Germany. The main research tasks will deal with the below questions:

1. How to produce and prepare FCSM samples in laboratory? Compaction and
curing are the main issues in production and preparation of the specimens.

2. How to evaluate physical properties of FCSM samples?
3. How to determine mechanical parameters of FCSM and integrate them in a

pavement model?
4. How to assess material’s performance in the laboratory?
5. How to perform structural design of pavements with FCSM?

The project approach is to apply as far as possible the existing and available
knowledge in Germany (FGSV 2005, 2007; Wirtgen 2012) to find out up to what
extent they are applicable to this material type.

Generally, during the stabilization or cold recycling process, different amounts of
bitumen and cement (as hydraulic binder) can be applied as binding agents. This leads
to variable material behaviors ranging from enhanced unbound granular material to
bonded mixtures with bituminous or hydraulically dominant behaviors. Considering
the bitumen and cement ranges proposed in the existing guideline (FGSV 2005),
three different amounts of 2.5, 3.5 and 4.5% for foamed bitumen (Nyfoam 60 as the
base bitumen) and three different amounts of 1, 2 and 3% for cement (type 1,42.5 N)
were selected. To have a compact gradation and a good dispersion of bitumen, a
material gradation with n= 0.45 (Fuller method) was adapted by mixing 6 different
fraction sizes (0.063–2, 2–5.6, 5.6–8, 8–11.2, 11.2–16 and 16–22.4 mm) together.
For filler, limestone powder was used.

Considering the compaction method in laboratory as one of the main issues in
production of test specimens, the static compaction method recommended by the
existing national guideline (FGSV 2005) was compared with Marshall (75 blows
each side) and modified Proctor methods. Air voids content of compacted specimens
showed that the static compaction with 2.8MPa pressure is not appropriate for mixes
with common ranges of foam bitumen (Fig. 3).

The results of the ITS (indirect tensile strength) tests of specimens with different
bitumen contents and consistent cement content show a temperature dependency
behavior (Fig. 4).

At a constant bitumen quantity of 3.5% by varying the cement content, higher ITS
amounts were observed at the respective temperature levels (Fig. 5). Comparing the
graphs of variable bitumen with the graphs of variable cement content, shows that
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Fig. 3 The effect of bitumen content on air voids content of compacted specimens (Kalantari 2019)

Fig. 4 The influence of temperature on ITS for different bitumen contents (abbreviations: F2.5
means 2.5% bitumen C1.0 means 1% cement), (Kalantari 2019)
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Fig. 5 The influence of temperature and cement content on ITS (Kalantari 2019)

the cement has a greater effect on the ITS results than the foamed bitumen which
may easily lead to higher rigidity of the material.

Beside the ITS tests, indirect tensile cyclic tests applied on the samples to deter-
mine the stiffness at different temperatures (−10, 0, 10 and 20 °C) and different
frequencies (10, 5, 1 and 0.1 Hz) based on national code AL Sp-Asphalt 09 (FGSV
(2009)—similar to DIN EN12697-26:2012-06 (annex F)). The results showed less
temperature dependency of stiffness in these mixes in comparison with hot mix
asphaltwith the samebitumen content of 3.5% (referencemix). Increasing the cement
content resulted higher stiffness and lower flexibility of thematerial. It is important to
keep a balance between the amount of bitumen and cement to profit the advantageous
of both.

The results of these fundamental researches revealed the complicated behavior of
this group of materials and paved the way for the next researches in this field.

4 duraBASt Investigation

Based on the experience gained in Germany, but also on the positive findings in the
international research area (West 2018), BASt has initiated a project together with
Wirtgen GmbH to investigate the cold recycling construction method with foamed
bitumen for German conditions. At present, the potential of the construction method
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Fig. 6 Mobile Load SimulatorMLS30 on duraBASt

in Germany is not yet exhausted; this could be due to the lack of methods for assess-
ing the performance, but also to the lack of regulations for the design of the mix
as well as design and quality control. For this purpose, a test track was built on the
demonstration, investigation and reference area of BASt (duraBASt). Extensivemea-
surements will carried out on this test section and realistic loads will be applied by
means of Accelerated Pavement Testing (APT) tests with theMobile Load Simulator
MLS30 (Fig. 6) during the year 2020.

The main objective of the project is to determine empirical values for cold recy-
cling construction with foamed bitumen and cement under real conditions in a
large-scale APT program using the Mobile Load Simulator MLS30.

This will allow an assessment and improvement of existing material development
processes using foamed bitumen and recycled material and a better understanding of
the material in terms of stiffness over time. In addition, a comparison with a standard
designwill bemade and the short and long term behaviorwill be investigated. Aswell
as a relationship between laboratory tests and large-scale mixtures will be evaluated.
Different mix combinations of RAP and virgin aggregates were tested during the mix
design process. The final mix consisted of 75% RAP and 25% (0–2 mm sand) with
2.2% foamed bitumen and 1% cement. During the APT program in 2020, a super-
single tire with a 50 kN wheel load will be used and the pavement responses will be
documented with different types of installed sensors and non-destructive measuring
systems.

5 Conclusions

In summary, it can be stated that within the Federal Republic of Germany various
scientific empirical valueswith CR layers are available and are to be further analyzed.
Refering to the long-term observation of CR section in a federal road under traffic as
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well as the extensive laboratory investigations, there are significant expectations in
this technology. For a controlled and detailed evaluation of current possibilities the
project on duraBASt is an essential step to generate further application possibilities.
Considering the ever increasing quantities of reclaimed asphalt being produced by
the maintenance measures, and the need to rethink on the use of resources, the cold
recycling method is a possible and useful solution.
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Distributed Fiber Optic Strain
Measurements in an Airfield Pavement

D. Hauswirth, F. Fischli, C. Rabaiotti, and A. M. Puzrin

Abstract Distributed fiber optic strain sensors represent a powerful tool for gather-
ing continuous strain data along an optical fiber within engineering structures under
loads. On the other hand, pavements represent a harsh environment for optical fibers,
in particular during construction process. Hence, optical fibers which are adequately
protected by a robust cable sheath were used in this project for the purpose of mea-
suring strains within a pavement. Strains were measured along the sensor cables
with high spatial resolution while an aircraft was placed on the instrumented area,
subjecting the pavement to static loads. The procedure was carried out in warm
and cold conditions in order to study the effect of temperature conditions on the
strains measured in the pavement. The measurements gave a detailed insight into
the strain distribution in the loaded pavement section. The fiber optic sensors proved
to be robust enough to be applied on a real construction project. Furthermore they
may provide, in general, useful strain data e.g. for testing new pavement materials,
assessing new designmethods or investigating structural health of existing structures.

Keywords Full scale tests · Fiber optic strain sensors · Pavement testing ·
Structural health monitoring

1 Introduction

Distributed fiber optic sensor technologies provide the possibility to measure contin-
uously external measurands as e.g. strain or temperature along an optical fiber. This
makes this class of sensors in particular interesting for measuring and monitoring the
performance of structures. In several studies, the application of fiber optic sensors
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in pavements is reported. Often these applications adopt fiber optic point or quasi-
distributed sensors as e.g. Fiber Bragg Grating sensors. Regarding the application
of distributed fiber optic sensors in pavements e.g. Chapeleau et al. (2017) using
swept wavelength interferometry (SWI), Bao and Chen (2016) applying Pulse Pre-
Pump Brillouin Optical Time Domain Analysis (PPP-BOTDA) or Xiang and Wang
(2016) adopting BOTDA showed some test application with a particular emphasis
on detection of cracks. Chapeleau et al. (2017) show strain distributions using fiber
optic cables embedded in an accelerated pavement testing facility. Liu et al. (2015)
tested different FBG and BOTDA sensor designs with respect to their robustness and
resistance against crushing during the process of road construction.

In the present study, distributed fiber optic cables were embedded in a pavement
in order to measure the short term response of the pavement owing to static loading.
Hot Mix Asphalt (HMA) and its construction process represent a harsh environment.
Hence, optical fibers protected by a robust cable sheath were applied. The cable type
versions V9 (d = 3.2 mm) and V3 (d = 7.2 mm), manufactured by Solifos AG,
were used in this project. In both cable versions the optical fiber is guided, in a tight
buffered design, within a thin metallic tube surrounded by a plastic cable sheath.
Cable version V3 contains additionally a metal wire armoring under the outer plastic
cable sheath. A further cable version (T) in loose tube design was embedded for the
purpose of a potential study of temperature effects, but not used in the framework
of this study. Beside of investigating the potential of distributed fiber optic sensors
for quantifying strain distributions in asphalt, the trial application was foreseen to
contribute also to gain further knowledge about embedment techniques and provide
insights into the performance of these cables. The prior testing of the applied fiber
optic cables, as well as the detailed process of cable embedment in this project, is
described in Rabaiotti et al. (2017).

In order to gather strain distributions along the fiber optic cables, a distributed
measurement technology (SWI), based onRayleigh backscattering (e.g. Gifford et al.
2007), was applied in the form an OBR 4600 device from Luna Inc. This technology
is characterized by high spatial resolution of around 10 mm and sensor lengths of
around 70 m in a typical configuration.

2 Site Conditions and Test Procedure

In summer 2015, the construction of a temporary aircraft stand at Zurich Airport
was chosen as an opportunity to instrument a pavement in a real construction project
with distributed fiber optic sensors. The fiber optic cables were embedded in a loop
of slightly more than 140 m length, starting and ending in an access shaft, close
to the aircraft stand. Measurements were conducted by connecting the fiber optic
cable ends to the measurement device within this access shaft. On the first part of
the cable loop, the cables were guided in a protection tube in the subgrade (dashed
line in Fig. 1), afterwards the cables were running within the pavement. Close to
the planned position of the aircraft main gears, the cables were guided in a way
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Fig. 1 Test setup

that the cables were running in two sections perpendicular to the axis of the aircraft
stand. These two sections have a length of around 29 m and a distance of 6 m to
each other. The measurement results discussed in this study origin from two 20 m
long cable sections located centrically around the axis of the aircraft stand and are
denoted with sensor section A and B (Fig. 1). An A330-300 aircraft was rolled onto
the instrumented area in order to load the pavement and induce strains. The main
gears of this aircraft type consist of 4 tires (main gear left and right, Fig. 1) and have
a distance of 10.68 m to each other.

A cross section through the temporary aircraft stand is shown in Fig. 2a. Two
layers of HMA (asphalt concrete) were placed above two layers of a hydraulically

Fig. 2 Cross section through the pavement (a) and main gear position during test procedure (b)
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bound mixture (cement treated material). The fiber optic cables were embedded in
two depths in the pavement: an upper and a lower cable layer. The lower cable layer
is located at the bottom of the two HMA layers in 13.5 cm depth and consists only
of a V3 cable. The upper cable layer is located at the bottom of the upper HMA
layer in 4 cm depth and contains a V3, a V9 and a T cable. These cables have
a spacing of a few centimeters and are running in parallel along the instrumented
area. Whereas the loose tube cable T was installed in order to have a possibility to
compensate temperature effects, the two tight buffered cables V3 and V9 allowed for
some redundancy in case of a potential cable rupture during pavement construction
and for a comparison of the performance of these two cable types.

The testing procedure consisted of 6 aircraft positions. Figure 2b shows the left
half of these positions 1–6 characterized by the variable a, which is the distance
between the rear sensor section A and the axis of the main gear. When the aircraft
was outside the zone of influence (a > 10 m, position 1), a reference measurement
was carried out along each cable from both cable ends. Afterwards, the aircraft was
rolled into position 2 (a = 7 m), where the rear tires of the main gear were resting
directly above sensor section B and measurements were launched again from both
cable ends. This procedure was repeated in the further aircraft positions 3 and 4, until
the rear tires of the main gear were resting in position 5 (a= 1 m) directly above the
sensor section A. Afterwards the aircraft was moved into the final position 6 (a =
0 m), where the axis of the main gear is located directly above the sensor section A,
but the tires are beside the cables.Whereas sensor section Bwas loaded immediately,
sensor section A was loaded in several steps, using a decreasing distance a, in order
to gather strain distributions not only directly under the tires, but also in the vicinity
of the tires of the main gear. The whole test procedure lasted around 40–50 min and
the aircraft rested in each position typically around 5 min while measurements were
conducted. The usage of an aircraft in order to apply load to an aircraft stand in
operation imposes some limits on the conduction of the tests. However, thanks to the
courtesy of the airport authority, several measurement campaigns could be conducted
on this test site. Owing to technical difficulties, the measurement results gathered
from early measurement campaigns were not satisfying. Some first results from a
technically sound measurement campaign (using a different type of aircraft and a
slightly modified test procedure) are reported in Rabaiotti et al. (2017). However,
an imperfect positioning of the aircraft caused presumably an asymmetric strain
distribution during that test. The measurement results reported in this study originate
from a warm autumn day in 2017 and a cold winter day in 2018. This allows for
studying the effect of temperature in two tests, carried out by using the same test
procedure, aircraft type as well as comparable aircraft weight.

3 Measurement Results

The following two sections comprise strains measured along sensor section A which
were gathered in warm conditions (late autumn afternoon) and in cold conditions
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(early winter morning). In order to compute these strains, the frequency shift relative
to position 1 (2 for section A, V3, z = 0.04 m), measured along the cable, was fully
converted to strain. Other potential sources, which could have also contributed to the
frequency shift (e.g. temperature change), were ignored. The strains were computed
with a spatial resolution of 10 mm and an output was generated every 5 mm. A
positive sign of the strain denotes expansion, a negative sign stands for contraction.

3.1 Measurements in Warm Conditions

Temperature readings indicated an average air temperature of around 19 °Cduring the
test. The pavement surface was around 21 °C warm. Measurements in the protection
tube in the subgrade gave temperatures of around 22 °C during the measurement
period. The strains εx transversely to the aircraft stand axis,measured along the sensor
section A, are shown in Fig. 3. Figure 3a contains the results from the V3 cable in the
lower cable layer, Fig. 3b (V3) and 3c (V9) show the results gathered with the cables
in the upper cable layer. The axis of the aircraft stand and the aircraft, is located at
around x= 0m, the position of themain gear tires aremarked in grey.As Fig. 3 shows,
the strains measured owing to the loading of the pavement by the aircraft are very
small for position 3 (a= 3 m) and 4 (a= 2 m) compared to the distribution measured
while the tires of the aircraft are resting directly above the cables (position 5, a =
1 m). In position 5, the tires of the aircraft are clearly recognizable as zones of large
expansive transverse strains εx . These zones are accompanied by a zone of contractive
strains with a sharp change of the sign of the strain in between. Significant strains
are occurring only in an area closely around the main gear: Already in a distance
of 1 m aside the tires, the measured strains are becoming relatively small. However,
closely around the tires, the strains are varying strongly within short distances. As
e.g. the strain distribution around x = 6 m in Fig. 3c shows, spatially very high
strain gradients are present in the cable below the edges of the tires (>200 με/cm),
pushing the measurement device in this field test towards its limits, resulting locally
in difficulties to compute strains in these zones. Still relatively large strains were
measured while the aircraft was in position 6, where the center of the main gear but
no tire was directly above the sensor section A. However, these strains are regarded
to be rather the time dependent part of strains from aircraft position 5 a few minutes
before, than to be the strains caused by the current aircraft position 6, as a comparison
to the small strains measured during position 4 clearly underlines.

3.2 Measurements in Cold Conditions

During this test, an average air temperature of around−10 °C and pavement surface
temperatures of around −9 °C were measured. Within the protection tube, tempera-
tures of around 4 °C were registered. Figure 4 shows again the transverse strain εx
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Fig. 3 Measured horizontal transverse strain εx in the lower cable layer using V3 (a), the upper
cable layer using V3 (b) and the upper cable layer using V9 (c) in warm conditions

measured along sensor section A for different cables and depths. However, possibly
owing to the challenging temperature and humidity conditions in the access shaft, the
quality of measurements along some cables suffered and Fig. 4 contains only some
measurements which could be processed successfully. The strains in the pavement
are now clearly smaller compared to those observed in warm conditions. Whereas in
the lower cable layer for the aircraft position 5 still some expansive strainswere regis-
tered directly under the tire, in the upper cable layer the strains remained contractive.
On the other hand, next to the main gear, expansive strains become visible.
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Fig. 4 Measured horizontal transverse strain εx in the lower cable layer using V3 (a) and the upper
cable layer using V3 (b) in cold conditions

4 Discussion

The spatially high resolution of the strain data enables for a detailed insight into the
strain induced around themain gear as shown in Fig. 5a and b aswell as Fig. 6a. These
figures are a scale up of the strain distribution around a main gear from Figs. 3 or 4
respectively. Under some tires, the strain distribution gatheredwith thismeasurement

Fig. 5 Detail of strain distribution around main gear right in warm conditions (a) and scale up (b)
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Fig. 6 Detail of strain distribution around the main gear left (a) in cold conditions and development
of strains with time under a tire in warm conditions

technique and cables indicates two strain maxima in the upper layer instead of one as
shown e.g. in Fig. 5a for warm conditions. A detailed consideration (Fig. 5b) of the
strains measured around a main gear in warm conditions, while the aircraft rested
in position 3 (a = 3 m) and 4 (a = 2 m), shows that the effect of the approaching
aircraft can be detected. However, the strains are rather small and their magnitude
differs not much from the strain magnitude observed for the same aircraft positions
in cold conditions (Fig. 6a) at the same depth.

The strain distributions reported in Fig. 3 show all a similar pattern. However,
regarding their magnitude, considerable differences may be observed in warm con-
ditions, when the aircraft tires are located directly above the cables. For the upper
and lower cable layer, different strain magnitudes (and also distribution) seem quite
reasonable. However, the different strain magnitude within the upper cable layer,
observed for the two types of cables, requires further consideration. A first rea-
son for the observation may be the horizontal cable spacing of several centimeters
between these two cables. In addition, contributions to this difference may also origi-
nate from the fact that the V3 cable has a higher longitudinal stiffness and consists of
additional protective layers in the cable sheath. In case of imperfect bond, this may
flatten the measured strain distribution within the core of the cable compared to the
strain present in the host material. Finally, the particular test procedure applied for
this study may also contribute to these differences: The fact, that the measurements
could not be carried out completely simultaneous and therefore have a different time
lag to the point in time, when the loadwas applied, also needs to be considered, owing
to the time dependent strain response of the pavement under load. This circumstance
is analyzed by means of Figs. 6b, 7a and 7b. Figure 7 shows the strains measured
along sensor section B (z= 0.04 m, V9 and V3) for different aircraft positions. Since
the aircraft already in position 3 only influences the cables in section B to negligible
extent, the strain change is fully caused by the recovering pavement. The dependency
of the strain on time in the center of the tire (x =−6.04 m, dot-dashed line in Fig. 7a
and b) is shown in Fig. 6b. It underlines, that different time between load application
and measurement conduction may indeed affect the measured strain magnitude, but
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Fig. 7 Process of strain recovery inwarm conditions forV9 (a) andV3 cable (b) inwarm conditions
(measurement data is shown as points instead of lines in Fig. 7a owing to processing difficulties)

in general the more robust V3 cable version seems not to follow the strain in the host
material as closely as the V9 cable, leading to smaller strain magnitudes measured.
Additionally it should be mentioned that a certain influence of the embedded cable
on the strain field present in asphalt in the vicinity of the cable cannot be excluded
within this study.

No attempt was made within this study to separate the potential influence of
temperature on themeasured frequency shift during the duration of the test. However,
as the strain between the two main gears appears to be close to zero, effects of
uncompensated temperature are expected to be small. In Fig. 8, strain distributions
from aircraft position 5 in sensor section A were integrated to yield approximately
horizontal displacement ux. In the central part, a small average gradient of around
15 με can be observed, corresponding approximately to a potentially misinterpreted
temperature change of roughly 2 °C, if thermal expansion of the pavement is assumed
to be completely restraint.

Fig. 8 Integration of strains along different cables for aircraft position 5, sensor section A in warm
conditions
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5 Conclusions

In the present study, robust fiber optic cables were embedded into a pavement in
a real construction project for a temporary aircraft stand. This, in order to explore
the potential of this sensor class to measure distributed strains within a pavement
subjected to loads. Themeasurements under themain gears showed a spatially largely
varying strain distribution with high strain gradients requiring for a high spatial
resolution of the measurement device and cables with adequate strain transfer from
the outer cable sheath to the core of the optical fiber. Although a comparison cannot
be made straight forward, the different types of cables, applied in this study, show
some differences in the measured strain magnitude for the very large strains which
were observed directly under the tires of the main gear. The tests were conducted on
an aircraft stand but similar measurements could also be carried e.g. in roads. The
detailed insight into the behavior of the pavement provided by distributed fiber optic
sensors make them in particular interesting for the testing of new pavement materials
or the calibration and assessment of new design methods.
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Pavement Distress from Channelized
and Lateral Wandering Loads Using
Accelerated Pavement Tests

Martin Arraigada and Manfred N. Partl

Abstract Stresses and strains within a road structure are affected not only by the
amount and distribution of tire contact pressures as well as speed and rest periods
between load passings but also by the lateral position of the wheels within the traffic
lane. In this work, the effect of channelized and lateral wandering of 65 kN half axle
loads on the performance of a newly constructed asphalt pavement section for low
traffic volume has been studied by means of a Mobile Load Simulator MLS10 accel-
erated pavement loading facility. 250,000 super single wheel passings at 18 km/h
were applied in each case and evaluated with visual inspections plus rutting and
Falling Weight Deflectometer (FWD) measurements. Pavement response was moni-
tored with strain gauges, accelerometers and thermocouples. The combined analysis
of the results showed that channelized loading created longitudinal surface cracks in
the pavement, whereas non-channelized loading did not produce any visible sign of
cracking or other damage. Rutting in both loading locations showed similar depths,
although the non-channelized rutting basin was wider and smoother than in the chan-
nelized case. Accelerometer and strain gauge results demonstrated the importance
of the load position on the pavement’s response.

Keywords Platooning · Channelized loading · Lateral wandering · Accelerated
pavement testing ·MLS10

1 Introduction

Autonomous driving technologies and specifically the use of platoon formations
for trucks will significantly change the loading regime of the road infrastructure in
near future. As a result, axle loads will be applied in a strongly channelized way with
minimal lateral wandering andminimal rest periods for asphalt pavements to recover.
In particular, this means that the position of the wheels relative to the pavement
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geometry will change dramatically, thus influencing stress-strain distribution and
performance of the structure.

Since existing pavements were designed based on current traffic data, this kind of
traffic change may require very costly strengthening or rehabilitation measures for
maintaining the current level of safety and operability and for avoiding premature
pavement failure. Moreover, the increasing risk of traffic jams on overloaded heavy
duty roads may promote electronic alternative routing of trucks along low volume
roads, thus increasing the risk of damaging the secondary road network through
channelized traffic.

The influence of the wheel positions in the lane has already been studied exten-
sively in the past, demonstrating its high impact on the durability of asphalt pavement
materials. As an example, Blab and Litzka (1995) showed that fatigue failure of a
pavement layer under widely spread loads will happenmuch later than when concen-
trating traffic loads in a single wheel path. Other examples of studies in that direction
were reported by Villiers et al. (2005), Sirin et al. (2007), Teng et al. (2008), Bayat
et al. (2010), Wu et al. (2012). Moreover, numerous design tools worldwide show
that the position of the loads depends on many factors, such road geometry, vehicle
speed, alignment etc.

In viewof the existing research activities and the available design tools formeeting
the impending future changes in the traffic loading regime, it is remarkable that
direct experimental investigations on the effect of channelized and lateral wandering
wheel loads on low volume roads appear comparatively scarce. In particular, the
benefit of accelerated pavement test (APT) facilities for studying the different failure
mechanisms by these two loading regimes in a well-defined reproducible way has
not been sufficiently exploited so far (Hugo et al. 2012). This was the motivation
for the Swiss research initiative sponsored by the Federal Roads Office (FEDRO).
The research was performed with the Mobile Load Simulator MLS10 on a newly
constructed asphalt pavement section for low traffic volume, as presented below
(Arraigada et al. 2014).

2 Objectives and Experimental Approach

In order to compare the performance of the same pavement in an APT under channel-
ized and lateral wandering loads, a new low traffic volume pavement was constructed
on a special testing compound 28× 36m in the moderate climate region of the Swiss
plateau. According to Swiss Standards, the pavement corresponded to a pavement
with the designation T2-S2. This means that it was designed for a traffic load class
T2 for sustaining up to 100 daily 8.6 t equivalent single axle loads during 20 years
and to be built on a S2 subgrade with medium bearing capacity, defined as subgrade
with a static deformation modulus EV1 from static plate loading at least between
11.25 and 22.5 MN/m2.

The structure of the pavement consisted of a 60 cm thick frost-resisting unbound
granular layer 0/45mmand two asphalt concrete layersmade ofmixture types (N) for
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medium traffic. Specifically, the asphalt pavement was composed of a 30 mm thick
bearing course ACT 11 N with 11 mm MAS (maximum aggregate size), topped
by a 2 cm thick surface course AC 8N with 8 mm MAS. The measured binder
content and maximum density of ACT 11N was 5.6% (pen 70/100) and 2.46 Mg/m3

and for AC 8N 5.5% (pen 50/70) and 2.48 Mg/m3. Before placing the unbound
granular layer, the bearing capacity of the subgrade was verified. From light weight
deflectometer LFG at 6 locations, the dynamic deformationmodulus Evd (inMN/m2)
was determined. Using the empirical formula proposed by Bodmer et al. (2014)

EV1 = 1.31 Evd − 15 MN/m2 (1)

the static deformation modulus EV1 = 16.42 MN/m2 was estimated and verified to
lie within the range of an S2 medium bearing capacity.

This pavement was loaded in two positions with the MLS10 shown in Fig. 1 over
a loading length of 4.2 m using 10 bar super single tires 455/40 R22.5. Each loading
campaign consisted of 250,000 channelized and lateral wandering load passings at
18 km/h. Lateral wandering was performed by means of two sliding rails supporting
the MLS 10 in a way that it could be slided slowly laterally with a motor in 14
steps of 21.4 mm each over a width of±300 mm, following a normal wheel passing
frequency distribution. Note that in case of lateral wandering, the central 4 cm of
the wheel path were loaded 217,757 times. Both loading campaigns were performed
under comparable climatic conditions in the summer period of two consecutive years,
with similar temperatures during the experiments.

In addition to thermocouples, strain gauges and accelerometers were positioned
as shown in Fig. 2. Based on earlier experience, longitudinal and lateral strain gauges
for channelized loading were only placed on the pavement surface close to the wheel
path. For non-channelized loading, additional strain gauges ware placed between
the asphalt layers and in the interface between the unbound and ACT 11N layer.
Longitudinal and transversal strain gauges for lateral wandering were placed at two
positions within and at one position outside of the wheel path.

The location of the five accelerometer was selected such that the deformation
basin in the transversal direction could be calculated and a comparison with Falling
Weight Deflectometer (FWD) measurements could be made. FWD was used just

Fig. 1 View of the traffic load simulator MLS10
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Fig. 2 View of instrumentation and measurement locations

before and after applying 250,000 wheel passings at 45 locations, following the
square grid pattern in Fig. 2. In this way, five FWD measurements were taken in the
middle of the wheel track and the others in 1 and 0.5 m distance in the longitudinal
and transversal direction respectively. The applied FWD load was 40 kN.

Moreover, three 1.4 m long rutting profiles (P1, P2, P3) in 0.5 m distance were
periodically determined with an automatic profilometer which allows registering
minimal asperities of 1 mm depth. It consists of an aluminum guiding beam which
serves as reference horizon for a measurement wheel that rolls slowly along the
pavement surface while tracking the vertical movements.

In addition, visual inspection of crack formationwas performedperiodically.After
testing, coreswere taken and analyzed in the laboratorywith respect to traffic-induced
after-compaction and change in interlayer shear resistance between the asphalt layers.
Interlayer shear resistance was determined at room temperature with the Linear
Parallel Direct Shear (LPDS) device (Raab and Partl 2009) which is an improved
version of the so-called Leutner device. Further details regarding data acquisition
and performance evaluation are described in the report by Arraigada et al. (2014).

3 Results and Discussion

3.1 Temperatures

Themean temperatures in 3.5mmdepth of the pavements during testingwere 23.8 °C
for the channelized and 23.8 °C for the lateral wandering case. However, in case of
channelized testing the local mean temperature in 3.5 mm depth directly under the
wheel track was 4.7 °C higher than beside the wheel track. This was attributed
to friction within the pavement, which was sufficient for creating significant heat
dissipation under channelized loading but not high enough for being effective under
lateral wandering. Accordingly, maximal and minimal temperatures were 37.6 and
13.5 °C for the channelized and 33.6 and 14.1 °C for the non-channelized case.
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Fig. 3 a Evolution of rut depth in the three rutting profiles during both loading campaigns;
b Channelized and non-channelized rut profiles P2 and P1 after 250,000 wheel passings

3.2 Rutting

Since the pavement was designed for low traffic, the maximum rut depth produced
by the MLS10 were comparatively high as shown in Fig. 3, lying in the order of
magnitude of 15 mm. Obviously, the maximum rut depths produced by both loading
campaigns are comparable, with high scatter in case of channelized loading, covering
a range between 17 mm in the inner profile (Profile 1) and 13 mm in the outer
profile measured in sectors 9/10. The reason for this high scatter could be layer
inhomogeneities below the asphalt pavement. These may have higher impact on the
performance of the comparatively thin asphalt layers under concentrated channelized
loading.

Figure 3b depicts the measured profiles P1 after non-channelized and P2 after
channelized wheel loadings. In spite of the fact that the central part of wheel path has
suffered less passings during the lateral wandering regime, the maximal rut depths
after both campaigns are quite similar whereas the shape of the profiles are quite
different. A reason may be the comparatively thin asphalt pavement which creates
a high load transfer towards the lower unbound layer. Hence, for these low traffic
volume structures, it can be concluded that, with respect to maximum rut depth
requirement, channelized traffic appears to create the same endurance limit as non-
channelized traffic. In view of the different profiles, the question remains, of course,
if the maximum rut depths alone is a sufficiently satisfying performance criterion.

3.3 Surface Cracks

Periodical visual inspection revealed the formation of longitudinal surface cracks at
the edge of the channelized wheel path after 150,000 wheel passings (Fig. 4). Those
cracks provide openings for rain water infiltration which might be enhanced by the
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Fig. 4 Surface view of the channelized pavement showing longitudinal cracks

traffic induced pumping effects. On the other hand no visible cracks were detected
during the lateral wandering regime until the end of the whole campaign. It appears
that this difference in cracking behavior is a result of high shear stresses that are
repeatedly imposed by the uneven tire contact stress distribution at the edge of the
tire, as discussed for example by Morgan et al. (2008). In case of lateral wandering,
these shear stresses induce lateral kneading of the asphalt which mitigates the risk of
cracks particularly in summer time. Hence, in terms of longitudinal crack formation
on low traffic roads, channelized wheel loading was found to reduce service life of
low traffic roads under the investigated conditions considerably, in the order of more
than 40%.

3.4 Dynamic Strains

Examples for the strain measurements in the channelized case are shown in Fig. 5.
The figure shows that the strains on the pavement surface close and in the direction
perpendicular to the wheel track are clearly dominated by tension during trafficking
whereas compression is almost negligible, thus creating early longitudinal cracks.

Fig. 5 Surface strains perpendicular to channelized trafficking at the beginning of the test
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Fig. 6 Strains during non-channelized trafficking at the beginning of the test; D3, D4 strain gauges
between asphalt layers, D5, D6 surface strain gauges

Stains between the asphalt layers and on the pavement surface at the beginning of
non-channelized trafficking are displayed in Fig. 6 over a time period of 4000 s. Note
that one complete wandering cycle takes 1560 s. Strains are much influenced by the
transversal position of the wheel, in particular in case of the strains perpendicular to
the wheel passings recorded by the gauge D4 between the asphalt layers. Maximum
compression occurs when the wheel is on top of the sensor, which means that D4
and, hence, the interface between the asphalt layers, was located above the neutral
axis of the asphalt pavement when maximum bending occurred. The signal of D4
is not ideally symmetrical, probably due to imperfections during installations. The
strain sensor D3 is measuring the strains in the trafficking direction, showing highest
compressive strains just when rolled over by the wheel. Note the slight tension strain
maxima recorded by both sensors when the wheel is trafficking farthest away from
the wheel track axis. Highest strains are recorded by D5 on the pavement surface
when the wheel is closest to the location of this perpendicular sensor. In case of
the longitudinal surface sensor D6, sequentially alternating tension and compression
strains are observed where the compression strains appear more dominant. In case of
lateral wandering compression strains certainly contribute to mitigate the effect of
temporarily induced tensions strains and therefore the risk of fatigue crack failure.
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Fig. 7 Relative difference between the deflections before and after 250,000wheel passings; positive
values means deflection increase, negative values means deflection decrease (Color figure online)

3.5 Deflection Behavior

Relative change in the deflections from FWD measurements before and after apply-
ing 250,000 wheel passings are presented in Fig. 7. Red colored are zones where
deflection increases were measured (positive values), whereas blue are zones with
deflection decreases (negative values). Comparing the color patterns reveals that
deflections clearly increased in the channelized track of the pavement whereas the
deflections in the lateral wandering track changed only slightly. In fact, the deflec-
tions created by the channelized loading campaign were up to 30% higher than at
the beginning of the APT campaign indicating significant damage within the asphalt
layers. This difference means that the channelized loading created higher material
fatigue in the pavement than the non-channelized. In the zone with lateral wandering,
even locations with a reduction of the deflection could be found. However, it was not
possible to attribute this reduction clearly to stiffening from to post compaction.

3.6 Properties of Pavement Cores After Trafficking

After trafficking, 100 and 150 mm cores were taken within the wheel tracks for
mixture analysis of the different asphalt layers, and, in particular, for investigating
after-compaction and change of interlayer shear resistance between the asphalt lay-
ers due to the different traffic regimes. From the channelized and non-channelized
section respectively, 8 and 9 coreswere taken.As shown inFig. 8a, themean bulk den-
sities of the cores were slightly higher for the channelized than the non-channelized
section due to the local after-compaction which was higher in the channelized wheel
loading regime (note, that the y-axis starts at 2.2 Mg/m3). Moreover, in this case, the
scatter was higher, which corroborates the rutting tests. In addition, no significant
difference between the bulk densities on the right and left side of the wheel track
was visible. However, in case of lateral wandering, the bulk density in the left outer
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Fig. 8 a Bulk density of 150 mm cores taken after channelized (right and left position of wheel
path) and non-channelized loading (outer left edge, ¼ wheel path towards and in center of wheel
path); b Max. interlayer shear failure force at room temperature

zone of the wheel path was significantly lower than half way and within the center of
non-channelized wheel paths (i.e. Chn out compared with Chn 1/4 and Chn center)
confirming the occurrence of after-compaction effects from trafficking.

Results from quasistatic direct interlayer shear failure tests at room temperature
between surface and base course are depicted in Fig. 8b (note that the y-axis starts
at 20 kN). Obviously the interlayer shear failure force for the channelized loading
campaign was significantly lower than for lateral wandering. This can be attributed
to the higher local shear within the materials during channelized loading which also
results in a weakening of the interlayer bond, confirming results reported by Partl
et al. (2015). In case of lateral wandering, a slight reduction of the shear resistance
between the outer part and the center of the wheel track in the order of 4% appears to
occur, indicating that also with this loading regime the interlayer bond of low traffic
pavements risks to be reduced.

4 Conclusions

This study addresses the effects of channelized traffic loading and lateral wandering
on mechanical durability of a newly placed low traffic volume pavement. It was
motivated by the expected future change in traffic regimes due to autonomous driving
technologies and platooning of trucks. Tests, demonstrating the value of APT, lead
to the following conclusions and findings:

• Channelized loading may lead to higher temperatures under the wheel track than
lateral wandering due to higher friction within the pavement. In this study, the
local mean temperature in 3.5 mm depth directly under the wheel track was
4.7 °C higher.
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• Channelized loading produced high scatter in rutting, probably due to local inho-
mogeneities below the thin asphalt pavement. Both traffic regimes appear to create
the same maximum rut depth in spite of significantly different rutting profiles.

• Due to longitudinal crack formation, channelized trafficking may reduce service
life considerably; here, in the order of more than 40%.

• Surface strains close and perpendicular to the wheel track are clearly dominated
by tension during channelized trafficking, thus creating early longitudinal cracks.
Compression strains during lateral wandering mitigate the risk of fatigue failure.

• FWD deflections after channelized testing increased up to 30% due to pavement
whereas non-channelized testing showed almost no increase.

• Cores from the wheel tracks after testing revealed high after-compaction during
channelized loading, producing also high scatter in the results.

• Channelized loading resulted in clearly lower interlayer shear failure resistance
between both asphalt layers.

• Finally it can be concluded that in case of low traffic volume roads channelized
loading may reduce durability of pavements considerably creating special stress-
strain situations relevant for future pavement design.As for planning rehabilitation
measures, this means that construction related temporary traffic regimes must
reduce traffic channelization to aminimum and avoid too narrow temporary traffic
lanes.
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Correlating Air Freezing Index and Frost
Penetration Depth—A Case Study
for Sweden

Sigurður Erlingsson and Denis Saliko

Abstract The determination of frost penetration is one of the main requirements in
considering environmental effects in pavement design in cold regions. At the present
time, the frost depth of pavements in Sweden is estimated computationally using
computer software which approximates the heat equation by finite difference. Due
to the geographical positioning of Sweden, a wide range of air freezing index and
frost penetration depths were observed with lower values in the south and higher
values in the north. This paper introduces a simplified design chart which is obtained
by empirically correlating the air freezing index estimated from temperature mea-
surements by 44 local meteorological stations to the maximum frost penetration
depth obtained by 49 RWIS Road Weather Information Station data. The results are
classified depending on their location and the climatic zones defined by the Swedish
pavement design codes. Nonlinear prediction intervals are implemented to provide
a range of possible frost penetration depths since local site conditions are not taken
into account. Further research is required to consider local on-site effects such as
frost susceptibility of pavement materials, the thermal conductivity of layers, access
to water and snow covering.
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1 Introduction

Climate is one of themain factors influencing the performance of pavement materials
with factors such as temperature, moisture, and freeze-thaw cycles known to affect
the behaviour of all pavement layers (Doré and Zubeck 2009). At high temperatures,
the asphalt bound surface layers become soft and viscous while with decreasing
temperature, the stiffness of asphalt increases and the layers become hard and brittle
(Yoder and Witczak 1975). Moisture content variations influence the behaviour of
layers made of unbound granular materials. With increasing moisture content, a
decrease in granular layer stiffness’s is generally observed (Erlingsson et al. 2017).
In the winter time frost penetrates into the pavement from the surface and penetrate
downwards. Above the freezing front a zone of partially frozen material is created
where both free water and ice coexist. As the portion of free water is decreasing,
as larger part of the water is converted to ice, it acts like a membrane in tension
and is able to cause capillary rise of underneath located water to the freezing front
and therefore increase the moisture content in the material (Fredlund and Rahardjo
1993). As the material freeze it causes it’s water to expand and can therefore push
the aggregates away from each other. This can cause frost heave on the pavement
surface and can further be observed as stiffness reduction in the unbound aggregate
layers during thawing. The frost penetration depth depends mainly on the magnitude
of temperatures, duration of sub-zero temperatures and the type of layers present in
the pavement. The amount of heave is dependent not only on the above mentioned
factors but also on the available moisture in the system and its capability to travel to
the freezing front (Doré and Zubeck 2009; Hermansson and Guthrie 2005).

The freezing of pavement layers can be problematic particularly in cold regions
leading to distresses and premature failure. Typical distress modes resulting from cli-
matic factors in cold regions include transversal cracking, roughness, fatigue cracking
due to frost, depressions, frost heave and thaw weakening (Doré and Zubeck 2009;
Huang 2012). When the frozen mass in the cross-section is thawing, reduced stiff-
ness of the pavement layers is observed. The reduced stiffness combined with heavy
traffic loading can lead to premature failure and cracking of the asphalt bound layers
(Salour and Erlingsson 2013; Simonsen and Isacsson 1999). An accurate prediction
of the amount of frost penetration and the beginning of the freezing and thawing
period would result in easier and more accurate decisions related to load reductions
during spring thaw, a common practice in several countries.

Frost protection layers are typically added in pavements subjected to cold climate.
Depending on country-specific regulations, the thickness of the frost protection layer
calculations can be based on freezing index calculations, frost depth calculations or
frost heave calculations (Vaitkus et al. 2016). In Sweden, the design of the frost
protection layer is based on the fulfilment of frost heave requirements (Trafikverket
2011). Thefinite difference-based software, PMSObjekt, is used to numerically solve
heat and mass transfer equations as well as predicting the frost heave and thereafter
compared to the allowed values (Trafikverket 2011).
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Several methods are used in various countries for the prediction of the frost pene-
tration depth. Frost penetration depthmodels canbe empirical,mechanistic-empirical
or fullymechanistic.Mechanisticmodelswhich are typically based on computational
solutions of heat and mass transfer equations possess the highest accuracy. However,
due to the computational requirements they are less practical compared to other
methods. Mechanistic-empirical models typically use the air freezing index and the
soil properties such as thermal conductivity and latent heat of fusion (Doré and
Zubeck 2009; Kersten 1959; Saarelainen 1996). Empirical models attempt to corre-
late the freezing index to the frost penetration depth and considering the remaining
influencing factors by constants determined by statistical regressions.

The Swedish Transport Administration has operated a RoadWeather Information
Stations (RWIS) for more than two decades. Among other things, the system moni-
tors the sub-surface temperatures from frost rods installed in the pavement structure
down to 2m depth. The frost rods are installed in predrilled holes andmeasures every
half an hour the temperature with 5 cm intervals down to 2 m depth thus giving the
development of frost penetration and thawing with time. The air temperature is mon-
itored by the Swedish Metrological and Hydrological Institute (SMHI) throughout
the country. This paper describes a statistical nonlinear regression model to correlate
the maximum frost depth observation from the frost rods with the freezing index
based on the air temperature observations.

2 Methodology and Instrumentation

The main factor which triggers temperature changes and/or freezing in pavements is
the atmospheric temperature to which the structure is subjected. Air temperature is
necessary to determine the surface temperaturewhich is used as a boundary condition
in any modelling. In regions subjected to cold weather, the freezing index FI is a
commonly used method to indicate how severe a winter is. The freezing index is
estimated by summing up the mean daily air temperatures (MDAT ) for the days at
which the average temperature is negative (Doré and Zubeck 2009) (Fig. 1).

F I =
⎧
⎨

⎩

t∑

0
−MDAT if MDAT ≤ 0

0 if MDAT > 0
(1)

Additionally, the air freezing index can be estimated graphically by plotting the
summed values of themean daily temperature and calculating the difference between
the upper and lower peaks of the curve (Andersland and Ladanyi 2004). It is possible
to compute the freezing index mathematically as shown in Eq. 1 or graphically from
the distance between the curve extrema as shown in Fig. 2.
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Fig. 1 Distribution of meteorological and RWIS stations (a) in Sweden and climatic zones (b)
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Fig. 2 Sample temperature and freezing index plot for a full winter

Air temperature registrations from 44meteorological stations throughout Sweden
were obtained from SMHI and were used to determine the air freezing index FI. The
registrations covered a timespan of 10 years from 2007 to 2017with 30min recording
intervals.

Pavement sub-surface temperature data from 49 separate frost rods from the
Swedish RWIS were further provided from the Swedish Transport Administration.
The average distance between the meteorological stations and RWIS was estimated
to be around 6 km based on the location coordinates for each station. The positions
of the stations are shown side by side in the maps below in Fig. 1.
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According to the Swedishmanual of technical requirements for road constructions
called TVRK Väg TRV 2011:072, Sweden is divided into 5 climatic zones, with
zone 1 corresponding to a milder climate and zone 5 to the regions which are more
subjected to cold climate (Trafikverket 2011). The same classification system has
been used in this paper to easily categorize the data and observe the differences in
values betweenmeteorological stations andRWIS located in different climatic zones.

Temperature data from RWIS were recorded using Tjälstav 2004 developed at
the Swedish National Road and Transport Research Institute (VTI). It consists of
41 temperature sensors placed along a 200 cm long rod spaced with 5 cm intervals.
The data is logged every 30 min and transferred remotely to a computer. Based
on the sub-surface pavement temperatures from RWIS, it is possible to observe
temperature changes with depth and time. The frost penetration depth also known as
depth to the freezing front is obtained by interpolating for the 0 °C value between
two adjacent sensors, one recording positive temperature and the other recording
negative temperature.

3 Data Processing and Analysis

The recorded air temperature data frommeteorological stations was plotted for com-
plete winter periods from the beginning of October to the end of May over a 10 years
long period for 44 separate meteorological stations. The period from October to
May is selected to capture the winter throughout the whole country since the winter
period duration varies throughout the country due to the geographical positioning
with shorter winters in the southern part and longer winters in the northern part.

The air freezing index was computed and plotted over the same graph to observe
its variation with changing air temperature. A typical temperature—freezing index
plot for a full winter is shown on Fig. 2 for station number 326 Uppsala located
in climatic zone 2. The slope of the freezing index curve changes by alternations
between positive and negative air temperatures.

TVRKVäg’s five climatic zones systemwas used to classify the pavement temper-
ature data obtained from RWIS stations. The data was plotted into contour plots for
a total of 49 stations as shown in Fig. 3 for the sample stations 1042 Putsered located
in climatic zone 1, 1014 Kindjsön located in climate zone 4 and 1061 Svappavaara
located in climatic zone 5 for the period 1 October 2016 to 31 May 2017.

As shown in Fig. 3, it is possible to observe the time when the freezing of the
pavement starts, the rate of frost propagation, the beginning of the thawing period as
well as the time when the pavement is completely unfrozen. This holds true for pave-
ments located in climatic zones 1 to 4. Typically, lower pavement temperatures and
longer thawing times have been observed for RWIS stations located to the northern
zones 4 and 5.

In the case of pavements located in climatic zone 5, the frost penetration depth
is larger than 200 cm. At the present time, it is not possible to measure the exact
frost penetration depth for all pavements located in zone 5 due to instrumentation
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Fig. 3 Pavement temperature measurements from RWIS for a Putsered, b Kindsjön, and
c Svappavaara

limitations. Additionally, it is possible to capture the beginning of the thawing period
but not the time at which the pavement is fully thawed which occurs at a time after
31st of May.

Pavements located in climatic zones 1 are characterized by multiple intermittent
freezing periods due to air temperatures alternating between positive and negative
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values. As seen in station ‘Putsered’ several small freezing fronts penetrate the pave-
ment structure. The maximum frost penetration depth of 67.4 cm is relatively low
which implies that a low thickness of frost protection layer is required and no sub-
grade improvement due to frost actions is needed. However multiple small freezing
and thawing cycles lead to a higher moisture content and more variable stiffness of
the unbound granular materials in the upper layers of the pavement. Thus, proper
drainage of the upper layers should be the main focus point when designing pave-
ments in climatic zones 1. Usually a single, full freezing front is observed in zones 2,
3, and 4 (as shown in Fig. 3b) with largest frost penetration values and latest times of
thawing in zone 4. The typically expected thawing period is observed in these zones
with frost penetrating the pavement continuously from top to bottom and the fully
frozen zone formed at the top, partly frozen zone in the middle and unfrozen zone
in the bottom of the pavement.

In order to correlate the air freezing index value to the frost penetration depth,
the sub-surface temperature data from the RWIS has been interpolated to obtain the
0 °C isotherm, and the isotherm curve have been plotted for at least 10 consecutive
winter periods for each station. A typical frost penetration graph for multiple winter
seasons is shown in Fig. 4 for station 1030 Buskhyttan located in climatic zone 2.
From Fig. 4 it is possible to observe the beginning and the end of the winter period,
as well as the maximum value of the frost penetration over each winter season.

After plotting the temperature-freezing index from themeteorological data and the
frost penetration depth data for each season and each station, the maximum recorded
values were arranged according to the climatic zone at which each station is located.
Typical graphs of themaximum freezing index and frost penetration depth of stations
located in climatic zone 2 are shown in Fig. 5.

The values for the air freezing index shown in Fig. 5 were computed mathemat-
ically due to the graphical method resulting in difficulties in reading the charts in
case of alternating positive and negative daily temperatures in regions of mild winter
which produced flat lines of air freezing index variations.
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Fig. 5 Maximum values for freezing index (a), and frost penetration (b) for zone 2 pavements

Table 1 Summarized values for freezing index and frost penetration

Zone Freezing index [°C · days] Frost penetration [cm]

Avg. Min. Max. Avg. Min. Max.

1 208.7 35.8 633.9 85.4 31.2 162.8

2 309.6 65.1 783.1 107.1 35 168.3

3 488.5 210.8 1211.8 122.8 50.7 178.3

4 732 266.5 1395.8 148.9 65.2 196.7

5 1190.7 528.7 2246.6 – – –

Similar trends were observed for both freezing index and frost penetration values
with minimum values for climatic zone 1 and maximum values for climatic zone
5 with increasing values in the northwards of Sweden. Lower deviations between
the recorded values recorded in the same season for different stations were observed
in the freezing index plots compared to the frost penetration plots. This can be
attributed to the plots depending only on the air temperature while themaximum frost
penetration depends on multiple climatic and site-specific conditions. A summary of
the recorded average, minimum, and maximum values for the air freezing index and
the frost penetration values for the five climatic zones is shown in Table 1.

For the climatic zone 5, the frost rod length of 200 cm was exceeded for most of
the stations on multiple seasons, thus not allowing calculation of avg., max or min
values in Table 1.



Correlating Air Freezing Index and Frost Penetration Depth … 855

4 Statistical Correlations

The frost penetration depth was plotted against the air freezing index for RWIS and
meteorological stations located in the vicinity of each other.

A single point in the plot corresponds to the measured maximum frost penetration
due to a computed value of air freezing index for a single station during a singlewinter
season as shown in Fig. 6. A total of 391 points were plotted on the chart from 49
RWIS stations over a timespan of 10 years. Several points were removed from the
chart due to the recorded frost penetration depth of 200 cm limited by the frost rod
not being representative of the field conditions. Furthermore, for a few stations the
data was not available in specific seasons, however, the number of such cases being
irrelevant to the study.

Additionally, a power function given in Eq. 2 was fitted to the 391 datapoints
using nonlinear least squares regression, where the freezing index FI is in [°C · days]
and the frost penetration depth df is in [cm]

d f = 12.1349 · F I 0.3861 (2)

In order to find the limits for possible new stations, 95% prediction intervals were
fitted to the nonlinear regression. This means that 95% of the new points will be
located between the upper and lower limits of the 95% prediction band in Fig. 6. The
upper and lower limits of the regression curve can be used to provide an estimate
for the range of frost penetration based on the values of air freezing index at a new
location within Sweden. This feature could be useful in the design process of new
pavements or as a simple check for the predicted frost penetration by more advanced
tools.
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5 Conclusions and Recommendations

In this paper, data frommeteorological stations and subsurface pavement temperature
data fromRWIS has been used to empirically correlate the air freezing index FI to the
frost penetration depth. The result of the study is a chart in which the 95% prediction
intervals of a nonlinear least squares regression can be used as an estimated range to
predict the frost penetration depth based on the air freezing index.

A scatter of themeasurement datapoints has been observed in the freezing index—
frost penetration depth plot. The scattering could be attributed to the difference in
layer thermal conductivities, and in frost susceptibilities between different pave-
ments. Possible site-specific conditions such as water ingress and snow covering
could affect the frost penetration depths as well.

Several limitations apply to the design chart presented in this paper. At the present
time it is not possible to measure the frost penetration in the northernmost located
stations due to limited length of 200 cm of the frost rod. Due to this limitation, the
data from 6 out of 49 RWIS stations were not included in the fitting of the nonlinear
regression.The availability of the frost penetrationdepth for the northernmost stations
would presumably increase the accuracy of the nonlinear regression.

Increasing the number of inputs would improve the accuracy of the model. To
increase the number of inputs, more specific data for each point representing a
RWIS station is needed. Such data might consist of groundwater table data, moisture
distribution data through the pavement cross-section. The availability of more site-
specific material properties such as unbound granular layer types, frost susceptibility
of layers, subgrade types would further increase the accuracy of the model.
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Simulating Deflection of a Jointed Rigid
Pavement Under Rolling Wheel
Deflectometer (RAPTOR) Loading

Pawan Deep, Mathias B. Andersen, Søren Rasmussen, Alessandro Marradi,
Nick H. Thom, and Davide L. Presti

Abstract The fallingweight deflectometer (FWD) has been the principal equipment
used for accurate assessment of pavement structural condition for well over 30 years
and back-calculation techniques are well established. In recent years however dif-
ferent types of rolling wheel deflectometer have been developed and they have the
potential to allow the collection of structural information on a routine basis. The
challenge is to interpret the data from these devices in the most meaningful way,
since it is necessary that the deflections take place in different locations compared
to the FWD. This paper describes an analytical approach that allows prediction of
deflections in a jointed rigid pavement on a line offset from the wheel path. It out-
lines the assumptions that have to be made and the refinements that are potentially
possible. Comparisons with both real measurements and finite element analysis are
presented and it is found that the proposed approach is adequate in terms of accu-
racy and sufficiently rapid for practical back-calculation. The issues of vibration and
noise in the deflection measurements are discussed and possible ways of handling
these are put forward. Additionally, the sensitivity to model parameters of the rolling
wheel deflectometer passing a joint are assessed, which can lead to strategies on
back-calculation of load transfer. The conclusion reached is that the technique out-
lined in this paper opens the door to effective use of rolling wheel deflectometer
(RWD) equipment for evaluation of load transfer efficiency in joints.

Keywords Rigid pavement · Semi-analytical model · Load transfer · FWD · RWD

1 Introduction

Structural assessment of pavement condition has been done by falling weight deflec-
tometer (FWD) for more than 30 years and back-calculation techniques are very
well established. In recent years however a different type of continuous deflection
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devices, namely the rolling wheel deflectometer (RWD) has been developed with
the potential to allow collection of structural information on a routine basis. Other
examples of continuous deflection devices are the traffic speed deflectometer (TSD)
and rolling dynamic deflectometer (RDD). All these devices overcome the limita-
tion of an FWD since they operate at traffic speed and require no traffic disruption.
For example a continuous, contact-sensor based device such as the rolling dynamic
deflectometer has been shown to be effective for jointed pavement rehabilitation
(Chen 2008; Zhou et al. 2012). In a project-based study, measurement speed was
limited by pavement contact nature of the sensors. Historical developments indicate
devices with non-contact continuous measurement technology which has increas-
ingly started to show its capability (Harr and Ng-A-Qui 1977; Elseifi et al. 2012).
Recently, Dynatest developed a new RWD device called the Rapid Pavement Tester
(Raptor) for rapid evaluation of pavements. The research presented in this study
can show the potential of the Raptor for rigid pavements, since it already works for
flexible pavements (Madsen and Pedersen 2019).

It is a challenge to understand and draw conclusions from these devices since the
measurements are taken in different locations relative to load compared to the FWD.
This happens due to the device-specific geometries which contrast with the FWD.
In studies with a Rolling Dynamic deflectometer (RDD), the conclusions on joint
conditions and load transfer efficiencywere formed by setting threshold values for the
project and thus they cannot be applied to a different maintenance project (Chen et al.
2016). RDD uses rolling geophones with limited sensor capabilities demonstrating
the potential of continuous deflectionmeasurements for jointed pavements. However,
there have been no significant studies done to investigate the response of jointed rigid
pavement with an array of non-contact sensors due to continuously moving load.
Therefore, deflections obtained from a continuous deflection device cannot be used
to draw conclusions about joints until more investigations are done.

The first step to a back-calculation is a mechanistic model which can accurately
and rapidly predict the response under a moving wheel. Historically, FWD mea-
surements use different mechanistic models to do back-calculations, but these same
models cannot be applied to the RWD in the case of jointed pavements. Several
FEM models of rigid pavements were able to predict deflections under all types
of environmental and design loads (Davids et al. 2003). To include and character-
ize the load transfer mechanisms, advanced modelling strategies e.g. Enrichment of
Finite elements to include discontinuities has been shown to work (Skar and Poulsen
2015; Maitra et al. 2010). Such advanced modelling strategies are challenging for a
practical back-calculation method.

This paper presents a static 3D semi-analytical model that can simulate vertical
deflection for jointed rigid pavement slabs due to a moving load. It can predict the
deflections for a jointed rigid pavement on a line offset from the wheel path and
everywhere in the vicinity of the joint. Validation is done by comparison with a
FEM program. A demonstration of a potential back-calculation from an independent
reference measurement setup is presented. A sensitivity study of the model reveals
which quantities have the highest sensitivity to changes in the load transfer efficiency.
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As such, the model could potentially be used to back-calculate and measure the load
transfer efficiency.

2 Jointed Rigid Pavement Modelling

This section presents jointed pavement modelling, that can simulate a uniform pres-
sure load with a discontinuity in the pavement structure and is able to predict vertical
deflections accurately.

Rigid pavements are formed from concrete slabs. Concrete is an elastic material
which can take high pressure loads. Concrete slabs are jointed together with load
transfermechanisms such as aggregate interlock, dowels and sawcuts. Their response
under a load depends on structural and environmental factors. To assess the structural
condition of rigid pavements, different test methods are applied depending on the
type of maintenance activity under consideration. To do a structural assessment, the
strength of slabs, the subgrade and joint condition are checked for their performance
by instruments such FWD. Structural failures arise from the deteriorating condition
of joints and weak slab joints. If slabs do not transfer loads in an optimal manner,
then cracks start to appear. Deterioration in the joint’s ability to transfer loads reduces
the performance and life of rigid pavements. The ability to transfer load could be
definedmechanically based on stresses, strains and deflections. A vertical deflection-
based measure of load transfer is traditionally most used, as it is a primary kinematic
unknown and easy to measure and calculate.

2.1 Mathematical Model Formulation

To predict the response of a jointed concrete pavement, a static 3D semi-analytical
solution is developed. This forward model aims to be a sufficiently good approxima-
tion to real rigid pavements while being fast to calculate, e.g., in comparison with
more numerically intensive approaches like finite element modelling. Figure 1 shows

Fig. 1 Two semi-infinite jointed slabs on a Pasternak Foundation
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a schematic of the model. The origin of the coordinate system is at the position of
the load and x is the moving load direction, y is the transverse direction and z is the
vertical direction. The origin is placed at the middle of the slab. The formulation is
based on two semi-infinite jointed concrete slabs resting on a Pasternak foundation
with subgrade reaction k and shear modulus G. Pasternak foundation allows for a
realistic soil/subgrade behavior. The load transfer efficiency δ in Eq. (1) is the ratio
of the vertical deflection on the unloaded (wUL) and loaded (wL) slab right next to
the joint.

δ = wUL

wL
(1)

This formulation has a vertical load of pressure p with a rectangular contact area
2a by 2b at a distance c from the joint. The slab is of thickness h with Young’s
Modulus E. A rectangular load area allows Fourier method to provide analytical
solution. The model is derived from the equilibrium equation of the system. The
boundary conditions imply zero vertical displacements at infinity in both x and y
directions. The load pressure is assumed uniform and shear loads are not included in
the model in development presented here. The solution method is presented by Van
Cauwelaert (2004) but the numerically challenging implementation is done in this
study.

2.1.1 Assumptions

The model follows linear elasticity and a small strain framework. A moving wheel is
more static than dynamic and therefore a static loading is assumed. Thermal effects
are ignored here and will make the mathematical analytical solution to not exist if
included. The load transfer in the y-direction is assumed constant here.

2.1.2 Equations

The equilibrium equation in terms of the vertical deflection w is

(
∂2

∂x2
+ ∂2

∂y2

)(
∂2w

∂x2
+ ∂2w

∂y2

)
− G

D

(
∂2w

∂x2
+ ∂2w

∂y2

)
+ kw

D
= p

D
(2)

where D is the flexural rigidity of the slab

D = Eh3

12
(
1 − v2

) (3)

The relation between the radius of relative stiffness l and the flexural rigidity is
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G

D
= 2g

l2
and

k

D
= 1

l4
(4)

To solve Eq. (2), both the load and deflection are expressed as double Fourier
integrals. The ratio between the deflection on both sides of the joint, is given by the
definition of the load transfer efficiency in Eq. (1). On each side of the joint, the
solution is expressed as a linear combination of a particular solution w (Eq. (5)) to
the inhomogeneous equation.

wL = (w + A(s)wa + B(s)wb); wUL = w + C(s)wc + D(s)wd (5)

w = p

πk

1√
1 − g2

∫ ∞

0

cos(sy/ l) sin(sb/ l)

s
(
s4 + 2gs2 + 1

)
{
e−(x−a)α/ l

[√
1 − g2 cos[(x − a)β/ l] + (

s2 + g
)
sin[(x − a)β/ l]

]

−e−(x+a)α/ l
[√

1 − g2 cos[(x + a)β/ l] + (
s2 + g

)
sin[(x + a)β/ l]

]}
ds (6)

And the two solutions to the homogeneous equationwa (Eq. (7)) andwb (Eq. (8))
(wc (Eq. (9)) and wd (Eq. (10)) for the unloaded slab) in Eq. (5).

wa = p

πk

1√
1 − g2

∫ ∞

0
[A(s) cos(βx/ l)]eαx/ l cos(sy/ l) sin(sb/ l)

s
ds (7)

wb = p

πk

1√
1 − g2

∫ ∞

0
[B(s) sin(βx/ l)]eαx/ l cos(sy/ l) sin(sb/ l)

s
ds (8)

wc = p

πk

1√
1 − g2

∫ ∞

0
[C(s) cos(βx/ l)]e−αx/ l cos(sy/ l) sin(sb/ l)

s
ds (9)

wd = p

πk

1√
1 − g2

∫ ∞

0
[D(s) sin(βx/ l)]e−αx/ l cos(sy/ l) sin(sb/ l)

s
ds (10)

where two new auxiliary parameters have been introduced in Eqs. (11) and (12).

α2 = 1

2

[√(
s2 + g

)2 + 1 − g2 + (
s2 + g

)]
(11)

β2 = 1

2

[√(
s2 + g

)2 + 1 − g2 − (
s2 + g

)]
(12)

By virtue of the fourth order partial differential equation, four conditions are
required to couple the solution across the discontinuity at the joint. By relating
deflections, forces and moments, Eqs. (13)–(16), can be written at the joint.

δ(w + A(s)wa + B(s)wb) = w + C(s)wc + D(s)wd (13)
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Cancellation of the moment at the edge of the loaded slab

(
∂2

∂x2
+ ν

∂2

∂y2

)
(w + A(s)wa + B(s)wb) = 0 (14)

Cancellation of the moment at the edge of the unloaded slab

(
∂2

∂x2
+ ν

∂2

∂y2

)
(w + C(s)wc + D(s)wd) = 0 (15)

Equality of shear forces

(
∂3

∂x3
+ (2 − ν)

∂3

∂x∂y2
− 2g

l2

)
(w + A(s)wa + B(s)wb)

=
(

∂3

∂x3
+ (2 − ν)

∂3

∂x∂y2
− 2g

l2

)
(w + C(s)wc + D(s)wd) (16)

Conditions in Eqs. (13)–(16) form a linear system of equations for the unknown
“constants” A(s), B(s), C(s) and D(s) which is solved at a given coordinate by
evaluating the integrals numerically for each wave number s.

2.2 Solution Validation

The response from the semi-analytical model is compared to the result of a FEM
solution from EverFE. EverFE is a FEM tool that models the response of jointed
slab systems under various load configurations (Davids et al. 1998, 2003; Davids
and Mahoney 1999). Figure 2 shows a comparison of the modelled responses from
the semi-analytical model and EverFE for two different slab moduli. The response
from the semi-analytical model is very close to the FEM solution except under the

Fig. 2 Comparison of 3D semi-analytical solution and FEM solution a E = 20,000 Mpa b E =
28,000 Mpa
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load (which is due to discretization error in the FEM solution). The comparison in
Fig. 2 validates the 3D semi-analytical model.

With the mechanical model ready, an experiment needs to be set up to measure
deflections due to a rolling wheel. From this experiment and the model presented
here, information such as moduli and load transfer could be back-calculated. It is the
aim that this information is sufficient to characterize the joint and predict the state
of rigid pavements.

3 Field Experiment with a Moving Load

The measurement system comprises of 7 lasers, an odometer (encoder), a reference
beam, an ethernet switch, a power supply, a moving load and a recording application.

To measure the edge deflection response of jointed slabs under the influence of a
moving wheel load, a reference beammounted with distance lasers is setup as shown
schematically in Fig. 3. This beam is placed across joint in the center of two jointed
slabs. The beam is mounted with 7 lasers such that the middle laser is placed across
the joint formed by both the slabs.

The pressure load comes from a moving wheel load carrying 5 tons. The loading
wheel is a part of a trailer which has an independent suspension in the rear axle. The
trailer is attached to a truck and driven at a slow and controlled speed of 10 km/h
for the experiment. There are two truck axles and their influence is low and ignored
for this study. Initially, the trailer is moved to a far location from the joint. During
the experiment, the load is moved parallel to the beam. The aim is to get as close as
possible to the beam in the transverse direction to get a good signal.

The distance laser is a camera-based laser (as shown in Fig. 3a) which measures
its self-distance to a ~200 mmwide line projected onto the pavement some ~300 mm

(a) (b)

Near Field 
of View

Measurement 
range 

Top View

Clearance 
Distance

Far Field of View

Front View

Slab 1Slab 2

Fig. 3 a Coordinate system of the laser measurement system, b Schematic of the experiment
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Fig. 4 a Side View of the measurement setup b Lasers on the beam

below it. The profile that is being scanned by the laser is parallel to the beam’s length.
The beam height is set up in a way so that the lasers are in their measurement range.

Experiment at the Værlose Airbase, Denmark
At the Værlose airbase, the selected site is an old apron with rigid pavement
slabs. Joints to be measured are selected based on visual inspection and the setup
symmetrically across the joint.

The truck is positioned 22 m (4 slabs) away from the joint with its front axle on
the edge of the 4th slab. After the loaded axle of the trailer has passed the reference
beam setup and the slabs on the other side, the measurement is stopped as shown in
Fig. 4, and the collected data is saved. This sequence is repeated for several joints at
the site. Repetitions of the experiment are done for the same joint, to check for the
consistency and repeatability of the results.

Comparison of Deflection Measurements Generated from a Loaded Moving
Wheel with the 3D Semi-analytical Model
Deflections measured from two different sites are presented in Fig. 5. In the plots,
the x-axis represents the position of the load and the y-axis represents deflections
measured by the laser over the joint. The deflection signal is marked as approaching
side and leaving side which comes from separating the signal from laser over the
joint into two parts. The joint is approximately positioned at x = 0 m in all cases.
The load position ranges from −8–8 m. Measured deflections range approximately
between −100 and 50 μm. The symmetric peaks in the deflection signal at x = −4
and 4 m is due to the moving load as it approaches the supports of the reference
beam.

In order to use the model, a set of values of model parameters from the structural
information at the site is chosen. The parameters are not accurate as only moduli
and thickness are accurately known from FWD tests. Then the model can generate
deflections in good agreementwith themeasured ones.A comparison of themeasured
signal with the modelled signal in Fig. 5 shows the match of the peaks. Modelled
deflections to the left and right of the joint match the trend in the measured data.

Though the experiment was conducted in a way so as to avoid noise and with a
slow speed of the moving load, the deflection values at the edges of the two slabs’
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Fig. 5 ModelledvsMeasured slab edgedeflections under a continuouslymoving load fromdifferent
sites

have some noise and vibration. Such behavior could be due to ground vibrations,
beam vibrations and other unknown reasons. The difference between the deflections
on the loaded and unloaded side of the joint are denoted as �P12. �P12 from the
experiment and the model fit was found in Fig. 6 for two different joints. Good
agreement in shape and magnitude is seen between the model and the experiment.
The model reveals that the load transfer efficiency is higher in case (a) than in case
(b) of Fig. 6, being around 75 and 50%, respectively. Moreover, the variation in�P12
is seen to be 40 and 120 μm, respectively, which is well within the accuracy of the
lasers. This confirms that the Dynatest Raptor should be able to distinguish the two
joints under consideration here. This comparison demonstrates that the model can
predict the response due to a moving load closer to the edge.

Sensitivity of Modelled Deflection Difference to Model Parameters
Here, a sensitivity study using the model to investigate how modelled deflection
difference depends on the parameters characterizing the joint is presented. It is shown

Fig. 6 Modelled vs Measured slab edge deflection difference under a continuously moving load
from different sites
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thatmodelled deflection difference has a high sensitivity to the load transfer efficiency
when the unknown parameters are varied. In Fig. 7b, deflection differences across
the joint increase in magnitude across the slabs as the subgrade reaction k decreases.
In Fig. 7a, deflection difference values are much less sensitive to change of moduli.

In Fig. 8a Changing slab thickness affects the shape close to the joint in a pro-
nounced way. Lastly, the load transfer parameter is varied, and it has the maxi-
mum sensitivity to predicted deflection differences which can be seen in Fig. 8b. As
expected, the deflection-difference has a high and specific dependence on the load
transfer and is therefore well suited as a main parameter in a backcalculation pro-
cess. A higher sensitivity means that the load transfer can be calculated with a higher
degree of accuracy. Furthermore, follow-up research is planned on backcalculation
of Raptor data where the high sensitivity on the deflection difference is important.
This study thus confirms that it is reasonable to backcalculate load transfer using
Raptor data.

Fig. 7 Modelled deflection difference for different a Moduli E b Subgrade reaction k

Fig. 8 Modelled Deflection difference for different a slab thickness h b load transfer δ
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4 Conclusions

By using a 3D semi-analytical model and amovingwheel load to enable a continuous
nondestructivemeasurement, it has been demonstrated that the properties of the slabs
and the load transfer capability of the joints can be backcalculated using the devel-
oped model. This experiment also demonstrates the capability of the measurement
system and associated sensors to capture deflections of the order of microns without
embedding the sensors inside the structure. It is a simple demonstration of continuous
nondestructive evaluation under controlled conditions. An advanced measurement
system, which employs the same line lasers and associated setup used in this study is
the Dynatest Raptor, an RWD technology platform. These results encourage the use
of the developed model for continuous evaluation and investigation of jointed rigid
pavement with the Dynatest Raptor in future studies.
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Study on the Asphalt Pavement Response
in the Accelerated Pavement Testing
Facility

Ruxin Jing, Aikaterini Varveri, Xueyan Liu, Athanasios Scarpas,
and Sandra Erkens

Abstract Accelerated pavement testing (APT) is an effective method in evaluating
pavement performance by applying wheel loading and speed under controlled condi-
tions. This study aims to investigate the effects of wheel loading, speed and ambient
temperature on the pavement responses at different directions and depths of pave-
ment structure. A two-layer asphalt pavement structure was constructed on a base
layer constructed 10 years ago. Strain gauges were installed both in the transversal
and longitudinal directions of motion on the bottom of both layers. The response
of the asphalt layers was monitored and the developed strains were recorded. The
results show thatmaximumcompressive strain increaseswithwheel load. In contrast,
the maximum tensile strain decreases as load increases; this is probably due to the
high confining pressure that occurs within the pavement structure when higher wheel
load is applied. The maximum compressive and tensile strains decrease with wheel
speed, because the asphalt mixture becomes stiffer at high wheel speed (frequency).
The maximum compressive and tensile strains in the transversal direction increase
with ambient temperature, because of the low stiffness of asphalt materials at high
temperature, which appears to be the cause of rutting.

Keywords Asphalt · Accelerated pavement test · Cyclic Indirect Tensile Test ·
Mechanical response

1 Introduction

Accelerated Pavement testing (APT) was first introduced to the world in the United
Kingdom in 1910s. It came to the forefront in the late 1950s with the AASHO
(American Association of State Highway Officials) road test in United States and
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since then has played an important role in the advancement of road construction to a
largely rational process (Hugo and Ebbs 2004). APT fills the important gap between
mechanistic-empirical design models using laboratory materials testing character-
ization and real, long-term pavement performance monitoring and data analysis.
Nowadays APT is used for full-scale pavement testing, which refers to an appli-
cation of the controlled wheel loading on a prototype or actual, layered, structural
pavement system to determine pavement response and performance (Metcalf 1996).

To study the negative impacts of the environment and traffic on the condition and
performance of pavement structures can take years under true field conditions. APT
utilizes special full-scale mobile or fixed testing apparatus to simulate these effects
in a shorter time period. In the early studies of APT, most of the work focused on the
visible pavement performance such as fatigue cracking or permanent deformation
(Xu andMeng 2004; Khan et al. 2013). Based on the test results, pavement materials
and structure design was highly developed to improve the anti-fatigue and anti-
rutting performance (Zhang et al. 2005; Plessis et al. 2018). New materials, epoxy
asphalt, rubber asphalt, bridge deck etc. (Qian et al. 2019; Tian et al. 2017), were
also evaluated and validated based on APT results.

The primary objective of this study is to investigate the effects of wheel loading,
speed and ambient temperature on the mechanical responses pavement structure at
different directions and depths based on APT testing. To accomplish this objective
three tasks, as listed below, were performed and discussed in the following sections:
1. A series of APT tests were conducted on a porous pavement section to capture
the mechanical response of the pavement structure by applying various wheel loads
and speeds at two different ambient temperatures. 2. Field core samples were taken
from the first and second layers of APT test sections and tested by the Cyclic Indirect
Tensile Test (IT-CY) test in the laboratory. 3. The effect of wheel load, speed and
ambient temperature on the transverse and longitudinal strains were discussed.

2 Test Section and Experimental Method

2.1 Overview of the Test Section

The construction phase of the test section started with the removal of the existing old
pavement surface, which had 10 cm thickness. After the milling process, a bitumen
emulsion tack coat layer was sprayed on the surface. Then the 6 cm thickness new
stone asphalt concrete (STAC) layer was laid first, and on top of it a 5 cm thickness
porous asphalt (PA) layer was placed. PA and STAC are commonly used as the top
and base layers of pavements in the Netherlands. All layers were compacted using
a roller compactor, respectively. The construction of the test sections was done in
October 2014. The profile of the new pavement structures is shown in Fig. 1, in
which the old STAC (17 cm thickness) and cement bound asphalt granulate base
layers (AGRAC, 25 cm thickness) exist more than 10 years.
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Fig. 1 Profile of test section and strain gauges instrument

In order to measure the mechanical response of pavement structure under wheel
load, the test sections were instrumented with strain gauges in longitudinal and
transversal directions of motion on the bottom of PA and new STAC layers, as shown
in Fig. 1. The coding system in Table 1 is used for the strain at various directions
and depths: X1X2 or X1X2X3.

Both PA and STAC mixtures were designed using the same type of aggregate,
Norwegian sandstone,with a nominalmaximumsize of 16mm.Norwegian sandstone
is a type of crushed stone with density 2740 kg/m3. The aggregate gradations of both
mixtures are given in Fig. 2. The target air void content was 16 and 5% for the PA
and SMA mixtures, respectively. The same type of PEN 70/100 bitumen was used
for both mixtures. The binder content was 5.0 and 4.6% for the PA and the STAC
mixture, respectively. Table 2 shows the main physical and rheological properties
of the PEN 70/100 bitumen. Moreover, a factory filler, i.e. Wigro 60K filler (with

Table 1 Coding system Code X1 X2 X3

Indication Capital Number Capital

Meaning Direction Depth Maximum
strain

Possibilities T =
Transversal
direction
L =
Longitudinal
direction

5 = 5 cm
depth
11 = 11 cm
depth

T = Tensile
strain
C =
Compressive
strain

Examples
L11 = Longitudinal direction, 11 cm depth
T5T= Transversal direction, 5 cm depth, Maximum tensile strain



874 R. Jing et al.

0

20

40

60

80

100
(a)

0.18 0.0630.525.611.222.4

Pe
rc

en
ta

ge
 p

as
sin

g 
(%

)

Grain size (mm)

Binder content 5.0%

0

20

40

60

80

100
(b)

0.18 0.0630.525.611.222.4

Pe
rc

en
ta

ge
 p

as
si

ng
 (%

)

Grain size (mm)

Binder content 4.6%

Fig. 2 Aggregate gradation of asphalt mixtures a PA mixture b STAC mixture

Table 2 Specifications of
PEN 70/100

Property Unit PEN 70/100

Penetration at 25 °C 0.1 mm 70–100

Softening point °C 43–51

Dynamic viscosity at 60 °C Pa s 160

Complex shear modulus at 1.6 Hz &
60 °C

kPa 1.8

Phase angle at 1.6 Hz & 60 °C ° 88

density 2780 kg/m3) was used for both mixtures. Wigro 60K is a limestone filler
which contains 25% calcium hydroxide.

2.2 Accelerated Pavement Test

The accelerated pavement tests were performed using a linear facility, LINTRACK,
at the Section of Pavement Engineering at Delft University of Technology. The
facility was commissioned in 1991. In this study, the accelerated pavement tests
were conducted at 5 kN single wheel load intervals in the range of 20–50 kN, at
2 km/h varying speed in the range of 5–19 km/h. Tire inflation pressure is 900 kPa.
These tests were conducted in the month of February 2015 (Test-I) and August 2015
(Test-II). Ambient temperature was recorded to be 4 °C during Test-I and 22 °C
during Test-II. Table 3 summarizes the testing conditions that were considered.

Table 3 Accelerated testing
conditions

Test name Wheel load
(kN)

Speed (km/h) Ambient
temperature
(°C)

Test-I 20, 25, 30, 35,
40, 45

5, 7, 9, 11, 13,
15, 17, 19

4

Test-II 22
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Fig. 3 Stiffness of asphalt mixtures at various temperatures a PA mixture b STAC mixture

2.3 Cyclic Indirect Tensile Test

Six sampleswith a diameter of 100mmand a thickness of 50mmwere cored from the
PA and the STAC layers in February 2015. The dynamic modulus of each core was
determined by means of Cyclic Indirect Tensile Test (IT-CY) according to NEN-EN
12697-26. The tests were performed using the Universal Testing Machine (UTM) at
five frequencies i.e. 0.5, 1, 2, 5 and 10 Hz and four testing temperature i.e. 0, 10, 20
and 30 °C. The conditioning time before testing was 4 h and three replicates were
tested.

3 Results and Discussion

3.1 Cyclic Indirect Tensile Test

The stiffness of the PA and STAC mixtures at various temperatures is presented
in Fig. 3. As expected, the stiffness of the mixtures significantly increases with
increasing frequency and decreases as temperature rises. Moreover, the stiffness of
STACmixture is higher than that of PA mixture. To obtain the visco-elastic behavior
in a wider range of frequencies, stiffness master curves were generated on the basis
of the Time-Temperature Superposition (TTS) principle at a reference temperature
of 20 °C and shown in Fig. 3.

3.2 Accelerated Pavement Test

The longitudinal and transversal strains at various depths were recorded during the
accelerated pavement tests. Figure 4 shows the results of strain gauges at various
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Fig. 4 Measurement of strain gauges at various directions and depths a T5 b L5 c T11 d L11
(Wheel load is 20 kN, speed is 15 km/h and ambient temperature is 4 °C)

directions and depths, when the wheel load is 20 kN, the speed is 5 km/h and the
ambient temperature is 4 °C. In this figure, positive values represent tensile strains
and negative values represent compressive strains.

Overall, all strain gauges experienced compression-tension-compression during
the movement of the wheel load, this was true, especially for the strain gauges on
the longitudinal direction, Fig. 4b, d. High tensile strains occurred when the wheel
load passed, and high compressive strains occurred before and after the wheel load
passed. The maximum tensile strain at the 5 cm depth (Fig. 4a, b) is higher than
that at 11 cm depth (Fig. 4c, d) due to the higher stiffness of the STAC mixture.
In addition, the high tensile strains exist at 5 cm are also caused by the stiffer base
layer and subgrade, since they have been over compacted in the past 10 years’ APT
tests. A high tensile strain at the bottom of the top layer is one of the main causes of
pavement cracking. From themeasurement of strain data, the maximum compressive
and tensile strains of each strain gauge were extracted during the tests. The effect of
wheel load on strain at various both and depths is illustrated in Fig. 5.

Figure 5 shows that maximum compressive strain increases with wheel load as
expected. However, the maximum tensile strain decreases with wheel load. It is
probably because high confining pressure occurred in the pavement structure when
heavy wheel load passed, which led to a lower measured tensile strain. In addition,
it has been found that both the maximum compressive and tensile strain decrease
with increasing wheel speed at the transverse and longitudinal direction for both
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Fig. 5 Effect of wheel load on maximum compressive and tensile strains at various directions and
depths a T5 b L5 c T11 d L11 (Speed is 15 km/h and ambient temperature is 4 °C)

depth locations, as shown in Fig. 6. The reason for this increases is related to the
viscoelastic nature of the materials, higher speed denotes higher loading frequency
and consequently higher stiffness of the mixtures, Fig. 3.

The effect of ambient temperature on themaximumcompressive and tensile strains
is illustrated in Fig. 7. It can be seen that the maximum compressive and tensile strain
in the transversal direction increase as temperature rises, as shown in Fig. 7a, c. This is
a reasonable observation considering that thematerial stiffness decreasewith increas-
ing temperature, Fig. 3. The occurrence of high strains in the transversal direction
can lead to the accumulation of permanent deformation and significantly contribute
to the rutting distress in asphalt pavements. However, the maximum compressive
and tensile strain in the longitudinal direction decrease with ambient temperature. A
possible reason is that the confining pressure in the longitudinal direction is higher
than that in transversal direction, because the length of the pavement is much larger
than its width, thus leading to the maximum compressive and tensile strains in the
longitudinal direction to become smaller.
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Table 4 between stains and loading conditions

Test Cor_Load Cor_Speed Cor_Temp

APT T5C + – +

T5T – – +

L5C + – –

L5T – – –

T11C + – +

T11T – – +

L11T + – –

L11T – – –

3.3 Effect of Wheel Load, Speed and Ambient Temperature
on the Transverse and Longitudinal Strains

According to the above results, the influence of wheel load, speed and ambient
temperature on the transverse and longitudinal strains are concluded in Table 4. The
symbols ‘+’ and ‘−’ denote increase and decrease in correlation. The highlight blocks
denote that themechanical behavior of the pavement structure is the samewith that of
laboratory evaluation results (Bayat and Knight 2012; Korkiala and Dawson 2007).
To be specific, the transverse strain increases with wheel speed and decreases with
wheel speed, and the longitudinal strain decreaseswithwheel speed aswell.However,
as the high confining pressure occurs within the pavement structure when higher
wheel load is applied, the compressive strain increases and tensile strain decreases
as wheel load increases. In addition, due to the fact that the confining pressure in the
longitudinal direction is higher than that in the transversal direction, the transverse
strain increases and the longitudinal strain decreases with ambient temperature. In
other words, laboratory evaluation of asphalt materials cannot fully describe the
field behavior of pavement structure due to the effect of confining pressure and other
factors in the field pavement (Loulizi et al. 2006; Mazari et al. 2014). For example,
when applying an indirect tension test or direct compression test in laboratory, the
confining pressure related to the loading and the size difference at each directions
normally are not considered.

4 Conclusions

The study presented in this paper shows the preliminary results of a broad study on
accelerated pavement tests. To be specific, the changes in the mechanical response
of pavement structure were investigated under various combinations of wheel load,
speed at two different ambient temperatures. Moreover, core samples were taken
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from the test sections and their stiffness was determined under various combinations
of frequency and temperature.

The APT results show that the maximum compressive strain increases with load
amplitude, the maximum tensile strain decrease with frequency, and the maximum
tensile/compressive strain in the transversal direction increase with temperature.
The high compressive strain that occurs at heavy wheel loads increases the risk of
pavement permanent deformation. On the other hand, the high tensile/compressive
strains that occurs in the transverse direction at high temperature indicates a high risk
of pavement rutting. In other words, high wheel loads, low speeds and high ambient
temperatures make pavement susceptible to damage.

To fully characterize the mechanical behavior of pavement structure, a proper
experimental protocol (for instance considering confining pressure) in laboratory
and more verification from field measurements seem necessary.
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In-Situ Measurement of Discontinuity
Movements in Concrete Pavement
Structures

Dongkyu Kim, Hyunsik Hwang, Christopher Jabonero, and Yoon-Ho Cho

Abstract AsphaltConcrete (AC)overlay is oneof the typical pavementmaintenance
strategies on Portland cement concrete (PCC) pavements that enhances its service
life. However, reflection cracking is one of the common distresses due to the cyclic
expansion and contraction of the joints or cracks in the PCC layer that attributed to
the variations in environmental conditions. The current overlay tester (OT) protocol
in Texas suggested a single maximum opening displacement (MOD) in PCC pave-
ment types. However, the displacement magnitude varies accordingly. As such, this
study focuses on the field quantification of Jointed Concrete Pavement (JCP) and
Continuously Reinforced Concrete Pavement’s (CRCP) discontinuity movements
with respect to the application of asphalt overlay and seasonal changes. Crackme-
ters were installed at the JCP and CRCP sections and measurements were recorded
during winter and summer. Preliminary results have shown that the PCC pavement
joint/crack movements significantly reduced after overlay placement. Furthermore,
variations of the movement relative to PCC pavement types and seasonal variations
are distinct and significant. Hence, the magnitudes of MOD according to pavement
types are suggested to be modified when performing reflection cracking resistance
evaluation using the asphalt overlay tester.

Keywords PCC discontinuity movement · AC overlay · Reflective cracking ·
Thermal insulation · Overlay tester

1 Introduction

In 1977, Darter proposed a joint opening prediction model, and Hueng assessed the
prediction model as highly conservative using an FEM analysis in 1993. Armaghani
(1987) measured and analyzed slab displacements corresponding to JCP temper-
ature variations using thermocouple and linear variable differential transformer
(LVDT) and suggested that weather has a strong impact on pavement temperature.
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Later, Morian (1999) agreed and stated that the climate conditions such as air tem-
perature have significance on joint movements as well as pavement temperatures,
and Kapiri (2000) explained that pavement surface temperature plays a key role in
themechanism. Nam (2001) conducted a study on crack width of CRCPwhere varia-
tions in concrete volume and crack width were measured using vibrating wire strain
gages (VWSG) at various locations in Texas (i.e. Austin, Cleveland, and Wichita
Falls section). The study has shown that the crack width at the upper part of the slab
depends on concrete temperature variations and these movements have significant
effect than at the bottom part of the slab. Furthermore, crack width was observed
to be inversely proportional to temperature such that it has higher opening at lower
temperature. From these findings, the movements of joints at the JCP and the trans-
verse cracks at the CRCP were predicted to exhibit varying behaviors according to
seasonal changes.

Asphalt concrete (AC) overlay methods have been used as a maintenance strategy
for Portland cement concrete (PCC) pavements to extend its service life. One of the
most frequent distresses found in AC overlays is reflective cracking initiating from
the bottom of asphalt overlay layer due to the movements at the discontinuities of
PCC pavement layers. Reflective cracking reduces driving performance and the ride
quality of pavements. In addition, it accelerates pavement distresses resulting to the
decrease in long-term performance and durability of pavement. Reflection cracking
occurs primarily due to the concrete slab contraction and expansion according to
the environmental loading conditions (Chen 2007). Hence, it is imperative to define
the appropriate movements at concrete discontinuities and utilize this information
in laboratory simulations that evaluate the reflection cracking susceptibility of the
asphalt mixture.

In Texas, thin asphalt overlays on CRCP pavement are popular, and the balanced
mix design has been used to evaluate rutting and cracking resistance, where the latter
is evaluated using Texas Transportation Institute Overlay Tester (TTI OT) (Zhou
et al. 2003). The TTI OT subjects the specimen in a maximum opening displacement
(MOD) of 0.63 mm (0.025 in.) at 25 °C to simulate movements of the discontinuities
at the concrete slab due to environmental loading. This displacement magnitude was
derived from the finite element analysis and theoretical calculation at a temperature
gradient of 14 °C in a concrete slab having 4.5 m crack interval (Zhou et al. 2003).
Later, the field measurements were also obtained from a cracked surface of AC over-
lays on PCC using a demountable mechanical strain (DEMEC) gauges in winter and
summer. Pavement surface temperatures were measured during field measurements
in Texas which ranged between 7–25 °C, and the corresponding movements were
recorded to be between 0.69–1.52 mm (0.027–0.06 in.) where the variations were
attributed to the intervals of the cracks (Walubita et al. 2013).

Meanwhile in Korea, a large percentage of the highway network uses PCC pave-
ments. Through the years, there is a growing demand for the use of composite pave-
ment systems with asphalt overlays as pavement maintenance strategy. However,
current overlays have thickness between 70–100 mm which was based on prior
experience and was not scientifically supported. In addition, the PCC pavements are
a combination of JCP and CRCP such that the magnitude of crack width movements
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varies according to the pavement type and its crack spacing. Moreover, it is consid-
ered inappropriate to apply Texas experimental specifications having a 4.5 m spacing
between discontinuities as well as the behavior of environmental conditions. Hence,
the results of TTI OT may generate high variations and will generate conservative
results; for example, cracking occurred within 10 cycles in some mixtures (Zhou
et al. 2003).

Recently, aHEARTMulti-modalOverlayTester (HEART-MOT) capable of simu-
lating a 3-axis displacement loadingwas developed (Jabonero et al. 2019). In order to
predict a reasonable service life using cyclic horizontal displacement simulation, it is
important to quantify the movement of concrete pavement discontinuities. However,
due to the limited available field data to support themagnitude used in the simulation,
the service life prediction model of the overlay is also compromised. As such, this
study focuses on: (1) investigating the JCP and CRCP’s discontinuity movements
with or without overlay and (2) the effect of seasonal variations in the movements
of cracks/joints. In order to achieve this, crackmeters were installed to perform field
measurements on various pavement structures during summer and winter which are
the period with extreme temperature fluctuations. The temperature in each pavement
layer were also observed. From these results, the maximum opening displacement
of 0.63 mm as suggested by TTI for the asphalt overlay testing simulations shall be
compared.

2 Field Measurement of Pavement Discontinuities

To investigate movements of concrete pavement discontinuities, field measurements
were conducted in three test sections as shown in Table 1. In 2005, duringMarch and
August, representative of winter and summer in Korea, surface pavement tempera-
ture variations and crack width/joint movements were measured at CRCP and JCP

Table 1 General information of measured sections

Pavement structure JCP (Highway) CRCP (Highway) JCP (Airport)

Section name Yeoju smart highway test road Gimpo airport taxiway

Construction year 2002 1995

Steel ratio N/A 0.7% N/A

Slab thickness 300 mm 300 mm 500 mm

Joint/crack spacing 6 m Variable 7.5 m

AC overlay thickness 25 mm 25 mm 100 mm

Measurement before
AC overlay

Mar & Aug 2015 Mar & Aug 2015 N/A

Measurement after AC
overlay

July 2016 Dec 2015 & Jul 2016 June 2016
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sections in Yeoju Smart Highway Test Road. In order to maintain identical environ-
ment conditions identical, adjacent CRCP and JCP sections located around 200 m
away were selected. In December 2015, dense graded AC overlay with a thickness
of 25 mm was placed on the CRCP section. In July 2016, dense graded overlay with
a thickness of 25 mm placed over the JCP section, and an additional Porous AC layer
with a thickness of 25 mm was placed on the CRCP section which has a 25 mm
dense graded AC overlay. Finally, in June 2016, the same measurements were made
on AC/JCP overlay sections with a 7.5 m joint spacing at the Gimpo International
Airport Taxiway. Concrete pavement thickness of the entire section was 300 mm.

Crackmeters were installed to measure crack or joint movements as well as pave-
ment surface temperature variations. The crackmeter is made by Geokon (Model
4420). The data acquisition system consists of a datalogger (Campbell Scientific
CR1000), a vibrating wire interface (AVW200), and a multiplexer (AM16/32B).
According the sensor manual, the crackmeter has an accuracy of ±0.1% F.S. (Full
Scale) and a temperature range between −20–80 °C.

Prior to overlay, six sensors were installed during winter and summer for CRCP
section and three sensors at the JCP section. Before placing the overlay, three sensors
where installed at the concrete layer protected by a steel frame and another three
sensors were installed on the asphalt overlay surface and located directly above the
joint/crack. Installation locations were selected based on the condition as well as
the spacing of joints/cracks. The anchors of the sensors were embedded at a depth
20 mm from the surface and were fixed using epoxy. In order to protect the sensor
installation from water penetration, the opening is protected with a silicon sealant.
The process of sensor installation is shown in Fig. 1. Meanwhile, Fig. 2 shows the
layout of: (a) Yeoju CRCP and JCP sections before overlay and (b) discontinuities
in PCC/AC overlay section, while actual sensor installations.

3 Data Analysis

3.1 Movements of Discontinuities on CRCP/JCP in Extreme
Seasons in Korea

Measurementswere recorded for aweek from12:00pmon thefirst day to12:00pmon
the last day in winter and summer. Figure 3 illustrates pavement surface temperatures
and displacements at each discontinuity location during the entire period. Some
locations were excluded from data analysis due to errors such that no data were
collected from the sensors.

Aligned with the previous literatures, results show that as temperature decreased,
concrete slab began to contract, resulting in higher relative displacements, while as
temperature increased, concrete slab expanded, leading to lower relative displace-
ments. Specifically, the magnitude of pavement surface temperature variation was
around 31 °C in a range of −6–25 °C on average in winter and around 25 °C in
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Fig. 1 Sensor installation

a range of 17–42 °C in summer. During winter, the resulting daily magnitudes of
discontinuity movements were 0.54 mm on CRCP with an average crack interval of
1.5 m and 0.71mm on JCPwith a 6m joint spacing. In summer, the daily magnitudes
of discontinuity movements were found to be 0.05 mm in CRCP cracks and 0.48 mm
in JCP joints. This shows that compared to summer, the discontinuity movements are
significant during winter. The crack movements in CRCP during winter were around
24% smaller than joint movements in JCP, however in summer, the rate increased up
to 90%. Lee (2001) defined joints in pavement that move minimally or do not move
at all regardless of temperature variation as freezing joints. These are joints that are
un-cracked or unmoving for another reason. Chou (2005)mentioned that slab closure
occurs at higher temperatures. Kapiri (2000) and Rufino (2004) also added that joint
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Fig. 2 Sensor installation setup

Fig. 3 Surface PCC pavement temperatures and relative displacement at discontinuities in each
section: a CRCP/Winter, b JCP/Winter, c CRCP/Summer, d JCP/Summer

closing mainly occurs in summer, which is attributed to high temperatures during
summer that closes the gap between discontinuities, restricting slab expansion. On
the other hand, at the CRCP section, temperatures of pavement structures rose up to
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Fig. 4 Relationship between displacement and surface temperatures

about 40 °C in summer, causing joint closing of crack width, which also restrained
the movements and resulted in a minimal joint movement.

In order to verify the relations between temperature variation and movement,
Fig. 4 is shows the relationship between measured displacement versus pavement
surface temperature. Through linear regression, a slope, that is defined in this study as
DMR (Discontinuity Movement Rate) provides an information of the daily average
movements at discontinuities. ForCRCP, theDMRyielded0.0023and0.0191mm/°C
for winter and summer, respectively.While for JCP, the DMR generated were 0.0310
and 0.0246 mm/°C for winter and summer, respectively. It can be observed that
summer DMRs were smaller than those in winter. It was calculated that CRCP
was around 90% lower than JCP in summer and about 38% lower during winter.
As displacements in CRCP appeared somewhat sporadic at the same temperature
during themeasurement inwinter, the coefficient of determinationwas relatively low.
Chou (2005)measured slabmovements at the ChiangKai-Shek International Airport
using optical fibers sensor and reported an average movement rate of 0.035 mm/°C
for seasons of low temperatures. This result is similar to the winter results of joint
movements in JCP.

3.2 Behavior of Discontinuities on CRCP/JCP with AC
Overlay

Khazanovich (2013) discussed about the thermal insulation effects of AC overlays
on concrete pavement, which means that, after AC overlay, the absolute thermal
gradients of concrete slab and climate condition-dependent variability are reduced.
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Furthermore, Zou (2016) found that temperatures of concrete slab under AC over-
lay were similar to those of asphalt pavements of similar thickness. However, the
temperature at the concrete surface layer reduces significantly relative to the asphalt
overlay surface when the overlay thickness increases. From this perspective, it can
be assumed that the AC overlay would affect the movements of the discontinuities
in the PCC layer.

Figure 5 shows the comparison of temperatures between the concrete pavement
layer and the asphalt overlay surface layer. Three scenarios were investigated: (a)
winter data of a 25 mm thick overlay on concrete pavement, (b) summer data of a
25mm thick overlay, and (c) summer data of a 50mm thick overlay on concrete pave-
ment. For the first case, it can be observed that the temperature range of the asphalt
surface temperature was about 30° (−15–15 °C) while the temperature range at con-
crete pavement layer was about 15° (−5–10 °C). For the second case, the temperature
range of the concrete pavement layer is 20° (30–50 °C) while the temperature range
at the asphalt overlay layer is 25° (22–47 °C). Gradients were computed using linear
regression, and the Thermal Reduction Rate (TRR) is determined as 1 minus the
slope of the regression. In the first case, around 0.31 slope was obtained implying a
69% TRR. Similarly, in the second case, the slope was about 0.54 corresponding to
46% TRR. These findings indicate that the magnitude of temperature variation in the
concrete pavement layer affects in winter and summer, compared to overlay surface.
In addition, the TRR was 23% smaller in summer suggesting that reduction is more
significant during winter.

The second and third cases were compared to investigate the TRR relative to
asphalt overlay thickness. In Fig. 5.c, it can be observed that it has about 0.32 slope
which is equivalent to 68% TRR. This implies that compared to a 25 mm overlay,
the 50 mm overlay increases the TRR by 22% supporting the assumption that thicker
overlays generate higher thermal insulation effects. From these results, it is gener-
alized that AC overlays will help lower concrete slab to have a thermal insulation
effect which reduces joints/cracks movements. Also, given that thermal insulation
effect was bigger as thickness increases, the likelihood of reflective cracking is also
estimated to decrease.

Fig. 5 Comparison of relations of overlay surface temperatures to under the overlay (PCC)
temperatures
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4 Conclusions

AC overlays are extensively applied to maintain PCC pavements and enhance their
service life. It is important to predict and evaluate discontinuity movements of appro-
priate concrete pavement in order to apply a suitable composite pavement system.
Focusing on the characterization of the behaviors of concrete pavement discontinu-
ities according to concrete pavement type, weather and the application of asphalt
overlays, crackmeters were installed at the transverse discontinuities in CRCP and
JCP sections in order to record and analyze the pavement temperature variation and
displacement which will be used determine the appropriate maximum opening dis-
placement of the asphalt overlay tester simulations. From this study, the findings
from the field measurements are as follows:

1. At the same thermal gradients, the crackwidthmovements inCRCPduringwinter
were around 24% smaller than JCP joints movements, but about 90% smaller in
summer.

2. DMRs (Discontinuity Movement Rates) which is the slope of the displacement
versus surface temperature were found to be 0.0023 in summer and 0.0191 in
winter for CRCP, while, it is 0.0246 in summer and 0.031 in winter for JCP.
Higher DMR values were recorded during winter regardless of pavement type.

3. Finally, the measurement data showed that compared to overlay surface, the
concrete pavement layer produces lower temperature that is approximately 69%
TRR (Thermal Reduction Rate) in winter and 46% in summer. This suggests that
AC overlays will provide a thermal insulation effect to under the overlay concrete
slab thereby reducing the magnitude of movements at the discontinuities of the
concrete pavement layer.
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Pavement Surface Evaluation Interacting
Vibration Characteristics of an Electric
Mobility Scooter

Kazuya Tomiyama and Kazushi Moriishi

Abstract Electric mobility scooters (EMSs) which are solely battery-operated per-
sonal small vehicles are becoming an increasingly commonway for a walking aid. To
ensure the accessibility of EMSusers, pavement surface condition of sidewalks is one
of the important factors in terms of traveling safety and comfort. This study examines
the requirements of evaluating sidewalk pavements by focusing on the interaction
between surface properties and vibration responses of an EMS. As a result, the EMS
consists of two distinctive resonance frequencies of 8 and 30 Hz associated with the
megatexture and microtexture in the surface properties, respectively, at a constant
speed of 3 km/h. This finding proves that the EMS vibration highly correlates with
the Mean Profile Depth (MPD) inducing axle excitations but not the International
Roughness Index (IRI). According to the pavement-vehicle interaction analysis, this
study finally suggests that measuring acceleration of an EMS is capable of estimating
MPD which is a good estimator of surface friction.

Keywords Surface texture · Electric mobility scooter · IRI ·MPD · Accelerometer

1 Introduction

An electric mobility scooter (EMS) which is solely battery-operated personal small
vehicles has become an increasingly popular device as an alternative mobility for
elder people in many countries. According to literature (Thoreau 2015), an EMS
enables its users to travel distances they previously would have made by foot with-
out any physical effort. In many countries, it is permitted to travel on sidewalks
without driving license as same as a wheelchair. Secure sidewalk environment must
be provided to ensure the accessibility of EMS users for their safety and comfort. In
particular, pavement surface which is the interface between an EMS and sidewalk
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plays an important role in road management. However, very little knowledge has so
far been derived for sidewalk surfaces traveled with EMSs unlike pedestrians and
wheelchairs (Aghaabbasi et al. 2017 and Duvall et al. 2013).

Road surface has traditionally been characterized for the influenced performance
of motor vehicles corresponding to the geometrical scale categorized by wavelengths
(PIARC1987 and Sandberg and Ejsmont 2002). As an example, the roughness which
is sometimes called “unevenness” belongs to the wavelength ranges between 0.5
and 50 m. The texture is divided into three different scales such as megatexture,
macrotexture, and microtexture of which wavelength ranges are 50 to 500 mm, 0.5
to 50 mm, and less than 0.5 mm, respectively. In this context, ride quality of a
motor vehicle is normally associated with the roughness. Here, the term “roughness”
generally has different meanings in response to the purpose of applications, which
is normally recognized as a dominant source affecting motor vehicle behavior on
roadways rather than sidewalks.

To better understanding how the surface characteristics are associated with an
EMS traveling over sidewalks, this study examines the interaction between pavement
surface properties and the vibration characteristics of an EMS. For this purpose, this
study conducted a driving experiments of an EMS on ten different surfaces with
various roughness levels of pavements involving dense graded, porous (open graded),
and polished asphalt wearing courses as well as an interlocking block pavement.
In the experiment, vertical vibration responses of the EMS were measured with
accelerometers. Traveling locations of the EMS were precisely identified with a
high-performance GNSS (Global Navigation Satellite System) with an accuracy of
centimeter to synchronize the acceleration data with surface profiles.

2 Materials and Methods

2.1 Pavement Surfaces

The driving experiment was conducted in a test yard of Construction Machinery
Center in Obayashi Road Corporation located in Saitama, Japan. The test yard con-
sists of ten different surfaces with various roughness levels of pavements involving
dense graded, porous (open graded), and polished asphalt wearing courses as well as
an interlocking block pavement. as shown in Fig. 1. A series of the profile data was
measured with a hand-operated low-speed profiler at an interval of 10 mm so as to
acquire roughness and megatexture properties of the profile. The macrotexture was
measured with the Circular Track Meter (CTM) for each pavement section shown
in Fig. 1 according to the ASTM E2157 (ASTM 2015). Figure 2 shows surface
measurement devices and their operations.
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Fig. 1 Tested surfaces: a Polished A, b Polished B, c Porous A, dDense Graded A, eDense Graded
B, f Porous B, g Porous C, h Interlocking Block (ILB), i Dense Graded C, and j Dense Graded D

Fig. 2 Surface Measurement Devices: a the Hand-operated Profiler and b the CTM

2.2 EMS Response

EMSs are solely battery-operated personal small vehicles of which dimensions have
up to 1,200mm length, 700mmwidth, and 1,200mmheight according to theministry
regulation in Japan. The vibration response of the EMS can be affected by a number
of factors such as the traveling speed, vehicle size, and suspension type. This study
employed one of the most widely used EMSs in Japan as shown in Fig. 3. The EMS
driven by an average male operator made three repeated runs at a constant speed
of 3 km/h which was equivalent to the average traveling speed of wheelchair users
(Duvall et al. 2013).

Figure 3 shows the EMSdata collection system. The accelerometerswere attached
to the unsprung mass, sprung mass, and center of gravity (CG.) of the EMS as shown
in the figure to record the vibration responses. The acceleration data collected at
unsprung mass, sprung mass, and CG. aim to measure the direct oscillation from
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surface, footplate vibration, and seat vibration corresponding to the ride quality,
respectively. The sampling frequency of acceleration measurement was adjusted to
100Hz.During the trials, traveling locationsweremeasuredwith a high-performance
GNSS developed by i System Research, Co. Ltd. (iSRC-GNSS) and with conven-
tional GPSs (Global Positioning Systems). The iSRC-GNSS has the capability to
identify the location with the horizontal accuracy of 0.6 cm + 0.5 ppm and vertical
accuracy of 1 cm+ 1 ppm with an update interval of 0.05 s in real-time. This perfor-
mance enables its users to synchronize accurately the acceleration data with surface
profiles traveled. Figure 4 depicts an example of a traveled location identified by the
positioning systems. As shown in the figure, the iSRC-GNSS accurately identified

Fig. 3 EMS data collection system

Fig. 4 Traveled location identification
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Fig. 5 Surface roughness
and texture levels of the test
sections

the location traveled, whereas the conventional GPSs deviated from the target path
with a error of 3 m at the most. The figure also shows the location of the tested
surfaces and their boundaries identified by the iSRC-GNSS corresponding to Fig. 1.

3 Analysis Result

3.1 Surface Roughness and Texture

To represent surface characteristics, the International Roughness Index (IRI) and
Mean Profile Depth (MPD) are employed in this study. The IRI is the most well-
known roughness index which is an accumulation of the simulated displacement
between body and axle masses in the standard quarter-car model normalized by
the traveled distance of the profile at a constant speed of 80 km/h (Sayers 1995).
The IRIs of each tested surface were calculated form the measured profile by use
of the ProVAL software (The Transtech Group 2015). The MPD is one of the best
indices of macrotexture as the literature stated (Abbas et al. 2007) and is known as a
good estimator of surface friction (Kouchaki et al. 2018). The MPDs of each tested
surface were obtained with CTM in the present study. The surface roughness and
texture levels in terms of the IRI and MPD, respectively, obtained in the test sections
are shown in Fig. 5. As shown in the figure, a wide variety of roughness and texture
levels were acquired for the experiment.

3.2 Vibration Response of EMS

The fundamental of vehicle ride can be recognized how vehicle components (nor-
mally a suspension system and tire damping) isolate the rider from imperfect smooth-
ness of a road surface. It is important that the certain frequency known as resonance
frequency of a mass amplifies the input motion. A frequency response plot helps to
understand this phenomenon. The main application of a frequency response plot to
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Fig. 6 Frequency Response Plots of EMS on a CG., b Sprung Mass, and c Unsprung Mass

vehicle ride is the way it relates the input power spectral density (PSD) of the road
to the output PSD of the vehicle acceleration (Gillespie and Sayers 1981). Figure 6
shows frequency response plots of each component of which the accelerometers
were attached. In the figure, the wave numbers corresponding to the traveling speed
of 3 km/h are also indicated.

As shown in the Fig. 6, the EMS has two distinctive resonance frequencies of 8
and 30 Hz which can be identified as body and axle mass resonance frequencies,
respectively. With respect to the surface characteristics, these frequencies are asso-
ciated with the terms “megatexture” and “microtexture”. Note that humans are the
most sensitive to the vibration for vertical direction with a frequency range from 4
to 8 Hz according to the ISO Standard 2631-1(ISO 1997). Consequently, the mega-
texture plays an important role in the perception of EMS users in terms of traveling
comfort. As shown in Fig. 6, the EMS resonates with the macrotexture as well. In
other words, the macrotexture induces significant vibrations of the axle mass of the
EMS. In contrast, the EMS does not respond to the roughness input. As already
mentioned, the term “roughness” generally has different meanings in response to the
purpose of applications. In case of the EMS, megatexture and microtexture become
dominant sources affecting vehicle behavior instead of roughness.

3.3 Pavement-Vehicle Interaction

Summary indices of a surface profile help to monitor the performance of sidewalks.
The IRI and MPD are commonly used indices to assess the roughness and texture
of a surface, respectively. Good correlations between the vibration response of the
EMS and profile-based indices such as the IRI and MPD contribute to the effective
surface monitoring of sidewalks over time. Accordingly, the RMS values of the
EMS accelerations acquired for each tested surface were calculated to investigate
the correlations with the IRI and MPD. Figure 7 shows the correlation between
the RMS accelerations and each profile-based index. As shown in Fig. 7 (a), poor
correlations were observed between the IRI and the RMS accelerations. This result
can be understandable because the IRI has been developed for a motor vehicle with
the driving speed of 80 km/h. In fact, the EMS scarcely respond to the wavelengths
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Fig. 7 Correlation of RMS Acceleration with a IRI and bMPD

of roughness which are related to the IRI as shown in Fig. 6. In contrast, theMPD has
strong correlations with the RMS accelerations, in particular at the unsprung mass.
This result ensures that theEMSvibration response in the unsprungmass corresponds
to the macrotexture in the surface properties. It also suggests that the MPD can be
estimated by the unsprung mass acceleration measured with the EMS. Since the
MPD is known as a good indicator of surface friction, measuring acceleration of an
EMS helps to monitor the surface friction of sidewalk pavements. However, further
studies should be required in this viewpoint.

4 Discussion and Conclusions

Pavement surface condition of sidewalks plays a vital role in ensuring traveling safety
and comfort of EMS users. However, very little knowledge has so far been proposed
to evaluate surface characteristics interacting with EMSs traveled on sidewalks. This
study examined how the surface properties interact with the vibration response of
the EMS by a driving experiment on ten pavement surfaces with different roughness
and texture characteristics.

As a result of the driving experiment, the EMS has two distinctive resonance
frequencies for the vertical movement: one appears at 8 Hz related to the resonation
of the sprung mass and CG. of the vehicle body, and the other is the excitation of
30 Hz observed at the unsprung mass. At a constant traveling speed of 3 km/h, the
former corresponds to the megatexture in the surface properties, whereas the later
derives from the microtexture instead.

According to the pavement-vehicle interaction analysis, the IRI has poor corre-
lation with the EMS vibrations in terms of the RMS acceleration measured at any
components. This result was easily recognized due to the different driving speed
and vehicle masses. In addition, the EMS scarcely responded to the wavelengths of
roughness In contrast, the MPD is strongly associated with the RMS acceleration of
the unsprung mass of which resonance frequency corresponds to the macrotexture.
This result accordingly suggested that measuring acceleration of an EMS helps to



900 K. Tomiyama and K. Moriishi

monitor the surface friction of sidewalk because theMPD is known as a good indica-
tor of surface friction. The findings obtained in this study will bring the optimization
of asphaltmixes including aggregate size and texture shapes for sidewalk pavements.

EMSs have become a popular walking aid that enables its users to travel around
without any physical effort. The demand of the use of an EMS is increasing with
rapid increase of the proportion of elder people. In this situation, the quality of
road surfaces served for EMS users plays an important role in the traveling comfort
of the sidewalk. The findings presented in this paper contribute to improving the
accessibility of people with disabilities.

Acknowledgements This research was supported by the Grant-in-Aid for Scientific Research (C)
Grant Number 19K04634 of the Japan Society for the Promotion of Science (JSPS). We would like
to thank Dr. Keiichi Nishikawa of i SystemResearch, Co. Ltd. for supporting the driving experiment
in this study.

References

Abbas A, Kutay ME, Azari H, Rasmussen R (2007) Three-dimensional surface texture char-
acterization of portland cement concrete pavements. J Comput-Aided Civil Infrastruct Eng
22(2007):197–209

Aghaabbasi M, Moeinaddini M, Shah MZ, Asadi-Shekarid Z (2017) A new assessment model
to evaluate the microscale sidewalk design factors at the neighbourhood level. J Transp Health
5:97–112

ASTM (2015) Standard Test Method for Measuring Pavement Macrotexture Properties Using the
Circular Track Meter. Publication ASTM E2157

Duvall J, Cooper R, Sinagra E, Stuckey D, Brown J, Pearlman J (2013) Development of surface
roughness standards for pathways used by wheelchairs. Transp Res Rec 2387:149–156

Gillespie TD, Sayers M (1981) Role of road roughness in vehicle ride. Transp Res Rec 836:15–20
ISO (1997) Mechanical vibration and shock – Evaluation of human exposure to whole-body
vibration – Part 1: General requirements. Publication ISO2631-1, International Organization
for Standardization, Switzerland

Kouchaki S, Roshani H, Prozzi JA, Garcia NZ, Hernandez JB (2018) Field investigation of
relationship between pavement surface texture and friction. Transp Res Rec 2672:395–407

PIARC (1987) Technical committee report on surface roughness characteristics. XIIIthWorld Road
Congress, Brussels, pp 13–19

Sandberg U, Ejsmont JA (2002) Tyre/RoadNoise Reference Book. Informex, Harg, SE-59040Kisa,
Sweden

Sayers MW (1995) On the calculation of international roughness index from longitudinal road
profile. Transp Res Rec 1501:1–12

The Transtech Group (2015) ProVAL User’s Guide. Manual Revisions: 6.2(3.5)
Thoreau R (2015) The impact of mobility scooters on their users. Does their usage help or hinder?
A state of the art review. J Transp Health 2:269–275



Acoustic Maintenance of Pavements by
Large-Scale Grinding

Françoise Beltzung and Tobias Balmer

Abstract A so-called semi-dense asphalt (SDA) is widely used in Switzerland as
a low noise pavement. During 2018, our preliminary grinding tests on small SDA
sections and subsequent broader tests have shown that grinding is an effective way to
regain −3 to −5 dBA, measured with the close-proximity (CPX) method. The main
purpose of this paper is to put forward a large-scale maintenance process which is
effective in regenerating the acoustic performance of aged SDA wearing courses
for entire road sections. A secondary purpose is to observe the effect of the same
grinding method on dense pavements like AC, ACMR and MA. Several roads at
different locations and environmental conditions have been tested in early 2019. At
each location the treatment was evaluated by the measurements of grinding depth,
mean texture depth and CPX rolling noise. Acoustic effectiveness of the grinding
method depending on the pavement characteristics are examined. Our first results
indicate that all the treated surfaces become less noisy, regardless of grain size or
pore volume. The incidence of grinding on reshaping the surface texture in a way
that facilitates air pumping and diminishes tyre vibration will be discussed.

Keywords Low noise asphalt · Grinding · CPX measurement

1 Introduction

Road operators worldwide have to find away tomitigate traffic noise emission gener-
ated by the interaction between tires and the road surface. Low noise wearing courses
are an effective measure to tackle the issues at its source. In Switzerland a trend of
using so-called semi dense asphalt (SDA) with porosity of 12–20% and a maximum
grain size 4 or 8 mm has emerged about a decade ago. While the noise reduction
of −5 to −9 dBA in reference to the Swiss standard for such pavements is overall
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satisfying, the acoustical and mechanical lifetime is generally below expectations.
As with porous asphalt (PA) the acoustic ageing is dominated by clogging of the
open pore network and altering of the macrotexture due to ravelling.

Our new approach to ensure acoustic durability of SDA pavements is to lightly
grind off the upper surface in a maintenance procedure at appropriate time providing
two beneficial outcomes: the aged texture is restored and the clogged layer—located
just under the surface (Balmer 2018)—is partially removed at the same time.

Other countries already practise the grinding ofwearing courses. This is donewith
multiple aims such as increasing the skid resistance, or some, like us, in connection
with noise maintenance (Vieira 2019; Buret 2016). Vieira et al. were principally
seeking to optimise the pavement surface texture to reduce the tire/road noise. They
describe their procedure as “shaving off” the peaks of the texture. It is not especially
dedicated to porous low noise pavements nor to eliminate the clogged layer if any.
For dense asphalt test sections, the acoustic gain is less than −1 dBA. For porous
asphalt test sections, depending on the grinding depth and the state of clogging, the
acoustic gain ranges between −1.6 and −3.3 dBA. Buret et al. initiated a long-term
trial to investigate the acoustic performance of various asphalt pavements. After the
first three years the best performing pavement was found to be a surface that was
treated by horizontal diamond grinding. The “shaved” open-graded asphalt showed
a consistent improvement in noise reduction of up to −3 dBA over the standard
open-graded asphalt. It showed also a lesser degradation in acoustic performance
over time compared to the non-treated open-graded asphalt.

Our present investigation into the relationship between surface texture and noise
level includes not only SDApavements but also dense asphalts concrete (AC),macro-
rough asphalt (ACMR) and mastic asphalt (MA). The purpose behind this idea is
to clarify whether the same grinding method shows also a positive effect on dense
mixtures with different grains sizes. In addition this will help to distinguish the role
of surface texture from the role of porosity on the overall noise gain due to grinding.
Finally, it will be interesting to see howmicrotexture may play a relevant role as well
as macrotexture in terms of noise arising from the pressure relief of trapped air.

In the long term the goal of this work is to develop a sound and economically sus-
tainable option to rejuvenate the acoustic performance of roads at a given frequency,
thus allowing road authorities to comply with noise regulations without the need for
early and expensive replacements of entire wearing courses.

2 Materials and Methods

2.1 Test Sections

Table 1 provides an overview of the test sections including age at the time of mainte-
nance, traffic load, dimension and type of tool used on the grinding machine. Among
the seven locations, some have more than one type of pavement. In these cases,
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Table 1 Characteristics of the test roads (all locations in canton Fribourg, Switzerland)

Location Pavement Age at time of
maintenance
[years]

Traffic load
[DTV]

Maintenance
length [m]

Tool type

Corserey SDA 4 6 2400 2 × 750 Fine

Farvagny SDA 4 2 3300 120 Fine

AC 11 >20 3300 150 Fine

Sugiez SDA 4 6 11600 450 Fine

La Verrerie SDA 4 7 1500 2 × 950 Coarse

Romont SDA 4 7 6200 2 × 500 Fine

Tafers SDA 4 6 5200 100/100 Coarse/Fine

MA 11 20 5200 75/75 Coarse/Fine

Villarlod ACMR 8 8 1900 150 Fine

ACMR 11 8 1900 150 Fine

adjacent sections to SDA 4 are AC 11 in Farvagny and MA 11 in Tafers with the
numeric index being the maximum grain size in mm.Moreover, because of a specific
interest, ACMR 8 and 11 pavements were selected in Villarlod to be included in the
test series. The maintenance took place in two sessions with the first set of roads
being treated during November 2018 and the second one during May 2019. The
maintenance length is given in meters per lane. The SDA 4 in Corserey, La Verrerie
and Romont was treated on both lanes of relatively long sections between 500 and
950 m in length. The other locations had smaller sections of 120 to 450 m in length.
Additionally, the tool type was changed on the SDA 4 and MA 11 in Tafers on a
stretch of 100 m and 75 m each. The effective treated area lies between 360 m2 for
the smallest and 7500 m2 for the largest test section.

2.2 Grinding Procedure

For the grinding work, a Unimog truck with 5 HTC 950 floor grinding heads attached
on a custom made rig to its front was used, having an adaptable working width of
2.4–4.2 m (Fig. 1a). We used a grinding speed of 2–3 m/min, as a compromise for
grinding depth and ability to treat even the large test sections in one working day. On
each grinding head four tool plates are mounted that move horizontally in a planetary
motion (Fig. 1b). We used two different types of bush hammer tools with differently
sized and spaced hard-metal spikes of either 30 pcs of 5 mm or 45 pcs of 8 mm
spikes per single wheel. In the course of the present evaluation they are referred to
as “coarse” and “fine”, whereas the latter has the more densely-packed and slightly
sharper spikes when in new condition. To improve skid resistance on asphalt these
kind of tools would normally be used at much higher working speed than we did. To
our knowledge, we are the first to use such tools on small aggregate porous asphalt
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Fig. 1 Images of the large-scale grinding work. The lead vehicle a worked its way on the entire
width of one lane. The bush hammer tools on the grinding heads b produced an even layer of
fine-graded sand c that was cleaned directly by a series of street cleaners. Behind this convoy, the
ground surface was left clean and ready for traffic d

with the purpose of accoustic maintenance. For their work on surface grinding (Veira
2019) and (Buret 2016) used diamond tools which operate differently.

Small amounts of spray water in front of the grinders is applied to bind dust.
Behind the Unimog a convoy of street cleaning machines followed to sweep up
the debris from the grinding process. The last vehicle did a final cleaning with high
pressurewater and suction, leaving a clean road ready for traffic (Fig. 1d). The overall
noise and dust generation is not higher than as for other typical street construction
work.

2.3 Mean Grinding Depth Measurement

The mean grinding depth MGD was determine through differential measurements
from before and after grinding. A rigid metal bar was laid across the entire lane onto
two supporting points that were not changed during grinding, then the distance from
the bar to the road surface was measured with a ruler along the profile at spacing of
25 cm, resulting in an ensemble of 12–14 single point measures for one lane cross
section. For an averaged cross-section, the accuracy of this method lies at about
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±0.5 mm. The same procedure was repeated at multiple predefined locations along
the worked area yielding spatially resolved grinding depth data.

2.4 Acoustic CPX Measurements

Acoustic performance of the pavement has been measured on the go with a CPX
trailer (ISO 11819-2) at speed of 50 km/h. The noise reduction is calculated relative
to the Swiss reference level called StL86+ which depends on the type of vehicles
(car vs. truck) and the speed (BUWAL). The two values CPXcar and CPXtruck are
then mathemetically mixed to reflect a standard real traffic with a certain amount of
trucks called CPXmix. The measurement accuracy of CPX is within ±1.0 dBA and
in this work CPXmix was calculated with a truck rate of 10%.

For further analysis the frequency plot is used. It allows to identify changes in
the frequency curve in domains that are characteristic for certain noise sources: low
frequency near 500 Hz for tire vibrations, medium frequency around 1000 Hz for
sound absorption by the pavement and high frequency above 1500Hz for air pumping
from the tyre/road interaction.

2.5 Mean Texture Depth Measurements

The mean texture depth MTD or macrotexture depth is measured according to (EN
13036-1). The technique is to spread on the pavement a known volume of glass beads
to form a circular patch, and then determine its surface. The MTD is calculated as
the volume divided by the surface and expressed in mm.

2.6 Cross-sectional Images

To assess the state of clogging of the SDA, cores of diameter 150mm are cut from the
site. The porous layer is sawn from the rest of the core and sealed along the curved
surface while the two flats remain accessible. An appropriate epoxy resin is coloured
in fluorescent red or yellow. The SDA layer is fully vacuum impregnated. Finally,
the specimen is sawn into two pieces to obtain a pair of sections. Each section is
photographed under UV light to reveal the UV fluorescent material filling the pores.
From each SDA 4 road, several cores have been impregnated including one reference
from a non-grinded section.
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3 Results and Discussion

3.1 MGD Results

Tables 2 and 3 provide the results of the mean grinding depth measurements. The
MGD of the four dense pavements (Table 3) runs for all around 1 mm. The MGD
of the six porous SDA 4 pavements fluctuates between 0.4 and 3.5 mm. The latter
dispersion cannot directly be attributed to the type of grinding tool (fine or coarse),
nor the age of the pavement, nor the traffic load. In Tafers where the coarse and the
fine tools were applied to the same surface, it is observed that the coarse tool grinds
off less material compared to the fine tool. This effect may be due to themore densely
and sharper spikes of the fine tool. The main reason for the MGD dispersion can be
explained by the petrography of the aggregates, namely their proportion of hard,
resistant rocks. The latter observation has been previously described in (Beltzung
2019).

Table 2 Mean grinding depth and absolute acoustic improvement due to grinding; overview of the
porous SDA 4 test surfaces

Location Pavement Tool MGD [mm] CPXcar
[dBA]

CPXtruck
[dBA]

CPXmix
[dBA]

Corserey SDA 4 Fine 1–2 −2.8 −3.2 −3.0

Farvagny SDA 4 Fine 0.3–1.3 −0.9 −1.4 −1.1

Sugiez SDA 4 Fine 2.5–3.5 −1.3 −1.4 −1.4

La Verrerie SDA 4 Coarse 0.4–1.7 −2.5 −2.0 −2.3

Romont SDA 4 Fine 2–3 −3.2 −3.5 −3.3

Tafers SDA 4 Fine 1.3–2.1 −3.0 −2.6 −2.8

SDA 4 Coarse 1.0–1.5 −3.0 −2.5 −2.8

Table 3 Mean grinding depth MGD and absolute acoustic improvement due to grinding; overview
of the dense test surfaces

Location Pavement Tool MGD
[mm]

CPXcar
[dBA]

CPXtruck
[dBA]

CPXmix
[dBA]

Farvagny AC 11 Fine 0.8–1.3 −3.2 −2.3 −2.8

Tafers MA 11 Fine 0.5–1.5 −2.7 −1.5 −2.2

Coarse n/a −2.5 −1.0 −1.8

Villarlod ACMR 8 Fine ≈1 −2.2 −2.0 −2.1

ACMR 11 Fine 0.5–1.1 −3.1 −3.0 −3.1
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3.2 CPX Results

The CPX values from the non-grinded sections (reference) and those measured
directly after grinding are compared to determine the absolute acoustic gain due to
grinding. These results are shown in Table 2 for the SDA pavements and in Table 3
for the non-porous pavements.

On the basis of the mean grinding depth there appears no direct correlation
between MGD and the acoustic gain. The overall observed gain ranges between
−1 and −3 dBA and is acoustically significant. We note that the observation also
applies to the dense pavements which show acoustic gains of the same order of
magnitude.

Figure 2 shows the frequency plots for porous SDA 4 and dense MA 11 in Tafers,
including a comparison between fine and coarse grinding and a reference curve for
a split mastic asphalt (SMA 11) which represents the noise standard of 0 dBA in
Switzerland. The plots reveal that for an aged SDA 4 (red line) the low frequencies
which are relevant for vibrational noises became louder than the SMA reference
curve, while the higher frequencies (air pumping noise) still contribute to noise
reduction. The curves of the aged MA 11 and the SMA 11 are very similar before
grinding.

Fig. 2 Frequency plots from CPXmeasurements in Tafers for SDA 4 (left) and MA 11 (right). Top
row shows CPXcar and bottom row CPXtruck curves
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The effect of grindingon the acoustic performance is seenover the entire frequency
range for both pavement types as well as for the distinctive car and truck tyres.
However the acoustic gain is generallymore dominant in the lower frequencydomain,
thus indicating that vibrational noises have been reduced by a certain improvement
of the surface texture. Interestingly there is no noticeable difference between coarse
and fine grinding. The only exception to this, is the truck tyre on MA 11, where
the fine tool produced a slightly better effect by generating less vibrations. That can
be attributed to the difference of −0.5 dBA seen in Table 3 for CPXtruck on MA 11
between coarse and fine grinding in Tafers.

3.3 MTD Results

Grinding has a significant effect on the roughness of the surface texture. As far as
porous SDA 4 pavements are concerned, irrespective of whether they still are in a
good shape or already abraded, they all tend to a unified MTD value of 0.8–0.9 mm
after grinding with the fine tool (Table 4). In the specific case of La Verrerie the
grindingwork smoothened the surface fromMTD1.3 to 0.8mmwhereas in Farvagny
and Sugiez the surface roughness increased notably from MTD 0.6 to respectively
0.8 and 0.9 mm. Note that the roughness of the SDA 4 pavement in Tafers with an
initial MTD of 0.89 mm is barely affected by the grinding with only a small decrease
of 0.03 mm to reachMTD 0.86 mm, both values being within the bespoken “unified”
MTD range.

In all cases, whether the texture became smoother or rougher, the acoustic per-
formance increased (Table 4). However, a closer look shows that at locations where
MTD increased, the acoustic gain amounts to only 1.1 to 1.4 dBA, while locations
with decreasing or stable MTD have gains as high as 2.3 to 2.8 dBA. This distinction
indicates that the noise reduction due to grinding is due to a multi-fold mechanism.

At this stage of the investigation,with only four test sections, a general explanation
would be premature. Instead each location is a particular case that has to be analysed
separately. The most recent test surface (Farvagny) has no visible degradation and

Table 4 Comparison of non-grinded (Ref) and finely grinded SDA 4 test surfaces; roughness is
expressed as a mean texture depth (MTD) and corresponding acoustic performance is measured by
CPX

Location Year of
construction

Ref
MTD
[mm]

Post-grinding
MTD [mm]

Ref
CPXmix
[dBA]

Post-grinding
CPXmix
[dBA]

�

CPXmix
[dBA]

Farvagny 2017 0.58 0.78 −7.1 −8.2 1.1

Sugiez 2013 0.59 0.90 −3.2 −4.6 1.4

Tafersfine 2013 0.89 0.86 −2.2 −5.0 2.8

La
Verrerie

2012 1.28 0.80 −2.9 −5.2 2.3
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according to the high acoustic level (−7.1 dBA) of the reference section the SDA 4
is not clogged yet (Fig. 3). The acoustic gain attributable to grinding, i.e. 1.1 dBA,
may be explained by a roughening of the otherwise neat surface, i.e. which facilitates
air drainage and reduces the so called air pumping. The Sugiez test surface seems
to behave similarly to Farvagny, even though the pavement is older but still well
preserved (“negative” texture and almost no pop-outs). Sugiez’s pavement is partially
clogged but from the cross-sectional image we know that removing a thin layer
(3 mm) did not reopen a significant portion of new channels through the connected
porosity, suggesting again that some kind of roughening of the surface must be the
predominant factor to explain the acoustic improvement of 1.4 dBA. Tafers’ surface
texturemust have changed profoundly to explain an acoustic gain of 3 dBA.Knowing
that this change is not reflected by MTD, some other surface characteristics must
play a role. And finally the oldest test surface (La Verrerie) was priorly in a rather bad
shape, in particular numerous pop-outs are responsible for the large MTD value of
1.3 mm. Under this scenario, it is well known that to flatten and smooth the surface
by grinding or by other means reduces the tire vibrations and accordingly the noise
emission.

Several types of dense pavements have been analysed. They are listed in Table 1.
If we now consider the family of aggregate size 11 mm, it is most interesting to
notice that their acoustic performances are very sensitive to grinding (Table 5), even
though they have no open-graded pores and are not intended to be used as low noise
pavements.

Fig. 3 Farvagny SDA 4 a reference Fa04 b Fa05 with MGD= 0.3… 1.3 mm. The large difference
in thickness between Fa04 and Fa05 is random and reflects the original layer thickness, respectively
51 and 21 mm. La Verrerie c reference Ve07 d Ve09 with MGD = 0.4 … 1.7 mm

Table 5 Comparison of non-grinded (Ref) and finely grinded test surfaces with aggregate size
11 mm; roughness is expressed as a mean texture depth (MTD) and corresponding acoustic
performance is measured by CPX

Pavement Year of
construction

Ref
MTD
[mm]

Post-grinding
MTD [mm]

Ref
CPXmix
[dBA]

Post-grinding
CPXmix
[dBA]

�

CPXmix
[dBA]

AC 11 ≈2000 0.70 0.41 −0.5 −4.0 3.5

ACMR 11 2011 1.40 1.39 0.6 −2.5 3.1

MA 11fine 1999 0.37 0.31 −1.2 −3.1 1.9
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Their expected acoustic performances right after laying, as a new wearing course,
ranges between −1 and −2 dBA. Now that post-grinding performances of −2.5 to
−4.0 dBA are observed it is permissible to infer the existence of a very special effect
due to grinding. This effect improves air drainage and/or reduces tire vibrations. At
this point of the investigation we assume that, besides evenness of the macrotexture,
the microtexture must play a significant role too in noise reduction. Microtexture
here refers to the surface abrasion of the top aggregates, a characteristic which is
usually of interest for the skid resistance.

3.4 Analysis of Cross-sectional Images

The image analysis was completed to offer a visual tool which helps us to better
understand the reason why a given maintenance action succeeded more ore less in
terms of noise reduction. To this end, the cross-sectional images from cores drilled
in Farvagny and La Verrerie are shown for comparison in Fig. 3.

In the case of Farvagny it can be seen that the porous space is entirely free from
soiling. It acts as expected as an absorbent medium in a way that achieves high
acoustic performances (−7.1 dBA). Further the section shows that the surface is
smooth showing only “negative” cavities.

The situation in La Verrerie is quite different in many ways from that in Farvagny.
Firstly, a barrier layer of soiling hinders the acoustic waves from penetrating into the
porous pavement and secondly, the surface cross-sectional line is particularly rough.

4 Conclusions and Next Steps

We have demonstrated that a large-scale acoustic rejuvenation of porous SDA wear-
ing courses is possible with a CPXmix improvement of between 2 and 3 dBA after
>5 years of service life. Further we observed that our method of horizontal grinding
on any type of wearing course, also including dense pavements, seems to be acousti-
cally favourable.Wemake the assumption that these specific qualities are to be found
at the macro- and microtexture level. On one side, the macrotexture is transformed
by grinding, especially in presence of damaged surfaces from pop-outs. Hereby the
roughness is levelled and noise related to tyre vibrations diminishes. On the other
hand, the acoustic performance of MA 11 and ACMR 11 pavements also increased
by 2 to 3 dBA. In these cases we noticed that the noise reduction does not appear as
a consequence of levelling the macrotexture. Instead we suspect a texture property
that has not been taken into account yet and might be related to the microtexture. In
light of these new observations we want to continue the investigations to achieve a
realistic model of the low noise surface texture. These investigations may include the
measurement of the skid resistance or the mean profile depth with laser-profilometry.
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Framework for Pothole Detection,
Quantification, and Maintenance System
(PDQMS) for Smart Cities

Naga Siva Pavani Peraka, Krishna Prapoorna Biligiri,
and Satyanarayana N. Kalidindi

Abstract Potholes in flexible asphalt pavement systems are one of the major dis-
tresses for fatal accidents. Ingress of water through the pothole disturbs the integrity
of the pavement system.Delayedmaintenance of potholeswill adversely affect safety
of road users and health of the road pavements. Therefore, detection, quantification,
and maintenance of potholes are three indispensable tasks in pavement asset man-
agement.Manual collection of pothole data is time-consuming and laborious. Hence,
the use of cutting-edge artificial intelligence techniques has become popular in the
recent times. The major objective of this study was to develop a framework for
pothole detection, quantification, and maintenance system (PDQMS) to detect and
quantify potholes using pavement images collected by an automated survey vehi-
cle; the system was also incorporated with a mechanism that calculates the amount
of patching material required for maintenance. The state-of-the-art multiple-object
detection algorithm,YouOnlyLookOnce version 3 (YOLOv3)was selected to detect
potholes from the images. One of the salient characteristic features of the PDQMS
developed in this study was to use severity-based pothole classification approach, a
first-of-its-kind novel framework, which helped group the pavement sections based
on severity of potholes for maintenance operations. The proposed framework is envi-
sioned to assist the agencies in making decisions to patch potholes and reduce fatal
accidents, if not maintained.

Keywords Potholes ·Maintenance · Image processing · Data collection · PDQMS

1 Introduction

Pavements deteriorate over time due to the combined effect of increasing traffic, sea-
sonal and climatic variations, and unaddressed maintenance needs. Untimely main-
tenance of pavements often leads to failure well before the proposed design life,
which is uneconomical (Haas et al. 2015). However, due to budgetary constraints,
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most of the agencies across the globe delay the maintenance activities (Koch and
Brilakis 2011). Delayed maintenance is not just a threat to the pavement, but for
the road users too. A pothole, one of the distresses of flexible pavement systems
frequently causes vehicle damage and fatal accidents as well. In monetary terms, the
cost of accidents and compensation given to the victims was far less than the cost of
maintenance activities (Eriksson et al. 2008; Koch and Brilakis 2011).

Ingress of water through cracking is themajor threat for asphalt pavements, which
can lead to rapid development of potholes during wet weather conditions. Further-
more, the separation of asphalt overlays due to change in permeability across the
pavement system results in stripping and creates shallow potholes. A maintenance
strategy must be adopted after identifying the root cause for the origin of pothole.
Poor maintenance operations such as filling up the potholes with gravel in order
to provide a short-term riding comfort to the road users attracts water and acceler-
ates the deterioration rate. Similarly, poor maintenance leads to failure of pothole
patches, which is consequential of pavement failure. Therefore, it is essential to
address pothole maintenance as a crucial issue (Jahanshahi et al. 2013).

Automated distress detection methods are widely used to collect pavement dis-
tress data such as, cracking, potholes, patching, rutting, and roughness, etc. using
cameras and sensors. Surface anomalies such as cracking, patching, and potholes are
captured using cameras. The images are processed to detect and quantify distresses
(Huidrom et al. 2013; Haas et al. 2015). Most of the recent studies have focused
on automating the pothole detection from the images using image processing (IP)
and machine learning (ML) tools in order to assist drivers to safely travel on the
highways, rather than providing a potential solution. Therefore, there is a need to
automate the pothole detection, and quantification that provides agencies with poten-
tial insights on treating potholes. In order to do this, as a preliminary effort, a design
framework for pothole detection, quantification, and maintenance system (PDQMS)
is described in this paper. The following sections detail the current state-of-the-art
on pothole detection and quantification, proposed design framework, followed by
conclusions and recommendations.

2 Current State-of-the-Art on Pothole Detection
and Quantification

Several studies have reported pothole detection procedures based on pavement
images (Koch and Brilakis 2011; Huidrom et al. 2013; Koch et al. 2013; Mathavan
et al. 2015; Ryu et al. 2015; Suong et al. 2018; Ye et al. 2019). The existing methods
can be broadly classified as vibration-based, three-dimensional (3D) reconstruction-
based, and vision-based methods (Koch and Brilakis 2011). Accelerometers have
been widely used for detecting potholes along the wheel path. The data storage
required is quite low as the data is recorded in the form of signals. It has been
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observed that differentiating the pothole from speed breakers and manholes is a dif-
ficult task as they also cause for the change in signal recordings. In addition, removal
of noise from the signals is quite a cumbersome task as finding a threshold value
to segment a pothole from the whole signal is further challenging. Eriksson et al.
(2008) developed a laser-based pothole detection system called Pothole Patrol (P2),
which is capable of detecting potholes on wheel paths only. Note that the P2 system
was not able to differentiate potholes from manholes.

In order to detect potholes using 3D reconstruction-based methods, highly-
efficient laser scanning equipment is essential for data collection to understand both
extent and severity of potholes. For instance, Chang et al. (2005) used 3D laser scan-
ner to detect and quantify severity and extent of potholes. In another study, Yu and
Salari (2011) proposed a laser-based imaging system to detect potholes. The sys-
tem was designed to compare the time-of-flight of laser beam used for creating the
current pavement image with the standard pavement image without potholes. The
difference in time-of-flight was then used to detect potholes and other surface anoma-
lies. The region affected due to pothole was then segmented to measure severity of
the distress. However, the cost of employment of laser system is much higher than
vibration-based methods and uneconomical. Stereovision-based method (Hou et al.
2007; Mathavan et al. 2015) uses simultaneous views obtained from two cameras,
match the feature points to reconstruct pavement structure and detect defects such
as potholes. This method requires high computational efforts, which is not practical
for real-time detection. In another procedure, to obtain both depth and surface infor-
mation, a low-cost Microsoft Kinect, a depth-light sensor has been used primarily
equipped to a vehicle to capture pavement texture and depth information to create
3D pavement surfaces (Jahanshahi et al. 2013; Becerik-Gerber et al. 2015). Even
though the cost of the sensor assembly is less, the system has two major drawbacks:
i) lighting conditions greatly influence the depth readings so the system needs to be
protected from the sun, and ii) the rate of data collection is quite low.

Vision-based methods use pavement images and videos collected using either
auto mated distress data collection vehicles equipped with cameras, smartphones for
detecting potholes, and other pavement surface anomalies using artificial intelligence
and computer vision techniques such as IP, ML, and deep learning. These techniques
are quite cost-effective and detect potholes from pavement images. Potholes are
assumed as a near-ellipsoidal shaped object to detect it from pavement images using
IP techniques. The images usually undergo four operations such as pre-processing,
segmentation, feature extraction, feature selection, and detection (Zakeri et al.2016).
Koch and Brilakis (2011) developed a histogram-based thresholding algorithm on
MATLAB® platform. A set of 120 images were used to test the accuracy of the
algorithm. Huidrom et al. (2013) devised an algorithm that is capable of detecting
potholes from videoframes. A set of digital and monochrome images were used to
train the algorithm for detection. In order to detect potholes in real-time, Koch et al.
(2013) developed a texture-based tracking algorithm to detect and quantify potholes
from video frames. The tracking-based methods were developed to alert drivers that
a pothole is ahead. Hadjidemetriou et al. (2017) developed a support vector machine
(SVM)-based patching detection algorithm to detect cracks from pavement images.
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The aforementioned methods are localized, developed, and trained on finite datasets.
Also, the computational costs of these systems are quite high, which is one of the
crucial reasons for developing deep learning-based methods for detecting potholes.

Convolutional neural network (CNN) is a deep neural network designed to classify
different classes such as human, animal, bag, and coin, etc. The network was trained
on ImageNet, an open source dataset withmillions of images of several classes. Later,
researchers started adopting the concept ofCNNfor various domain applications such
as anomaly detection, time series forecasting, video analysis, and natural language
processing, etc. (LeCun and Bengio 1995). You only Look Once (YOLO) is a multi-
object tracking method developed by Redmon et al. (2016) to detect multiple objects
in a single image. The architecture of YOLO consists of a CNN to classify various
objects (Redmon et al. 2016; Redmon and Farhadi 2017; Redmon and Farhadi 2018).
Suong and Jangwoo (2018) developed a YOLO-based tracking algorithm to detect
potholes from pavement images. In that study, the DarkNet architecture of YOLO
version 2 (also referred to as YOLO9000) was modified to make it suitable for the
proposed problem. The modified version had 27 layers and 18 million parameters to
learn unlike YOLO9000, which had 31 layers and 48 million parameters. A set of
996 images were used for training the network and the precision of the algorithmwas
tested on 203 images. Themodel had achieved an average precision of 82.43%,which
is better when compared with the performance of traditional YOLO9000 version.
But, quantification of potholes was not performed. Ye et al. (2019) developed a
CNN for pothole detection using photographs. A set of 96,000 images were used for
training the network. The performance of the developed algorithm was compared
with traditional IP techniques. The algorithm was capable of detecting only one
pothole in an image whereas in reality, there are chances of having more than one
pothole present on the pavement sections.

3 Design Framework for PDQMS Developed in This Study

The aforementioned methods are capable of detecting and quantifying potholes. An
automated system to detect, quantify, and maintain potholes is essential to avoid
accidents and vehicle damages. With this objective, a framework for PDQMS is
necessary. In order to detect and quantify potholes from pavement images, the state-
of-the-art YOLO version 3 (YOLOv3) framework was considered. YOLO is capable
of detecting multiple classes in an image. Figure 1 shows the overall framework of
the PDQMS developed in this study. The stages in PDQMS are given below and
described in the following subsections:

• Collect and prepare image dataset
• Develop YOLO network to detect three classes
• Segment the pothole region from pavement image
• Quantify the patching area and materials
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Fig. 1 Framework of PDQMS formulated in this study

3.1 Preparation of Dataset

Dataset plays a crucial role in the performance of artificial intelligence techniques.
Imperfections in data would always affect the performance of the systems so it is
considered as a crucial task. Differential illumination, shadows of vehicles passing
nearby, oil spillagemarks, and so onmake it difficult for detection. Therefore, images
were preprocessed to remove noise and eliminate blurring. Then, the image size
that is suitable for the network was approximated to the on-site dimensions for
quantification. Further, the images were classified based on the severity and extent
of potholes. The American Society for Testing and Materials (ASTM) International
classifies the potholes based on severity levels (ASTM D6433-18 2018), and the
typical severity levels are given in Table 1. Since the images do not have the depth
information, potholes were classified by observing the texture of the pothole. If the
texture was dark, depth of the pothole was more, and vice versa.

Before developing the architecture, the following operations were performed on
the data to make it suitable for the training process.

• Imageswerepreprocessedusing IPoperations: histogramequalization (to enhance
the quality of the image), filtering, Gaussian noise and removal. The aforesaid
operations were performed on the image after converting it to gray scale in order
to reduce blurring. This helped for better visualization of pothole features on the
gray scale image when compared with the color image.

• Images were separated based on severity levels, as mentioned in Table 1.

Table 1 Severity levels of potholes as per ASTM D6433-18 (2018)

Average diameter of the pothole (mm) Depth of pothole (mm)

13 to 25 25 to 50 >50

100 to 200 Low (L) L Medium (M)

200 to 450 L M M

450 to 750 M High (H) H
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• Images with potholes were annotated by drawing a bounding box around the
pothole and labeled as low severity pothole (L), medium severity pothole (M), or
high severity pothole (H).

3.2 YOLO Architecture

As the name suggests, YOLO architecture reads the image only once unlike classical
object detection techniques, and predicts the object class and its location. It over-
comes the disadvantageof predictingbackground as object class inFastRegion-based
Convolutional Neural Network (R-CNN) (Redmon et al. 2016; Redmon and Farhadi
2017). Therefore, YOLOv3 was chosen for detecting potholes as part of the PDQMS
framework in this study. The number of classes chosen for this study were three, and
the details of these classes are given in Table 2.

In order to develop the network architecture, first the dimensions of the input
data were evaluated. Let the image dataset, D have N images. The mathematical
representation of the dataset is given in Eq. (1).

D = {(
xi, yi

)|i = [1, 2, 3, . . . ,N]
}

(1)

Where, D = image dataset; xi = image; yi = preprocessed tensor representation
of the image; and N = number of images in the dataset

In order to label the images based on classes, a boundary box was drawn. Figure 2
represents the labeling mechanism earmarking the extent details. There are many
software packages available online for labeling that can be used tomark the bounding

Table 2 Pothole classes for
PDQMS developed in this
study

Class description Class label

Low severity pothole L

Medium severity pothole M

High severity pothole H

Fig. 2 A schematic
representing the labeling of
potholes in a typical
pavement image
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box and store the extent and centroid details as features to the image. Open source
LabelImg tool-kit allowed the authors to label the images for object detection and
classification. The annotations were saved in the.txt format to train the network.

The typical process of labelling startedwith identifying the severity of the pothole.
Since the pavement images did not have depth information; based on the texture
of pothole, the appropriate severity level was estimated. The extent of the pothole
region was marked in a rectangular shape, as shown in Fig. 2. The bounding box
was defined with two parameters, namely, (i) centroid (Cx, Cy), and (ii) extent of the
distress class (W, H). Each of the aforementioned parameters were 2D in nature. In
order to represent an image as a tensor in addition to the image resolution, dimensions
per pixel were identified. For this study, the number of dimensions per pixel was the
sum of dimensions of label parameters and pothole classes, as given in Eq. (2).

pixelDimensions = centroidDimensions(2)+ ExtentDimensions(2)+ No. of classesDimensions (3) = 7
(2)

Assume that the image resolution is A × B pixels, the dimensional tensor
representation of image is resolution × dimensions per pixel, which is given in
Eq. (3).

Dimensional tensor representation of image = A× B× 7 (3)

YOLO makes use of only convolutional layers; hence it is a fully convolutional
network. YOLO v3 has 75 convolutional layers, and 31 other layers such as up-
sampling and route layers (Redmon and Farhadi 2018). The typical input image size
used for YOLO is 416 × 416 pixels, but it can be trained on images with different
aspect ratios to make it versatile for detection. Therefore, the YOLO v3 architecture
was found suitable for PDQMS as well.

Training the network is a tedious task as it runs for days to initiate weights for the
neurons in the entire network. In order to optimize the program duration, pretrained
network on PASCALVOC dataset was used (Redmon and Farhadi 2018), which
calculated initial weights to the neurons of the network. Further, the configuration
files and class object files were modified to fine tune the model for predicting the
three-class pothole detection problem. The dataset along with the annotations were
fed into the network. The dataset was then split into train and validation sets to train
the network for updating theweights of the neurons. A two-stage training processwas
adopted to reduce the total loss, i.e., mean squared error. In the first stage, YOLOv3
with the pothole image dataset was trained with pretrained weights of darknet53 on
a batch size of 64 and subdivision of 64 for 1000 iterations. The updated weights
after the training were used to retrain the model with the same configurations for
1000 iterations to reduce the average loss. The average loss after two-stage training
was 0.243, which was quite low. The updated network was then used to detect and
predict the class of the pothole with a bounding box.

The configurations of the network are: (i) size of the dataset: 41 images, (ii)
learning rate: 0.001, (iii) momentum: 0.9, and (iv) decay: 0.0005. The performance
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Fig. 3 Schematic representation of segmentation process of pothole from the input image for
maintenance

of the model was evaluated in terms of mean average precision (mAP), a metric
widely used to evaluate the performance of the object detection algorithms. In order
to validate themodel,mAPof the proposed networkwas comparedwith theYOLOv3
Spatial Pyramid Pooling (SPP) by Ukhwah et al. (2019) for pothole detection. The
mAP reported by the authors was 88.93%, whereas the mAP of the architecture of
this study was found to be 89.23% representing the performance of the proposed
architecture for detecting pothole classes to be high.

3.3 Segmentation of Pothole Region from the Image

The output of theYOLOnetwork is an imagewith objectsmarked as per their classes.
In order to quantify the amount of patchingmaterial required, first the detected classes
were segmented. The typical procedure of detection and segmentation accomplished
in this study is shown in Fig. 3.

3.4 Quantification of Patching Area

The extent of the segmented pothole portion was correlated with the input size to cal-
culate the patching area. As the pothole class was defined based on severity, which is
dependent on the pothole depth, it helped quantify the patching material required for
maintaining the pothole. The aforementioned tasks accomplished the overall frame-
work of PDQMS, which was aimed to provide a solution to challenges in pothole
maintenance. An example of the series of operations in the developed PDQMS is
shown in Fig. 4. The output of the final phase of the framework is envisioned to
help the agencies to calculate the cost of pothole maintenance and make decisions
on maintenance activities through the future.
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Fig. 4 An example of a typical working process of PDQMS for pothole detection and maintenance

4 Conclusions and Recommendations

In this study, a framework to manage potholes in asphalt pavements was devel-
oped and documented. The state-of-the-art object detection algorithm YOLOv3 was
utilized to detect potholes based on severity class from the given image. The per-
formance of the network measured in terms of mAP was 89.23% representing the
capability of the proposed architecture to detect pothole classes much more accu-
rate than the existing methods. The proposed framework is envisaged to help the
agencies in identifying the potholes that are categorized as low, medium, and high
severity levels, and make a decision on how to maintain them to avoid potential
risks of occurrence of accidents and vehicle damages. However, the efficiency of the
defined framework needs to be evaluated on a diverse image dataset to enhance the
performance of the proposed system. Nonetheless, the proposed methodology can
be comfortably adopted by agencies to provide and maintain pothole-free roadway
infrastructure, which is one of the core objectives of smart cities mission.
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Stochastic Prediction of Short-Term
Friction Loss of Asphalt Pavements:
A Traffic Dependent Approach

Christina Plati, Maria Pomoni, Andreas Loizos, and George Yannis

Abstract Pavement friction significantly affects the road safety. Over years,
researchers have developed multiple models in an attempt to estimate pavement
friction performance. The present study aims at developing a stochastic model for
the prediction of short-term friction loss based on field-friction data, which adapts
the survival probability analysis in terms of a Kaplan - Meier survival curve. The
traffic volume expressed through the Annual Average Daily Traffic (AADT) is the
main variable of the developed model, assumed to affect more the friction loss within
the short-term period of the investigation. The friction level of the preceding year is
the second variable of the model that is assumed to embody other factors affecting
short-term friction deterioration in the field. Following the assumptions made, the
impact of other factors are deemed to be incorporated in the variable of the friction
level of the preceding year. However, this assumption is discussed in the constraints
of the proposed methodology. All in all, the results of the study are encouraging
and can be a useful tool for timely scheduling future maintenance actions in the
framework of proactive asset management.

Keywords Asphalt pavements · Stochastic model · Surface friction · Annual
Average Daily Traffic (AADT)

1 Introduction

One of the most significant and determinant performance indicators for pavement
serviceability condition, as well as for road safety is the surface friction. The tyre-
pavement frictionmainly contributes to the driver’s ability tomaintain vehicle control
during braking. The higher the level of pavement friction is, the greater the potential
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vehicle control becomesHall et al. (2009). Inmultiple studies, a relationship between
pavement friction and accident frequency within a road network has been presented
and it appears that accident rate can be reduced significantly by an improvement in
pavement friction levels (Omar et al. 2017; Hall et al. 2009).

Pavement friction of asphalt surfaces is mainly affected by the surface character-
istics andmore specifically the texture (Plati and Pomoni 2019; Rajaei et al. 2017). In
addition, friction is affected by the tyre characteristics, vehicle operation and climatic
conditions (Goulias and Awoke 2020).

In general, aggregate polishing due to trafficwear affects pavement friction perfor-
mance. Initially, there is an increase in pavement friction due to removal of the binder
material covering surface aggregates thus exposing the aggregate rough asperities.
Thereafter, pavement friction tends to decrease over the remaining pavement life as
the exposed aggregates become increasingly more polished and smooth (Kane et al.
2010). Higher traffic volume and increases in heavy vehicles flow are known to have
a significant effect in the expedited deterioration of the pavement surface properties
and thus, the friction deterioration (Hall et al. 2009).

The modern Pavement Management Systems (PMS) comprise established pro-
cedures to collect, analyze and maintain quantitative data on road pavements. The
identification of areas with friction deficiencies is of vital importance considering
their impact on road decision making policies that target at optimum investments for
maintaining ride quality, safety and cost-efficiency (Omar et al. 2017).

On these grounds, amultitude of different models for predicting pavement friction
has been developed; these models have significant variations and depend directly on
the variables examined, the approach in modelling and the initial assumptions (Omar
et al. 2017). Other researchers have suggested prediction models for estimating fric-
tion loss mainly based on laboratory test data and have subsequently attempted to
extrapolate their findings to the field (Hofko et al. 2019; Li et al. 2017). However,
many laboratory - tailor made approaches present some limitations, as it is not possi-
ble to capture the effect of a multitude of factors in the field, including the impact of
traffic, climatic conditions and road geometrics. On the other hand, frictionmodeling
by taking into account field data appears to be amore promising and challenging anal-
ysis tool, although there are many obstacles towards achieving a univocally accepted
model through this approach. As far as the modeling methods are concerned, so far,
the majority of researchers have used deterministic models to predict future friction
levels. Nevertheless, according to Li et al. (2017), it seems that friction modeling
may be more effective for practical actions as a stochastic process rather than a
deterministic one resulting in a model.

2 Objective

In light of the above, the current study is concentrated on the short-term prediction
of friction deterioration, by investigating the effect of traffic volume on future fric-
tion levels. Within this scope, the ultimate goal is to propose a useful and practical
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approach for road agencies with the view to assessing friction condition through
Kaplan—Meier survival analysis based on their pre-defined investigatory friction
level and second, to predicting friction degradation for the upcoming years. Given
this, a stochastic approach for the prediction of short-term friction loss is followed
based on real friction data from an in-service asphalt pavement. A model is devel-
oped that takes into consideration the traffic volume and the friction level of the
preceding year. The traffic volume is expressed through the Annual Average Daily
Traffic (AADT) and assumed to be the main influential factor of pavement friction
loss within a short-term period of investigation. Whereas, the friction level of the
preceding year is expected to inherently incorporate others factors affecting friction
deterioration in the field. Through the methodology presented, it is deemed that road
authorities may appropriately schedule and allocate funding for potential upcoming
maintenance actions, based on a condition-based preventivemaintenance perspective
in order to improve or even maintain road safety within a road network.

3 Field Study

3.1 Site Characteristics

The investigation was undertaken on an urban highway which has been divided into
32 sub-sections depending on their direction, location, traffic volume and structural
characteristics.

The wearing course of all the investigated pavement sections was an open-graded
Hot Mix Asphalt (HMA) mixture with interconnecting voids that provides increased
safety in wet weather, through reduced surface water and spray during rain as well
as limited noise levels. The open graded friction course mixture corresponded to
Mix Designation Type II (ASTM D3515 2001) and was produced using a polymer
modified bitumen 25–55/75 that ranged between 3–5%. The asphalt mix contained
4% bitumen binder bymass of themixture and an 11.5% air void content. In addition,
steel slag was incorporated into the mix design for the upper wearing course layer.

3.2 Data Acquisition

Field friction and traffic data were acquired through a database and analyzed. The
traffic datawas acquired in terms ofAADT.Thefield friction data thatwas considered
for the purpose of the present analysis were along the outer wheel path of the right
lane considering that faster deterioration occurs in this lane, mainly because of heavy
vehicle trafficmoving. In addition, only friction data after thewet period (an extended
rain period) were utilized in order to limit the effect of summer contaminants that
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negatively affect friction measurements (Plati et al. 2020). Importantly, based on the
structural data the considered pavements were in a structurally sound condition.

The friction database consists of GripTester measurements, which is a fixed-slip
device feed (Findlay Irvine 2002). The device consists of a three-wheeled system
where the central-test wheel has a smooth-tread tire according to ASTME1844 stan-
dard (2015). The axle of the test wheel is connected to a chain-system that controls
the test wheel’s slip speed so that a constant slip of 14% to be maintained. Also,
GripTester includes a system for depositing a standard amount of water (0.5 mm
water-film) in front of the test tyre so that it then passes between the tyre and the sur-
face being measured. The GripTester system continuously measures friction report-
ing of Grip Numbers (GN) to 0–1 range. For the study, the GN values are the average
measurements at 10 m intervals. Hence, the following data analysis was performed
using a big set of data elements.

4 Data Analysis and Results

A survival analysis is applied to GN data for the description of friction deteriora-
tion. In general, survival analysis is defined as a set of methods for analyzing data,
where the outcome variable is the time until the occurrence of an event of interest. It
suggests a practical technique regarding hazard-based duration modeling and there-
fore, it has been utilized in pavement engineering analysis to model cracking (Reger
et al. 2013; Loizos and Karlaftis 2005), roughness (Meegoda and Gao 2014), assess
the effectiveness of pavement overlays or evaluate pavement performance (Anas-
tasopoulos and Mannering 2015). Survival analysis method assumes an underlying
failure distribution of the data (Prozzi and Madanat 2000). As survival function can
be expressed explicitly in terms of a parametric distribution function, it is potentially
feasible to estimate the coefficients of those parameters, or else, the influence of the
affecting factors. However, the need to assume an underlying distribution introduces
an obstacle. The shape of the data might not be described by a well-known specific
distribution, and this constitutes a major limitation of the method.

Taking into consideration the aforementioned limitation, the authors use the
Kaplan-Meier method (Donev and Hoffmann 2017) to overcome it and calculate the
probability distribution of the survival random GN variable. According to Kaplan-
Meier method, the survival probability at a given year can be calculated by the
multiplication of each of the preceding years’ conditional probability of failure. The
failure criterion for the friction degradation is the level of surface friction that is
below a pre-defined threshold value (Li et al. 2017). Concerning the asphalt pave-
ment sections under investigation, this threshold value is an Investigatory Level (IL)
equal to 0.41 GN. It is worth mentioning that the objective of setting an IL is to
assign a level of surface friction appropriate for the risk state on the site, at or below,
which further investigation is required to evaluate the site-specific risks inmore detail
(Design Manual for Roads and Bridges 2015).
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Hence, the conditional probability of failure in a given year is defined by dividing
the number of failures occurring in that year to the number of pavements sections at
risk of failure (the risk to be GN ≤ IL) at the beginning of that year. The conditional
probability pt of surviving tth year after having survived t − 1 years is calculated as
(Balla 2010):

pt = 1 − Number of pavement sections of GN ≤ I L in interval t th year and tth + 1 year

Number of pavements at risk ofGN ≤ IL beginning of t th year
(1)

The probability of survival to time t, S(t) is calculated as:

S(t) = p1 × p2 × p3 . . . × pt (2)

The graph of S(t) versus years (t) gives the Kaplan-Meier survival curve. In the
current study, survival analysis is used to determine the percentage of the number of
sections of which their average surface friction level is GN ≤ IL. Figure 1 depicts
the survival curve for the particular highway. From years 1 to 13, the percentage
of the 32 sub-sections at or above the IL is presented. The use of survival curve
illustrates the evolution of the pavement survival probability in terms of surface
friction deterioration (i.e. % sections ≥ IL). Noticeably, the measured GN values
have been utilized for calculating the survival probability each year, up to year 13.
The fourth point matches to the 4th year after opening to trafficwhen database started.
The dashed lines after the 13th year indicate potential variability of the evolution in
the survival probability.
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Fig. 2 GN values and AADT—Examples from the sample of the 60% test sub-sections

Thus, it seems that Kaplan-Meier survival curve can give a description on the
friction levels which are below or still above IL. Thereafter, an approach is developed
for providing an estimation of the surface friction level (the potential one) for the
upcoming years (i.e. over year 13) in order to effectively complete the survival curve
and gain further insight into the friction condition at a network-level analysis. To
accomplish this, randomly 60% of the sections (i.e. 19 sub-sections) are utilized for
testing, while the remaining 40% (i.e. 13 sub-sections) are utilized for validating the
developed short-term degradation model, impartial of the sections selected (Shmueli
et al. 2018). It is worthwhile mentioning that the traffic evolution (trend) cannot be
considered stable for the entire period of the pavement monitoring period (10 years).
Hence, only the last four years (from year 10 to year 13) are considered representative
to describe the most recent trend of traffic evolution (that of a slight increase).

Subsequently, an investigation into friction and traffic trend between years 10-13
was conducted. Figure 2 illustrates the aforementioned trend of the two data sets.

Thereafter, a correlation between the measured friction and traffic data was per-
formed for those four years when the aforementioned trend was observed (R2 =
0.85). Hence, a linear trend between the two components was attempted which may
lead to the development of a practical and simple model for the prediction of friction
values. With this in mind, all GN and AADT testing data were appropriately cor-
related and the following empirical form described in Eq. 3 was developed for the
calculation of friction coefficient in terms of GN. Through this stochastic model GN
for a year (i) is calculated, based on the GN values and AADT of the previous year
(i − 1).

GNi = GNi−1 − (
AADTi−1 ∗ 10−5)/A (3)

A = 6, (AADT > 30,000)
A = 2, (AADT ≈ 15,000–30,000, with greater heavy traffic volume)
A = 8, (AADT ≈ 5,000)
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where:

GNi = predicted GN values for a year (i)
GNi−1 = GN values of the previous year (i − 1)
AADT i−1 = AADT of the previous year (i − 1)
A = case-adjusted factor

It is to be recalled that a range of factors affect surface friction (Rajaei et al.
2017). However, the proposed stochasticmodel includes only two variables assuming
that other variables are somehow interrelated to GNi−1 for a short-term period so,
there would be probably a limited benefit from considering them separately. More
specifically,macrotexture level, microtexture level, asphaltmix characteristics, aging
of the asphalt-mixture and the long-term effect of climatic conditions are deemed to
be embodied in the variable GNi−1, that describes the current friction condition. In
otherwords, those surface characteristicsmaybe considered roughly stablewithin the
short-term period of the model applicability. The developed model is subsequently
utilized for validation purposes on the rest sample of GN data.

4.1 Validation Procedure

For the validation process, year 11 was used as the reference year for investigating
the applicability of the proposedmodel and predictingGNvalues for years 12 and 13,
for which traffic data presented a trend of increase. Hence, the developed equation is
initially applied on the measured GN data for year 11 (GNi−1) to predict GN values
for year 12 (GNi) and on GN12 (predicted values for year 12) to predict GN13. AADT
is assumed to increase between the years 11–12 and 12–13with a rational, stable rate.
Thereafter, the measured GN values of these pavement sections for both years 12 and
13 are normally correlated with the corresponding predicted values. The goodness
of fit is assessed based on the Root Mean Square Percent of Error (RMSPE) criterion
(Eq. 4).

RMSPE =
√√√√1

n
∗

[
∑n

i=1

(
GNiestimated − GNimeasured

GNimeasured

)2
]

∗ 100 (4)

Figure 3 illustrates indicatively the graphic adaptation of RMSPE criterion on
GN measured and GN predictive values. All the results of the validation process are
presented in Table 1, where it appears that the proposed two-variables model leads
to predictions of acceptable accuracy (RMSPE < 15%).

It seems that the proposed stochastic model can accommodate the specific friction
data. In addition, it is observed that the RMSPE for year 13 is mainly higher than for
year 12, an issue that will be further discussed below. Overall, the proposed method-
ology could be considered as an efficient and practical tool for road transport agencies
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Fig. 3 RMSPE for a section where A = 8, (AADT ≈ 5,000)

Table 1 Total validation
results of RMSPE criterion
for the 40% of the subsections

Section AADT RMPSE %–year 12 RMPSE %–year 13

1 15000 8.54 9.67

2 20000 14.36 12.28

3 30000 9.02 9.04

4 20000 4.90 7.53

5 30000 4.80 6.10

6 >30000 8.33 9.80

7 >30000 6.07 12.58

8 30000 9.98 10.18

9 30000 12.97 14.74

10 15000 9.48 14.75

11 15000 13.69 14.64

12 15000 8.02 12.43

13 5000 4.09 6.64

in estimating the degradation in surface friction levels for the short—upcoming years
to more efficiently plan routine maintenance actions and upgrade surface friction, if
levels are expected to fall under the IL.

5 Discussion

A range of factors affect surface friction but road authorities need simple and effec-
tive tools to draw strategic planning of routine maintenance activities based on ratio-
nal priorities and budgets assignment. Thus, the use of models with a multitude
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of variables may not be an effective approach for them. On these grounds, the pre-
sented methodology assumes that within a specific highway, yearly friction is mainly
affected by traffic volume for a short-term period.

However, on a long-term basis the variables assumed to be stable in this approach
will not remain constant, while traffic volumes will face changes that may affect the
particular case-adjusted factor—A. Hence, a re-calibration may be needed after a
period to incorporate these changes. Given this, a suggestion could be to define the
calibration time based on sharp increases on RMSPE values. Also, it has to be pin-
pointed that themodel is based onGripTester data and some discrepancies may occur
in case of another measuring device. Another constraint concerning the suggested
methodological approach is the inability to consider the effect of intermediate main-
tenance activities for surface improvement. The consideration of such an issue would
raise the complexity of friction modeling. Thus, it means that the developed stochas-
tic model can be adapted only between subsequent periods of major maintenance
activities with no further intermediate maintenance in the meantime.

6 Concluding Remarks

In this study, a methodology that captures the short-term friction deterioration for an
in-service pavement was presented. The developed stochastic approach adapted the
survival probability analysis in terms of a Kaplan—Meier survival curve and then,
a model development was proposed. The presented methodology was considered
to be useful for road agencies that need to assess and predict the degradation in
pavement friction and schedule routine maintenance actions. The effect of traffic
volume was deemed to be critical and was embodied in the developed empirical
two-variable model in terms of AADT. The basic assumption of the model was that
other factors that potentially influence the yearly loss of pavement friction within a
highway do not significantly change over a short-period of time. Also, it was assumed
that the effect of those factors can be expressed through the level of the friction of the
previous yearwhichwas the second variable of themodel. The differentmagnitude of
traffic volumeswas incorporated through a case-adjusted factor—A,which is a traffic
dependent parameter. Potential improvements however, may be achieved through
proper adjustments to factor A in order to consider significant changes in traffic
volume and the heavy vehicle traffic as well, an issue that seeks further investigation.
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Tire Contact Stress Distribution
Considering the Tire Inclination in Bend

Y. Oubahdou, E. Manyo, P. Reynaud, B. Picoux, J. Dopeux, and C. Petit

Abstract Tire—road surface contact is a complex combination of stresses anddefor-
mations that depend on tire and road factors, such as vehicle speed, weight, tire
material and type, tire pressure inflation, camber and texture of the surface layer.
In this paper, the problem of the tire-pavement contact is studied using a realistic
description in normal section and corner. Mechanical field is validated with a press
system under different inflation pressures and loads. The model requires precise tire
geometry and an equivalent Young’s modulus. For this purpose, an optical method
based on a photogrammetrymethod provided a 3Dfield of displacement. The estima-
tion of the equivalent Young’s modulus is also proposed as a function of the inflation
pressure resulting from the press load tests. Finally, a comparison is made between
the measured footprint of the tire, the result of the semi-analytical calculation as well
as the effect of tire inclination (corner/turn) on the distribution of surface stresses
that is demonstrated.

Keywords Surface layer · Tire-pavement contact · Tire inclination · Degradations

1 Introduction

The appearance of new materials associated with a decrease in the thickness of the
surface layers combinedwith an increase in truck loads and their frequency of passage
has led to new pathologies of pavements deterioration. These are directly related to
the tire - pavement contact pressure. The pavement design method considers that the
tire-floor contact area as a circularly shaped and the contact pressure are uniformly
distributed. However, it has been shown that under no circumstances, the pressure
distribution is uniform (De Beer et al. 1997).

So, traffic loads are applied to the pavements by tires that exert efforts on the
contact surface. The distribution of contact pressures between the pavement and the
tires depends on several factors such as:
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• Intensity of the load
• Tire inflation pressure
• Type of tire (profile, single or twin, brands, etc.)

These factors have consequences on traffic loads, in particular on the shape of the
footprints, the distribution and the intensity of the contact pressures.

The distribution of the contact pressure plays a major role in the mechanical
response of the pavement under load, more precisely in the singular points when the
tangential force, the dissymmetry of the axle load affect the contact constrains.

In this study, we estimated the contact pressure during a turn by simulating it with
the help of a Semi-Analytical calculation code. The position of the tire in inclined
turns was subjected to a static vertical force. Then, the modeling was validated by an
experimental method by measuring the contact pressures under the same conditions
using a pressure sensor (TekScan).

2 Objectives

In the above-mentioned context, modeling and experimentation were undertaken to
study tire-road contact pressures, particularly in corners where major surface layer
degradations are observed due to the importance of significant aggression induced by
traffic (tangential effort, axle load dissymmetry). However, it is enough to observe
the footprints of existing structures to see that they are sometimes the source of
significant degradations from the first months of commissioning. These singular
points then present maintenance problems to the road managers and at the same
time a certain inconvenience to the users. Ambassa (Ambassa et al. 2013) undertook
a study to evaluate the aggressiveness of roundabout traffic. Authors quantified the
effect of normal and tangential forces on themechanical response of the surface layer
at roundabouts. The distribution of the stresses depends strongly on the geometry
(Radius, slope) and the speed of circulation. The structural calculations showed the
vulnerability of the roundabouts regarding the effect of repeated tangential stress and
the dissymmetry of the axle loads.

To perform the tribological approach modeling of the pneumatic-road contact,
a semi-analytical calculation code is proposed. This method takes into account the
normal and gyratory sections and allows the determination of the contact surface as
well as the distribution of its pressure. The actual geometrical shape of the tire is
taken into account by digitizing the tire profile using the photogrammetry method.
The tire is assumed to be homogeneous, elastic linear, isotropic and moderated by
an equivalent Young’s modulus. In order to validate the results of the pavement tire
contact obtained from the semi-analytical model, a 295/80R22.5 tire with an inflation
pressure of 900 kPa was used. In normal cross-section, it was loaded with 32.5 kN
and the contact points were measured by the TekScan sensor system. In gyrations
the lateral load transfer tends to amplify the loading on the outer wheel. To take
into account this phenomenon, we propose 3 variants of camber angle 0, 3 and 5°
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with the same load of 45 kN. The obtained pressures will be validated with the same
measuring system TekScan.

3 Semi-analytical Modeling of Tire-Pavement Contact

Since experimental studies are limited by the cost and complexity of the test equip-
ment, modeling has the advantage of being able to easily study the pavement and the
tire structure, the effect of the load as well as the speed.

Modeling the interaction between the tire and the pavement from contact mechan-
ics approach have to consider the properties of non-linear materials, the rolling con-
tact transition phenomena, the complex behavior of the contact tire and the friction
o the tire—pavement interface.

Due to the complexity of the tire-road contact problem and therefore the difficulty
of solving it with a purely analytical method, numerical models using the finite
element method (FEM) have been developed. Several works in the tire industry have
led to a very accurate simulation using 3D finite elements. Most of these calculations
are extremely time-consuming to apply them in the road industry. Moreover, they
are generally limited to quasi-static or stationary solicitations (Nackenhorst 2004;
Zie et al. 2008; Padovan 1987).

In the pavement area, a first study of contact pressure by a tribological approach
was carried out by Reynaud (Reynaud et al. 2016). In this first approach, a Semi
Analytical Model (SAM) was used for a smooth tire profile. Results were compared
to measurements from the literature. Manyo (Manyo et al. 2018) then performed
calculations with a scanned tire profile. The authors compared the results to mea-
surements made by the TekScan system. The maximum measured value is 1532 kPa
and the calculated maximum value is 1576 kPa.

The same semi analytical method is used in this paper. This method is based on
the summation of analytical solutions using digital techniques such as the Fourier
Fast Transform (FFT) and the conjugate gradient method (CGM). Those techniques
are proposed respectively by Liu (2000) and Polonsky (1999).

By assuming the two materials as linear, isotropic and homogeneous elastic, the
resolution of the problem is then formulated according to:

Load balancing: the load applied to the upper body (the tire in our case) must be
equal to the sum of the contact pressures distributed over the contact surface.
Separation of the bodies: the final separation of the bodies after the loading, is
equal to the sum of the initial separation of the bodies, the rigid body displacement
and the elastic displacement in surfaces of the bodies in contact.

Those conditions leads to several equations described in (Manyo 2019). Equations
are solved numerically by the FFT and the CGMmethod. The potentials of the theory
of the semi-infinite space (Love 1982) is applied for the computation of the elastic
displacements on surface u.
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The geometry of the bodies in contact must be known in order to have the real
appearance of the distribution of the contact pressures.

Thus, in the case of tire-pavement contact, the geometry of the tire is reproduced
according to a photogrammetry technique (Manyo et al. 2019). The tire inclination
is achieved by rotating the tire around its center line under a commercial software
(MATLAB). The mechanical properties of the tire are determined by assimilating
the tire to a solid cylinder and using a force-displacement model according to a
linear contact whose parameters are obtained by calibrating the force experimental
deviations results (Manyo et al. 2019). The tire is supposed to be incompressible.

4 Experimental Validation

4.1 Experimental Apparatus

In order to verify the results of SAM contact pressure calculations, the contact pres-
sures were measured by a specific sensor (TekScan). The operating principle of the
TekScan is based on a resistive polymer whose electrical resistance changes accord-
ing to the applied stress. This sensor is in the form of a sheet of a certain rigidity and
a given resolution. This technique makes it possible to get measurement at static and
dynamic states.

The system used consists of electronic sensors embedded in a 0.2 mm thin sheet
and an acquisition software named iScan. The electronic sheet is incompressible and
operates at temperatures between−40–200 °Cwith amoisture percentage of 5–10%.
Two polyester sheets are needed for the construction of the sensor. On the first sheet,
piezoresistive materials (sensors) are placed at equidistance. On the second one, the
same sensors are placed in the same way, but perpendicular to the first (Fig. 1(a)).

Fig. 1 (Left) TekScan piezoresistive sensors (Right) Matrix of sensitive elements formed by
piezoresistive sensors (from https://www.tekscan.com/)

https://www.tekscan.com/
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Sensors are semiconductors whose electrical resistance varies with the application
of a force.

These rows and columns of sensors intersect forming a matrix of sensitive ele-
ments more or less tight when the two sheets are joined (Fig. 1(b)). The typical
accuracy of these sensors is ±5%. In our case the area of a sensor is 25.806 mm2 or
3 mm width and separated by 2.08 mm. Thus, in the SAM simulation, we chose a
3 mm mesh pitch in the longitudinal (x) and the lateral (y) directions.

The Tekscan pressure sensor has been calibrated with a load of 45 kN under a
press system (Zwick). When calibrating a sensor, the software calculates an average
applied pressure based on the area of loaded sensor and the force value appliqued.

4.2 Experimental Protocol

In the roundabouts, the truck speed is generally slow (5–30 km per hour). So the load
application is longer than in a busy road section. However, because of its geometry
and the effect of the centrifugal force resulting from the turn, the load distribu-
tion is unbalanced between the wheels of the same axle. It is due to the dragging
of the overload of the wheels outside the turn (by 10–20% according to French
measurements).

Theoretically, it is assumed that during a turn, the tires of a vehicle are inclined
at a camber angle with the road surface. This angle is likely to cause a difference
in shear stress and vertical distribution of stresses in the road structure compared to
straight sections or when the tires must not tilt without an inclination angle. To study
and verify this hypothesis, the angle of inclination of the tire was chosen to be 0, 3
and 5° as tested by Xiaodi (2017).

The tests were performed in static state. The experimental protocol used to
describe cornering and normal section contact pressures is based on themeasurement
of the contact pressure between a heavy-duty tire (reference 295/80R22.5) with an
inflation pressure of 820 and 900 kPa. For a simplicity reason, the choice of material
in contact with the tire was made on a metal plate (5 mm thickness).

To simulate the position of the tire at a turn under the press, we used the principle
of inclinometer (see Fig. 2).

In normal section, the tire was loaded at 32.5 kN and the contact pressures were
measured by the TekScan sensor system. In the roundabout, the lateral load tends to
amplify the loading on the outer wheel. To account for this phenomenon, we propose
3 variants of camber angle 0, 3 and 5° with a load of 45KN, the obtained pressures
will be validated with the same measuring system TekScan.

The inclination of the tire after loading has been estimated at 1° for the different
camber angles. The tire tilt angles (0, 3 and 5°), on the other hand, were chosen
arbitrarily to conservatively cover the theoretical worst-case range for tilt angles of
the tire when at a roundabout.
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Fig. 2 Experimental protocol of inclined tire under the press

5 Analysis and Discussion

5.1 Results for 0° Inclination

Figure 3 shows the distribution of the contact pressure field for a normal load of 32.5
kN static at 0°. The size of the mesh chosen for the SAM simulation is 3 × 3 mm2

in order to approach the size of the elementary sensors.
A relatively good correspondence is also observed between the numerical and

experimental results, especially in terms of average maximum pressures. The aver-
age maximum measured value is 1528 kPa and the maximum value calculated is
1536 kPa. It is observed that the distributions of the contact pressures, the shape and
size of the contact surface are almost similar.

Fig. 3 Results for 0° inclinations° TekScan measurement (left) and SAM simulation (right)
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Fig. 4 Contact pressure at 3° inclination TekScan measurement (left) and SAM simulation (right)

5.2 Results for a 3° Inclination

Figure 4 shows the results for the angle of inclination of 3°.
The maximum average stress is 1788 kPa from the measurements and 1800 kPa

from the calculation code. The profiles of the contact pressure for both existing
inclinations seem to vary considerably.

5.3 Results for a 5° Inclination

At 5°, the maximummeasured pressure is 1977 kPa against 1995 kPa calculated with
SAM code (See Fig. 5). This result enhances the theoretical hypothesis that the turn-
ing point can cause greater stress on pavement. It is also observed that the distributions
of the contact pressures are almost identical (calculation and measurements).

Fig. 5 Contact pressure at 5° inclination TekScan measurement (left) and SAM simulation (right)
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It is clear that the contact pressure increases with an increase of the angle of
inclination of the tire.

It can be concluded that the inclination of the tire in a turn causes apparent changes
in tire-road contact stress. At a current section, the shape of the contact area between
the pavement tire is rectangular and the maximum value of the contact stress appears
more or less in the center of the contact zone. When turning (3, 5°) the contact
area appears to be reduced and the location of the maximum contact stress gradually
moves towards the outer edge of the contact area The reduction of the contact surface
is accompanied by an increase in the contact stress and consequently the deterioration
intensifies, particularly in turns.

6 Conclusions and Perspectives

This study introduced the modeling and validation of the application of a semi-
analytical method for the analysis of tire-pavement rolling contact. The use of this
code has the advantage of a more realistic, accurate and faster calculation than the
current methods including the Finite Element Method (FEM). The developed model
thusmakes it possible to obtain the contact pressurewhile corneringwhen the stresses
are supposed to be maximum.

Based on the simulation results and experimental validation, the key findings,
conclusions, and recommendations drawn from this paper are summarized as follows:

The contact pressure increases with an increase in the angle of inclination of the
tire from 0–5°, which provides analytical evidence to support theoretical hypotheses
that the traffic turning on roads (for example, at intersections) can cause greater shear
stress in the pavement than by traffic. This suggests that sections of a highway with
a large volume of traffic in turns may be more susceptible to shearing and surfacing
ruts.

Finally, our model will lead to a better understanding of the problems of the
plowing and the descending cracks of the surface layer in normal section and in
significant points making an analysis on the VonMises stresses and on the maximum
shear on the surface. Subsequently, we plan to integrate transversal efforts to study
the phenomena of degradation in the singular road points (turns, roundabouts) where
the life of the surface layers is limited.
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LCMS-2 Measurements of the Quality
of Road Markings

Kars Drenth, Jun Yew Tan, Marc Drenth, and Ong Ju Kit

Abstract The assessment of the structural and functional pavement condition is
nowadays a fully machine based non-destructive procedure in which equipment cov-
ers all the data input required for a modern PMS approach. A LCMS (Laser Crack
Measurement System) is a high-resolution transverse profiling system based on 3D
Sensors capable of real time continuous measurement of condition data in a single
run. One of the images produced by a LCMS is the intensity image, which expresses
the reflective properties of the pavement surface. As quality control of road marking
often retro-reflectometers are used. A limitation of retro-reflectometers is that they
can only measure for instance a single edge marking at any time whereas the road
surface can have multiple markings. The LCMS captures the reflective properties
of the surface over the total width of a lane and as such can measure the reflective
properties of all road markings at any transverse location. This paper discusses the
results of the correlation of the retroreflectometer measurements with the reflective
properties measured by the LCMS-2. This first time study resulted in a very promis-
ing correlation showing that the LCMS-2 collected data is very useful in rating the
quality of road markings and predicting the need for maintenance.

Keywords LCMS-2 · 3D-images · Markings · Intensity · Retroreflectivity

1 Introduction

The assessment of the structural and functional pavement condition is nowadays a
fullymachine based non-destructive procedure inwhich equipment covers all the data
input required for a modern PMS approach. A LCMS (Laser Crack Measurement
System, December 2019) is a high-resolution transverse profiling system based on
3D Sensors using custom optics and a laser line allowing the system to operate not
only during daytime but at night as well. The LCMS Sensors are capable of real time

K. Drenth (B) · M. Drenth
Samwoh Innovation Centre B.V., Kranebittenbaan 21, 3045AW Rotterdam, Netherlands
e-mail: kars.drenth@swic.international

J. Y. Tan · O. J. Kit
Samwoh Innovation Centre Pte Ltd., 51 Kranji Crescent, Singapore 728661, Singapore

© Springer Nature Switzerland AG 2020
C. Raab (ed.), Proceedings of the 9th International Conference on Maintenance and
Rehabilitation of Pavements—Mairepav9, Lecture Notes in Civil Engineering 76,
https://doi.org/10.1007/978-3-030-48679-2_88

943

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48679-2_88&domain=pdf
mailto:kars.drenth@swic.international
https://doi.org/10.1007/978-3-030-48679-2_88


944 K. Drenth et al.

continuous measurement of condition data regarding cracking, rutting, roughness,
macro-texture, ravelling, potholes, pavement marking and road geometry in a single
run. The LCMS-2 is the latest upgrade of this technology having an improved vertical
and horizontal resolution resulting in higher quality and reliable output.

One of the images produced by the LCMS-2 is the intensity image, which
expresses the reflective properties of the pavement surface of the projected laser
line (black = 0 and white = 255). The reflective quality of a road marking tells
something about its visibility under different light conditions and is a safety related
characteristic. As quality control of roadmarking often retro-reflectometers are used.
A limitation of retro-reflectometers is that they can only measure for instance a sin-
gle edge marking at any time whereas the road surface can have multiple markings
like the centreline, arrows and other type of markings in transverse direction. The
LCMS-2 captures the intensity (reflective properties) of the surface over the total
width of a lane and as such can measure the intensity of all road markings at any
transverse location at traffic speed. Economically there is a clear advantage as all
markings can be surveyed in a single run including all other condition related surface
characteristic. A retroreflectometer would require multiple runs to collect the condi-
tion of markings only as long as a traffic speed device is used. Manually it will take
more time whereas less data is collected and not all roads allow a manual approach
due to safety reasons.

2 Road Marking Rating and Testing Approach

There are international and local standards related to the materials to be used for
road marking, its performance and the way it has to be applied. The performance-
orientated standard for Singapore (Singapore Standard 2013) is rating the field
measurement of the coefficient of retroreflected luminance characteristics (QD and
RL mcd/m2/lx) using a portable device complying with ASTM E1710 (ASTM
E1710-18). The characteristic RL relates to nighttime visibility and the character-
istic QD relates to daytime visibility. The minimum value of the field measurement
of QD respectively RL (dry condition) of thermoplastic material shall be ≥180/≥300
mcd/m2/lx for a white marking and ≥160/≥160 mcd/m2/lx for a yellow marking.
The minimum value for RL after 5 month of installation of thermoplastic material
shall have a level of respectively ≥150/≥50 mcd/m2/lx in dry condition. The degree
of wear (wear index) is based on a visual assessment and should after 5 month be ≤
20 based on a specified procedure using a reference chart shown in Fig. 1 (Singapore
Standard 2013).

In the Netherlands a visual quality catalogue is used for rating all elements of the
public space from A+ (no damage) to D (maintenance required). Figure 2 (CROW
2018—original in Dutch) shows this rating related to road marking as well as a
percentage of area to meet the rating level referenced to a NEN Standard (NEN-EN
1436:2018) based on the performance of the marking and test methods.
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Fig. 1 Wear index reference chart

Fig. 2 Visibility rating of road markings

The listed references specify the measurement of the retroreflection of markings
by means of a portable instrument as well as visual rating. The background of this
research is to make the rating of markings part of the automated rating already in
place for the condition of the pavement wearing course.

The reflective characteristic of a pavement surface is sampled by the LCMS,
called ‘intensity’. This intensity shows a clear difference between markings and the
non-marked pavement surface, for all the marking within the transverse profile of
the width of a lane. Figure 3 shows the Survey Vehicle with LCMS-2 equipment.

The portable instrument used for collecting the retroreflection of different quality
of markings is the Delta LTL-XL (Delta, August 2016) as shown in Fig. 4 on a
relatively old surface and related aged marking.
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Fig. 3 LCMS-2 Survey
Vehicle with two sensors

Fig. 4 Delta LTL-XL
portable retroreflectometer

3 Retroreflectometer Data

Twenty (20) retroreflectometer measurements were collected at four (4) different
roads having different marking rating qualities, white as well as yellow. The retrore-
flectometer is factory calibrated valid till 13-09-2020 and the supplied calibration
unit was used each day measurements were taken. The locations where the measure-
ments were taken were marked for easy reference with the LCMS-2. Figure 5 shows
a representative collection of the selected locations for rating the marking.

For the comparison of the reflective quality of a marking measured with the
Delta LTL-XL and the LCMS-2 the daytime visibility QD was used as characteristic.
Figure 6 shows a measurement with the Delta LTL-XL on a relative new marking
and the result shown real-time.
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Fig. 5 Selection of different levels of wear

Fig. 6 Retroreflectometer result shown real-time

All the sampled retroreflectometer results for the 4 different roads and different
color of the marking are listed in Table 1. The % of marking faded is based on a
visual rating of the test locations in accordance with Fig. 1.

4 LCMS-2 Data

In addition to the intensity image produced by the LCMS there is as well depth map
of the pavement surface (also referred to as range or XYZ image) and a 3D image.
Merging the intensity and range image results in the 3D image. This continuously
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Table 1 Retroreflectometer results

Road Test QD Marking % Marking faded

Perahu Road 1 184 White 5–25

2 138 White 25–50

3 87 White 60–75

4 187 White 5–25

Lim Chu Kang Road 5 139 Yellow 25–50

6 128 Yellow 50–60

7 134 Yellow 50

8 104 Yellow 75–90

Woodlands Street 9 224 White <5

10 189 White <5

11 204 White <5

12 177 White <5

13 255 White <5

14 226 White <5

15 220 Yellow <5

16 191 Yellow <5

Rosewood Drive 17 189 White 5–25

18 188 White <5

19 104 White 60–75

20 112 White 60–75

sampled 3D image is showing all the condition details of a pavement surface, includ-
ing the wear of all markings present within a traffic lane or the width (4 m) of the
surveyed area. Figure 7 shows some brighter 3D image examples of rated locations.

The sampled LCMS-2 results for the 4 different roads and different color of the
marking are listed in Table 2. The visibility is rated based on the visual condition
rating of the test locations in accordance with Fig. 2.

5 Retroreflectometer Vs LCMS-2 Comparison

The LCMS automatically detects any marking independent of its transverse location
or lateral wander and calculates automatically the intensity. This intensity can be
calculated over a to be specified file length of 2 till 10 m, although it is foreseen to
make this possible over a length of minimal 250 mm. In this comparison the LCMS-
2 file length was 5 m. The retroreflectometer testing is measured over a length of
185 mm but repetitive measurements can be taken to cover a larger length by moving
it forward including the calculation of the average of the number of preset tests
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Fig. 7 Selection of 3D LCMS-2 images

(forward movements). The Delta LTL-XL results have been compared with those
of the LCMS-2 as shown in Fig. 8. The computed R2 of 0.8491 shows a very good
polynomial correlation when taking into account the relative difference in procedure
and the (slightly) larger area of the LCMS-2 results. In theory the intercept will run
through zero for a black new pavement without marking and up to at least 255 for
a new white marking. The highest QD value measured with the LTL-XL on an old
pavement surface is around 110 and the lowest value measured on a relatively new
black surface is around 60.

During the analysis of the LCMS-2 data the intensity results can already being
visualized by moving the mouse pointer over any marking present within a lane.
Figure 9 gives some examples of the intensity of typical markings like arrows and
text.
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Table 2 LCMS-2 results

Road Test Intensity Marking Visibility

Perahu Road 1 174 White A

2 157 White B

3 117 White D

4 170 White A

Lim Chu Kang Road 5 138 Yellow B

6 138 Yellow C

7 132 Yellow B

8 117 Yellow D

Woodlands Street 9 217 White A+

10 212 White A+

11 222 White A+

12 169 White A+

13 200 White A+

14 194 White A+

15 214 Yellow A+

16 203 Yellow A+

Rosewood Drive 17 173 White A

18 174 White A+

191 120 White B

201 130 White C

Fig. 8 Correlation of QD vs Intensity
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Fig. 9 LCMS Intensity measurement of any marking feature within a lane

6 Conclusions

A LCMS (Laser Crack Measurement System) is a high-resolution transverse profil-
ing system based on 3D Sensors capable of real time continuous measurement of
condition data in a single run. One of the images produced by a LCMS is the intensity
image, which expresses the reflective properties of the pavement surface. The LCMS
captures the intensity of the surface over the total width of a lane and as such can
measure the intensity of all road markings at any transverse location. The following
conclusions can be drawn:

This study resulted in a very promising correlation between the Intensity of the
LCMS-2 and QD of a manual retroreflectometer.

A LCMS survey delivers a continuous image of all markings present within a lane
allowing a visual rating according to present international procedures.

TheLCMS images allowing for linking avisual quality of thewear to an automated
analyzed intensity in a way that the subjectivity of a human rating can be eliminated.

The availability of past LCMS data allows to qualify the performances between
different marking materials.

A survey of the quality of the functional condition of the surface of a pavement
can include the collection of marking data at no extra cost and is far more efficient
than any other way of collecting the level of wear of markings automatically or by
use of handheld equipment.

This study resulted in a very promising correlation showing that the LCMS-2
collected data is very useful in rating the quality of road markings and predicting the
need for maintenance.
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A Study on the Effect of Milling on Stress
Distributions in Asphalt Pavements

Kaoutar Diouri, Rajae Bousselham, Anirban De, Adriana Hera,
Tahar El-Korchi, and Rajib B. Mallick

Abstract Milling is an indispensable process in recycling of asphalt pavements.
The process involves the fracture and removal of asphalt mix under high stress and
rapid loading conditions. An understanding of milling induced stress is important for
avoiding or reducing the impact on pavements below the milling line and to optimize
the milling process. The objectives of this research were to develop a finite element
model of the milling process and estimate stress distributions under different milling
conditions. Milling of a fine and a coarse graded Hot Mix Asphalt (HMA) and a
Stone Matrix Asphalt (SMA) were modeled for different milling speeds and depths.
The results indicate significantly high milling induced stresses below the milling
line. Gradation of mixes, interface and milling speeds have significant effect on
stiffness and hence stress distributions and maximum stresses. The inference is that
the depth of milling should be decided on the basis of existing conditions which
include layer depths, location of interface, strength of bond between the layers, type
of mix, temperature of mix and milling speed (drum rotation speed). To avoid high
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stress related damage to remaining pavement layers, milling to partial depth of a
layer should be avoided. Research is needed to evaluate changes to the structural
condition of remaining pavement due to milling.

Keywords Milling · Asphalt · Finite element · Von Mises stress

1 Introduction

Every year, hundreds of thousands of kilometers of pavements require maintenance
and rehabilitation work. Milling of roadway layers has become almost a routine
activity in asphalt pavement rehabilitation all over the world. Effective milling of
the existing asphalt mix layer is the key to constructing sustainable pavements—it
maintains pavement geometry, conserves aggregates, asphalt and energy, and helps
us construct durable pavements at a reduced cost and environment friendly way
(Brock and Richmond 2007).

In many cases, milling is not conducted at any interface and a part of the layer
remains after milling (see Fig. 1). Research is needed to understand the effect of
different factors on the pavement layers below the milling line. The sheer size of
millingmachines and the complicatedmachinerymake it difficult to replicatemilling
in the laboratory, and hence, few, if any, academic researchwork have been conducted
on milling so far. Practically in most cases, milling is conducted on the basis of
empirical guidelines that have been developed by the equipment manufacturers (for
example, Wirtgen GmbH, undated).

Milling involves the fracture and removal of asphalt mix under high stress and
rapid loading conditions, and it is not known to what extent these forces affect layers
below the milling depth. The questions that follow from this knowledge gap are
as follows: How are these stresses affected by drum rotation speed, mix stiffness,
depth of milling? What is the impact of the bond between different layers on the
stress magnitude and distributions? If the answers to the above questions are not
available, then there is a risk of damaging underlying layers during the milling

Fig. 1 Core from milled
pavement showing remaining
part of milled layer

Remaining part 
of milled layer 
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process. Furthermore, this knowledge gap prevents the users from optimizing the
milling process, which typically consumes a significant percentage (20%, MDOT
2019) of pavement construction budget for mill-and-fill operations.

2 Objective and Scope

The objective of this research was to develop a finite element (FE) model of the
milling process, estimate the stress distributions in the pavement during milling, and
infer practical significances from themodel simulations.Milling of a fine and a coarse
graded SuperpaveHotMixAsphalt (HMA), and a StoneMatrix Asphalt (SMA)were
modeled for different types of bonding, milling speeds and depths considering elastic
material behaviors.

The scope of work that is reported in this paper consists of the following steps.

1. Geometric modeling of the milling drum with teeth and pavement.
2. FE simulation of the milling process for the following different cases:

a. A fine graded Superpave HMA mix, a coarse graded Superpave HMA mix
and a Stone Matrix Asphalt (SMA);

b. Two different types of interfaces between the HMA layers—layers that are
fully bonded, and layers that are separated by a thin (3 mm) weak layer (to
represent poor bonding);

c. Three milling depths of 25, 50 and 75 mm; and
d. Three milling speeds corresponding to drum rotation speeds of 50, 84 and

105 RPM.

Information regarding the mixes, and milling equipment were obtained from Liao
(2007) and Wirtgen GmbH (2016a, b), as well as from Lyons (2019), respectively.
The pavement model consisted of two 75 mm thick HMA layers (surface and binder)
over a 300 mm base on top of a 600 mm subgrade.

3 Geometry Modeling

The first approach was through modeling of a three-dimensional milling drum with
multiple teeth. However, this process is computationally very intensive and hence
time consuming and required more than 30 h for the complete simulation, with
the available hardware. Subsequently, 2D plane strain models with the drum and a
single toothwere created in SolidWorks (2019) and designmodeler (ANSYS 2019b).
Figure 2 shows the 3D and the 2D model of the drum and milling tooth. The intent
of the modeling was to evaluate the stress distribution in the pavement during the
impact of one tooth, which actually results in removal of the material at the point of
contact.
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(c) 2D model of milling drum and teeth(a) 3D model of tooth, 
W7/20X, Wirtgen GmbH, 
2016b) 

(b) 3D milling model

Fig. 2 3D and 2D milling models

4 Finite Element Model

The FE simulations were conducted with Autodyn (ANSYS 2019a) software, in
explicit analysis mode for nonlinear dynamics, after published work on rock-cutting
for tunnels (Cho et al 2013; Li and Du 2016). Lagrange-Lagrange interaction was
enabled between solid parts to simulate the action of the tooth on the pavement
material. The full bond layers (Fig. 3) were modeled with no-slip condition at the
interface, and the weak interface was modeled with a thin layer between the two
HMA layers. For meshing, the quadrilateral element sizes were chosen as 3 mm for
the HMA layers (finer mesh), and as 10 mm for the milling drum, base and subgrade
(coarse mesh).

Boundary conditions were defined with fixed support at the bottom of the sub-
grade and the left edge (opposite of the tooth contact) of the pavement structure.
For the contact between the milling tooth and the pavement structure, a frictional
interaction was chosen to simulate the milling process, with static and dynamic fric-
tion coefficients of 0.3 and 0.1, respectively. The drum and the milling teeth were
considered to be rigid bodies, and the 2D flexible pavement structure was assumed
at plane strain condition. Milling was modeled for a duration of 20 ms.

5 Material Model

Tables 1 and 2 present the material properties for the three mixes (coarse, fine Super-
pave and SMA) and those of the milling drum and tooth. A Drucker-Prager model
(Seibi et al. 2001; Dessouky et al. 2005; Ying 2013) was used for the HMA layers.
Removal of the milled materials was simulated through erosion of elements that
reached a maximum tensile failure level (1 MPa) during simulation. The explanation
for considering this specific tensile strength is provided in the next section.
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Fig. 3 Schematic of milling drum and tooth with the pavement structure

6 Results of Simulations

Von Mises stress (Eq. 1) versus depth, along the point of contact of the milling
tooth with the pavement, was selected as the primary parameter of interest in the
analyses. The reason is that Von Mises stress effectively combines the contributions
of the different stresses that are acting concurrently, and also has been found to
be effective in explaining the failure of materials under such combined action of
different stresses. During the analyses, the Von Mises stress was compared against
a limit of 1 MPa, because, typically, tensile strengths of Hot Mix Asphalt (HMA)
mixes at temperatures of 20–25 °C have been found to be at or below 1MPa (Arepalli
and Mallick 2017; Dave et al. 2018). This means any Von Mises stress >1 MPa is
indicative of a potential cracking failure at that point. It can be observed from all of
the results that there is a significant depth below the milling line where this is indeed
the case.
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σVonMises =
[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2

2

] 1
2

(1)

Where σ1, σ2, and σ3 are the principal stresses with the order of σ1 > σ2 > σ3.
Figure 4 shows representative stress diagrams from the simulations. The most

important observation is that the stresses at the time of the impact of the milling tooth
with the pavement penetrate deeper than the depth of the milling line. This depth
of penetration is different for different depths of milling, different types of mixes
(dependent on the stiffness) and the type of the interface between two successive
HMA layers. As expected, the stresses do not penetrate to the next layer if there is a
weak interface between the two layers; however, if there is a good bond between the
two layers then the stresses do penetrate into the next layer. The practical significance
of this observation is that there can be a significant stress at depths below the milling
line, which can lead to damage (such as the formation of micro-cracks) at those
locations.

Figure 5 shows the stress versus time plots for two different mixes, at three dif-
ferent depths. The figure shows that the stress at the milling depth peaks within a
time of 1 ms (1 * 10 − 3 s). The stress quickly dissipates as the material fails at that

Table 1 Material properties of the three mixes and the weak layer

Material SMA Fine graded
Superpave HMA
mix

Coarse graded
Superpave HMA
mix

Weak interlayer

Specific gravity
(g/cm3)

2.408 2.504 2.498 1.025

Reference
temperature (oC)

21.1

Poisson’s ratio 0.35 0.495

Young modulus
(MPa)

5,014 3,459 8,063 0.00298

Bulk modulus
(MPa)

5,571 3,843 8,959 0.004966

Shear modulus
(MPa)

1,857 1,281 2,986 0.001

Note Properties of the mixes were obtained from Liao (2007) Modulus values were obtained by
Liao (2007) through dynamic modulus testing
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Table 2 Milling drum and
tooth properties

Material Drum (steel) W7/20X milling tooth
(tungsten carbide)

Specific gravity
(g/cm3)

7.800 15.880

Reference
temperature (C)

21.1

Poisson’s ratio 0.30 0.35

Young modulus
(MPa)

200,000 686,000

Bulk modulus (MPa) 333,333 762,222

Shear modulus (MPa) 71,428 254,074

Fig. 4 Examples of stress diagrams for different milling conditions; (a) Fine mix, 25 mm milling
depth, 150 RPM, weak layer at interface; (b) Fine mix, 75 mmmilling depth, 150 RPM, weak layer
at interface; (c) Fine mix, 75 mm milling depth, 150 RPM, fully bonded layers; (d) Coarse mix, 50
mm milling depth, 150 RPM, fully bonded layers; (e) Coarse mix, 50 mm milling depth, 50 RPM,
fully bonded layers; (f) Coarse mix, 50 mm milling depth, 150 RPM, weak layer at interface. Note
that RPM refers to drum rotation speed, blue represents areas of zero stress, green, yellow and red
represent areas of progressively higher stresses
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Fig. 5 Stress distribution
versus time for a SMA and
b Fine graded Superpave mix

point. The time to reach the peak stress at the milling depth seems to be insensitive
to the type of mix and the stresses at the other levels dissipate at a slower rate.

Figure 6 shows plots of depth versus stress from the simulations. The effects
of four variables on the stress distributions were evaluated: type of bond between
successive layers, depth of milling, type of mix and speed of milling. The case with
a weak layer in between the two layers shows the most rapid dissipation of stresses
with no or very small stress penetrating the second layer. For different milling depths,
the stresses penetrate well below the milling depth—it dissipates completely at the
interface only in the case with the weak layer between the layers. Fine milling,
which is conducted at <25 mm depth, can result in a significant stress up to a depth
of 25 mm below the milling line. The stiffer the mix (higher modulus), the greater is
the stress generated, and deeper is the penetration of stresses. The order in terms of
stress magnitude and penetration depth is (high to low): coarse graded Superpave,
SMA, and fine graded Superpave. The speed of milling also has an effect on the
stresses—a higher drum rotation speed generates higher stresses and greater depth
of penetration. A summary of the effect of the milling depth and the milling speed
is shown in Fig. 7, for the fine graded Superpave mix.
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(b) Effect of milling depth(a) Effect of type of interface

(c) Effect of mix (d) Effect of milling speed

Fig. 6 Plots of stress distribution versus depths for different cases

The above observations lead to a hypothesis that damage can be expected in
milled layers. Indirect evidence in support of this hypothesis is obtained from obser-
vations from cores obtained from milled pavements, as shown in Fig. 8. The figure
shows different kinds of damages—cracked and crushed aggregates as well as miss-
ing aggregates and mastic from the areas that have remained from the milled layer
(25 mm) on top of the next layer. These damages were very likely caused by high
stresses during the milling operation. An inference is that it is not desirable to leave
a part of any layer unmilled during the milling process, since cracks in this layer will
trigger reflective cracking in the upper layer and lead to its premature failure. The
thicker the left-over unmilled layer, the greater will be the negative impact on the
overall structural strength of the rehabilitated pavement. It is interesting to note that
Hossain and Wu (2002), from their studies on estimation of asphalt pavement life in
Kansas, noted that “… in order to achieve a very high fatigue life, the mill-and-inlay
thickness should be at least 1.25 times the thickness of the remaining AC (asphalt
concrete) layer”. They cautioned against the use of rule-of-thumb to decide on a
milling thickness, and recommended the use of a rational method for the selection
of a milling depth (for a mill-and-fill work).
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Fig. 7 Plots of maximum (max) stress below milling line and depth (below the milling line) to
which stresses exceed 1 MPa versus milling depth and milling speed
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Fig. 8 Examples of crushed, cracked and missing aggregates and mastic in cores from milled
pavements

7 Conclusions and Recommendations

The major conclusions from the study are as follows. In general, stresses are rela-
tively high at the depth of milling and at the interface with the next layer. Stresses
remain high up to significant depths below the milling line. Gradation of mixes
have a significant effect on stiffness and hence stress distributions and maximum
stresses. Stresses are also affected significantly by the milling drum speed. Cracks
in aggregates and mastic are visible in cores from milled pavements.

Based on these conclusions the following recommendations are made. Depth of
milling should be decided on the basis of existing conditions which include layer
depths, location of interface, strength of bond between the layers, type of mix (and
hence stiffness), temperature of mix (which has an effect on the material behavior)
and milling speed (drum rotation speed). To avoid high stress related damage to
remaining pavement layers, milling to partial depth of a layer should be avoided—
the depth should match with an interface depth. Research is needed to evaluate
changes to the structural condition of remaining pavement due to milling. Finally,
design guidelines should be prepared to complement the empirical speed-depth-yield
charts that are currently used for milling.
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Assessment of Preformed
3D-Thermoplastic Road Markings
for Long-Term Durability, Skid
Resistance and Texture Functionality

Kalpesh Purohit, Mujib Rahman, Andrew Price, and Alan Woodside

Abstract Road Markings are an important safety feature for directing and guiding
traffic without distracting its drivers. The erosion of the marking material as a result
of prolonged exposure to rain and traffic actions, greatly reduce their performance. In
this paper, results from field and laboratory investigations on innovative preformed
thermoplastic roadmarkings sheet with 3D impressions are presented. An immersion
wheel tracking test was conducted in the laboratory for evaluating material effec-
tiveness against stripping in long-term exposure to water and traffic loading. The
results showed that preformed sheet installed on pre-heated and non-heated asphalt
surfaces are capable of withstanding long (20,000 cycles) exposure of continuous
traffic while submerged in water. Overall, the thermoplastic sheet installed in both
conditions, demonstrated excellent performance against stripping, although the per-
formancewas relatively betterwhen installed on the pre-heated surface. Furthermore,
one-year field observations showed that preformed marking installed on asphalt and
concrete surface retains their macrotexture, maintains excellent dry andwet frictions.
The 3D impression was also found beneficial on drivers’ behavior for speed reduc-
tion. Depending on the vehicle type, the reduction was 20–31% immediately after
installation and 9–17% after one year. Overall, this study suggests that preformed
thermoplastic road marking is not only a durable product but also 3D illusion that
provides some traffic calming benefits.

Keywords 3D road marking · Preformed thermoplastic road marking · Sand
patch · Skid resistance · Long term performance · Stripping resistance

1 Introduction

The underlying motivation behind road markings is to direct and manage the traffic
on a highway (Highways Act 1980). They increase the function of traffic signs, fill
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in as a mental hindrance and guide traffic to maintain lateral clearance from traffic
hazards for the safe and smooth movement of vehicles. Pavement markings area unit
is classified into two broad classes by service functions, particularly by removable
and non-removable. The former type encompasses a comparatively short service life
(less than a year) and is employed with temporary traffic patterns; whereas the later
one encompasses a longer service life (more than one year) and is employed with
permanent traffic patterns.

There are three key types of permanent road markings. Marking to show longitu-
dinal lane or edge lines, stop lines or crossover markings, and other unique markings
such as arrows, words, image markings, cross-hatching, speed hump markings, and
automobile parking space markings. They are available in various configurations and
styles, creating it visible for drivers and pedestrians to instantly acknowledge and
quickly react for safe and efficient use of the road. Presently, there are a variety of
road marking materials are widely used. These are solvent and water-based paints,
polyester, thermoplastic, epoxy, alkyl radicalmethacrylate, preformed thermoplastic,
and preformed tape (Traffic SignsManual 2018; IS EN 1436 2004). The performance
of road marking depends on the surface porosity, surface type and material used in
the marking (Sasidharan et al. 2009; Wang 2010; Scottish Road Research Board
2015; Sheik et al. 2015; Naidoo and Steyn 2018; Brusentseva et al. 2019).

The price of road marking materials varies depending on their formulation and
availability but they all must ensure two fundamental characteristics. The color
of the marking must be distinguishable from the underlying surface and must be
detectable even in harsh weather. Furthermore, they should apply to a range of dif-
ferent pavement surfaces and must be strong enough to undergo harsh traffic and
climatic conditions.

The focus of this study is on permanently installed preformed 3D pavement mark-
ings. In recent years preformed thermoplastic marking is gaining popularity in an
urban environment due to their flexibility in installation. The preformed marking
combined with 3D that generates the illusions which appear to be more effective
in controlling driving behaviors. Presently, there are some good industrial practices
where 3Dmarking demonstrated good performances over traffic reduction and safety
and better durability than conventional paint-based roadmarking (Sheikh et al. 2015).
The future of this type of marking is also promising as road marking will be vital
for the implementation of autonomous vehicles and ensuring road safety when both
driver-assisted and self-driving vehicles will be sharing the same road space (Stefan
et al. 2007). Moreover, if 3D marking proved effective for long-term traffic calming,
this could either be used to replace and/or supplement traffic cameras as a traffic
control measure.

The objective of this paper is to investigate the functional, and long-term labora-
tory and field performance of preformed thermoplastic material. A comprehensive
laboratory and field investigation was conducted to measure dry and wet friction,
macrotexture and immersion wheel tracking tests to measure stripping resistance
and degradation properties over time. Furthermore, two 3D thermoplastic 15 Mph
signs were installed at the campus to evaluate their on-site functional properties and
effectiveness as a traffic calming measure.
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Fig. 1 a Schematic diagram of 3D marking b 3D thermoplastic marking

2 3D Preformed Thermoplastic Road Marking

3D-Preformed thermoplastic markings consist of pigments, reflective glass beads,
fillers, binders and additives (PREMARK 2012). Pigments are fundamentally
acquainted with imparting color to supply characteristics, like ultraviolet stability.
The filler material is a combination of carbonate, sand, and different inert materi-
als. The binder component used in the marking sheet is resin-based and does not
change with chemicals on heating and application. Finally, the plasticizer is used as
an additive to ensure the durability and flow of the material during the manufacturing
process.

The preformed sheet is manufactured adding 30% reflective glass beads byweight
mixed along with the melted thermoplastic material. Further beads are added from
the top once the marking is installed. The thickness of the 3D preformed marking is
between 2.29 or 5.50 mm (DMRB 2008). An image of typical 3D marking is given
in Figs. 1a and b.

3 Experimental Program

3.1 Functional Properties

The testing program consisted of evaluating functional properties such as Sand patch
test according toASTME965 formacro texturemeasurement, Pendulum test accord-
ing to ASTM E303-93 to measure frictional properties in dry and in wet conditions
(Traffic Signs Manual 2018; ASTM 2018; AASHTO 2004; Anon 2012; Praticò and
Vaianab 2015). Furthermore, the marking was cut into 750 by 450 mm size and was
installed on 750 mm × 450 mm × 100 mm × 20 mm asphalt slab. Two types of
installation processes were followed. The first one was installed on the unheated sur-
face and in the second one, a preheating for approximately 5 min was applied on the
asphalt surface before placing the mat. Both methods then followed similar heating
approximately 193 °C according to manufacturer procedure for site installation.
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3.2 Stripping Resistance

Two slabs fromeach casewere then tested in dry and in the submerged condition in the
Hamburg wheel trackingmachine according to AASHTOT324-04 for 20,000 passes
at room temperature 18± 2 °C. This test allowed evaluating the stripping resistance,
material degradation, and deformation due to wheel tracking (AASHTO 2004). It is
important to note that, the specifications in AASHTO T324 were modified to allow
large specimen (750 mm× 300 mm× 100 mm) testing instead of 150 mm diameter
circular specimens. This was necessary to test the large size of the thermoplastic
installation simulative to field conditions.

3.3 On-site Testing

In parallel, two 1.5 m size 3D markings were installed on campus road to study the
functional properties and long-term performance in the outside environment as well
as their effectiveness in traffic calming. The installation sequence is given in Fig. 2.
The first marking was installed on the concrete-asphalt surface with joints in the
middle and the secondwas on the concrete pavement. The site was chosen to evaluate
the performance of the 3D marking on different surfaces including the influence
of joint on long-term performance. As shown in Fig. 2, the installation procedure
consisted of thoroughly cleaning the road surface and then apply preheating to dry
out surface moisture (Fig. 2a–b). The discussion with the manufacturer pointed out
that in a typical installation, the preheating stage is left to weather conditions and
budget of the project. Following preheating, a primer was applied (Fig. 2c) before
placing the marking segments on the road surface (Fig. 2d). It was ensured that
all parts of the preformed markings are in contact with each other. The final stage
involved applying heating up to 190–2000 °C to fuse the mat into the pavement
surface (Fig. 2e). Careful attention was given in the joints between the segments
and in the joints between asphalt and concrete pavement. The finished installation
(Fig. 2f) was left for further 15 min to cool down to the surrounding temperature.
The whole operation of installation for one marking took approximately 30 min.

4 Results and Analysis

4.1 Visual Observation of Installed 3D Marking

The visual survey was conducted at 3 and 12 months. The evidence of distress is
mentioned in the table below. The road marking observed for 270 days showed no
visible sign of disintegration, cracking or loss of visibility. A picture of the marking
after 12 months is given in Fig. 3. The tire stain marks spotted at 3 months was found
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a. surface preparation b. base temperature 
record c. undercoat

d. placing the mat f.c ompleted installatione. fusing mat with heat gun

Fig. 2 3D preformed marking installation procedure

On asphalt-concrete surface On concrete surface

Fig. 3 Installed 3D marking after 12 months
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superficial and washed away with rain. Overall, the visual appearance did not change
after 12 months. The excellent day and night visibility after 12 months indicate good
retro-reflectivity of the material. Furthermore, material near the joints, as shown in
Fig. 3, showed no sign of failure, indicating a good bond even at the edges.

4.2 Macro Texture

The macrotexture of the 3D marking before installation and periodically measured
ninemonths after installation is given in Table 2. As expected, the texture depth in the
asphalt surface was found higher than the concrete surface. On average, the change
of texture from day one to after three months and 12 months is relatively constant,
the reduction is less than 5–7%, indicating stable performance under traffic loading
and environmental cycles (Table 1).

Table 1 Visual condition
data

Observation Condition
(X = none, Y = few, Z =
significant, E = excellent)

Day 1
(Aug 18)

3 months
(Jan 19)

12 months
(Sep 19)

Surfacing cracking X X X

Material disintegration X X X

Stain on the surface X Y X

Tire mark X Y X

3D impression Z Z Z

Visibility at daytime E E E

Visibility at night-time E E E

Table 2 Macrotexture properties

Base surface Macro texture depth (mm)

Statistics Surrounding pavement On the marking

Day 1 3 months 12 months

Asphalt Ave 4.13 4.0 3.9 3.8

Max 4.26 4.1 4.2 4.1

Min 4.03 3.8 3.7 3.6

Concrete Ave 3.13 2.8 2.8 2.7

Max 3.26 3.0 3.1 3.0

Min 3.03 2.4 2.6 2.4
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Table 3 Friction in dry and wet condition

Base
surface

Statistical value Friction

After installation

Day 1 3 months 12 months

Dry Wet Dry Wet Dry Wet

Asphalt Ave 84.2 69 85 70 81.3 68

Max 85.2 70 90 72 84.3 72

Min 82.3 68 80 68 78.5 66

Concrete Ave 90.4 73 90 71 82.5 69

Max 95.1 75 95 73 84.1 72

Min 89.0 70 85 69 79.3 64

4.3 Frictional Properties

The dry and wet pendulum test results from day one to after twelve months are
given in Table 3. The installation on both asphalt-concrete and concrete surface
gives average slip resistance value (SRV) as 80–90 for preformed thermoplastic
marking in dry condition and 66–73 in wet condition. Which still is considerably
higher than generally recommended 55 in the design standards in the UK (DMRB
2008). Looking at the results, the skid resistance value for the concrete pavement is
marginally higher than that of asphalt pavement. The presence of glass bits in the
thermoplastic sheet gives high frictional resistance. It is interesting to note that the
frictional values change less than 10% in all surface installation even after 365 days
of trafficking.

4.4 Long-Term Performance in Accelerated Laboratory Test

The test set-up for wheel tracking and tested samples after 20,000 cycles are given
in Fig. 4, and in Table 4, the visual conditions of the tested samples (with and
without thermoplastic sheet) are explained. The rutting overserved in the testing is
related to asphalt material, therefore, it was not included to assess the performance
of thermoplastic. The result showed that in both non-preheated and pre-heated cases
(Table 4), there was no evidence of stripping or material disintegration in the dry test.
However, there was some evidence of stripping on the non-heated case when tested
submerged condition. On the other hand, no stripping or deterioration was noted
in the preheated installation. This indicates that the preheating of the host surface
marginally improves the adhesion.

The stripping inflexion point was calculated by subtracting the intercept of the
first portion of the deformation vs load cycles plot from the 2nd portion of the same
graph and then divided by the slope of the first portion minus the slope of the second
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Non-heated-No pre heatingTesting

Fig. 4 Modified Hamburg wheel tracking test

Table 4 Visual observation of tested slabs after 20,000 cycles

Case Visual condition after 20,000 cycles Stripping inflexion
point @ number of
passes

Dry test Submerged Dry Submerged

Installed on
non-heated surface

No evidence of
material stripping,
surface crack, etc.

Evidence of some
stripping

None ~18,000

Installed on
pre-heated surface

No evidence of
material stripping,
surface crack, etc.

No evidence of
stripping

None None

portion. As reported in Table 4, no striping was evident in the dry test. However,
in the submerged test, as discussed earlier, minor evidence of stripping was noted
towards the end of the test in the non-heated case.

4.5 Traffic Calming Evaluation

The main aim of this survey was to identify the response of the driver towards the
road marking installed on the university campus. A similar survey was conducted on
the same location before the installation of the marking to test the average speed of
the vehicles. The results showed that, despite road signs displayed at the side of the
road, the vehicles run at an average speed varying from 17 to 22 mph exceeding the
University premises speed limit of 15 mph.

The procedure for the survey included calculation of the speed of the vehicles
going past the installed road marking. Since the average speed was in the range of
17 mph, it was assumed that the initial velocity of the vehicle is 17 mph and the final
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Table 5 Average speed of the vehicle

Vehicle Average speed at 40 m
to 3D marking (mph)

Average speed near the marking (Mph)

Day 1 1 month 3 months 12 months

Cars (110 no) 18.6 12.90 14.3 14.2 15.3

Transit Vans (25 no) 17.5 14.07 15.3 16.7 15.8

velocity value determined the response. To calculate the final velocity, a constant
distance, i.e. 40 m from start to end (standard amidst which lies the marking) was
taken. After this, the time taken by the vehicle to cross that distance was observed
for different types of vehicles. The measurements were done during the morning
(8.30–10 am) and afternoon rush hour (between 4.30 to 5.30 pm). The average speed
for cars and transit vans, the most frequent types of vehicles on the campus, are
presented in Table 5.

The results showed that, depending on the vehicle type, speed reduction was 20–
31% reduction after 1 day of installation and that reduced to 9–17% after 12 months.
As the campus road is predominantly used by students, staff, and visitors, regular over
speeding used to take place before installation of 3D marking. The 3D impression
likely gives a road humps illusion, and the driver reacts even the marking location is
known to them. This could be an effective and low-cost alternative to speed camera
or road humps. Further large-scale trials on different roads and traffic conditions are
required to verify this.

5 Conclusions

Key conclusions from this investigation are:

• 3D thermoplastic road marking does not reduce texture in asphalt and concrete
surfaces. The texture depth remains relatively constant and likes the surrounding
pavement even after 12 months of trafficking.

• The average wet and dry slip resistance value (SRV) of 3D marking were found
between 65–90 at the start and remain relatively constant after 12 months. These
values are significantly higher than conventional asphalt and concrete surfaces
and indicate very good frictional properties in the installed area.

• The consistent day and night-time visibility of the marking ensure good retro-
reflectivity. The vehicle speed measurement also showed speed reduction even
after 12 months in service, indicating the long-term effectiveness of the marking
in traffic calming operation.

• The thermoplastic material installed on non-heated and pre-heated asphalt sur-
faces showed a good performance against accelerated wheel tracking tests. The
dry and submerged condition testing showed that the mat installed in the pre-
heated surface has marginally better performance than non-heated surfaces. The
preheating was also applied during the field installation.
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• The overall conclusion from this investigation is that 3D preformed thermoplastic
markings is a durable product and have demonstrated some benefits in traffic
calming operation in a small-scale trial and can supplement traffic camera as a
means for traffic control measure. Furthermore, the long-term durability of 3D
marking ensures less intervention and, therefore less disruption to the traffic.
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Multiple Linear Regression Models
for Predicting Surface Damage Due
to Repeated Dynamic Loading
on Submerged Asphalt Pavement

Fauzia Saeed, Mujib Rahman, and Maher Mahmood

Abstract Asphalt surface damage due to water pumping from moving traffic is
underexplored. A laboratory test has been developed to simulate the impact of mov-
ing traffic on submerged surfaces. In total 36 tests were conducted on Hot Rolled
Asphalt (HRA), open-graded StoneMastic Asphalt (SMA) and Porous Asphalt (PA).
The specimens were submerged in shallow water while 5 kN repeated loading was
applied at 5 and 10 Hz frequencies until failure. It was observed that irrespective of
surface type, cracking, and rutting occurs simultaneously, although their magnitudes
were different on different types of surfaces. The experimental data were then used to
develop multi-input deterioration prediction models using regression analysis. The
experimental parameters such as asphalt surface type, aggregate size, weather condi-
tions, void contents, load magnitude and load frequencies were used as model inputs.
Themeasured cracking and rutting were used to compare with the predicted cracking
and rutting. The models yield 84 and 71.6% correlation with measured rutting and
cracking respectively. Furthermore, combined distress (cracking and rutting) model
for all HRA and SMA variations was developed and found 52 and 39% correlation
respectively. The low correlation was believed to be due to the measurement diffi-
culty of narrow cracks during testing. Despite this, the models showed promising
results for overall distress prediction and with further development, it could be used
as a screening tool to evaluate the performance of asphalt surfaces when subject to
both prolong rain and traffic loading.
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1 Introduction

A thick and well-constructed pavement on good foundation is considered as long-life
pavement. The distress in long-life pavement is mostly limited to surface damages.
If surface damage can be predicted timely and accurately, the periodic maintenance
could be done more efficiently, which will ultimately lead to very long structural life
of pavement. However, asphalt surfaces are complicated physical structures that react
in a complicated way to environment, and traffic loading (Ozer et al. 2018; Glaoui
et al. 2012; Willway et al. 2008; Liu et al. 2017). The failure of asphalt surfaces
is progressive damage with time and depends on complex interaction of material,
construction, traffic, environment and foundations.

Water is one of the environmental variables that can significantly reduce the per-
formance of asphalt surfaces (Gao et al. 2015; Lei et al. 2017; Karlson 2005). It is
recognised that the water on the surface or water builds up in the pavement struc-
ture due to rainfall or poor drainage allied with repetitive traffic loading accelerates
surface damage, which may subsequently occur in pavement surface layer spalling
or loosening, leading to localised and structural damage (Kim et al. 2008; Xiaoyong
2008). When traffic moves on the submerged pavement, the interaction of tire-water-
pavement creates pore water pressure. Despite extensive studies in the last fifty years
on water related material degradation, research on the impact of water pressure on
pavement performance caused by the dynamic loading is still very limited.

The most common asphalt surface distresses related to mechanical properties are
rutting, cracking and ravelling. There are different standard laboratory tests available
to assess and quantify these distresses. However, in real pavement, in the presence
of both water and traffic loading, these distresses can occur simultaneously. It is,
therefore, essential to develop a test method that can simulate combined traffic-
tire-water-pavement interaction, and which can be used to generate most common
damages on the asphalt surfaces. The combination of load magnitude, speed, tread
characteristics and depth of surface water that create maximum pore water pressure,
from Saeed et al. (2018a, b), were used. By doing this, it was possible to quantify
the type and amount of deterioration on different types of surfaces and compared to
each other (Saeed et al. 2018a).

Once the deterioration (rutting, cracking and ravelling) has been quantified, it
is useful to develop a prediction model for evaluating the relative performance of
different types of surfaces, which can be utilised to optimise the selection of asphalt
surface suitable for specific loading and climatic conditions.

2 Research Objectives

The primary objective of this study was to develop multi-input linear regression
models to predict deterioration due to repeated traffic loading while asphalt surfaces
were submerged in shallow water. Three asphalt surfaces, namely, hot rolled asphalt
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(HRA), open stone mastic asphalt (SMA) and porous asphalt (PA) chosen because
they are replicate the three high void content, medium void content and low void
content also used as surface layers usually. Each of thesemixtures was producedwith
different sizes of aggregates (6, 10, and 14 mm) and was tested in two environmental
conditions, dry and submerged, and in two frequencies 5 and 10 Hz at 5 kN loading.

In the prediction models, both rutting and cracking were considered as the main
distresses. After developing the model, model accuracy for each type of mixture was
carried out.

This paper is divided into two stages (shown in Fig. 1), in stage 1, summary results
from experimental study is presented. Detail explanation of the experimental set-up
and analysis of results are reported elsewhere (Saeed et al. 2018a). In stage 2, a
brief overview of the model generation from stage 1 experimental data, results and
sensitivity analysis are reported.

Fig. 1 Flow chart of the experimental and modeling work. Note Tread 8SQ refers to 8 mm deep
square tread
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3 Stage 1: Dynamic Compression Test for Surface Damage

3.1 Asphalt Surface Damage Testing

Stage 1 was to investigate the performance of different asphalt surfaces subjected
to concurrent flooding and sinusoidal loading. For this propose, granite aggregate
and a soft grade bitumen 150/100 pen were used for manufacturing test specimens.
In total, 36 C40 concrete slabs (305 mm × 305 mm × 100 mm) with (200 mm ×
200 mm × 50 mm) recessed area at the middle were produced. The recessed area
was filled with asphalt slab. The laboratory test set-up is presented in Fig. 2. The
dimensions of each asphalt specimen were measured and then tested for bulk density
as detailed in BS EN 12697-6: 2003. The actual percentage of air voids of each test
specimen was calculated according to BS EN 12697-8: 2003. The sample properties
are given in Table 1. All mixtures showed representative VC and VMA as required
by the standard.

Three asphalt mixtures, a gap graded hot rolled asphalt (HRA), and two open-
graded mixtures, such as stone mastic asphalt (SMA) and porous asphalt (PA) were
investigated for this research. Each of these mixtures was produced with different
aggregate sizes to evaluate their impact on mixture performance.

Allmixtureswere tested in dry and inwet conditions by applying vertical dynamic
load at 5 and 10 Hz while the asphalt surface was submerged with up to 2 mm water.
All specimens went through overnight saturation before testing. The test results
concerning surface cracking, rutting, and other visual distress such as ravelling,
were measured using digital microscope, camera and straight plate.

Fig. 2 The experimental setup
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3.2 Test Specifications

For each surface type, three specimens were tested in dry condition and three in wet
condition, i.e. specimens are submerged in 2 mm water. The samples were exposed
to a total 20,000 to 40,000 load cycles, depending on the level of damage observed
on the surfaces. All 6 and 10 mmHRA and all SMAmixtures were tested for 20,000
cycles, while 14 mm HRA, 14 mm SMA and 14 mm PA mixtures were tested for
40,000 cycles. The results were collected after each 1000 cycles.

After each 1000 load cycles, a picture was taken by a digital camera and a micro-
scope with 400X magnifications to review surface condition and measure the length
and width of the cracks and other distresses. A build in image processing software
in the microscope was used for the measurement of cracks. The length of the crack
was recorded, marked and accumulated to get a total length of the crack for subse-
quent 1000 cycles. Similar procedure was followed in wet condition testing; accept
after lifting the load device, the asphalt surface was dried by a blotting paper prior
taking any measurement. The measurement of the surface cracking was based on the
distress identification manual from the LTPP study (Miller and Bellinge 2003). The
rutting was also measured after each 1000 load cycles by placing the straight plate
in a plane perpendicular to the load direction and the bottom surface of the plate was
parallel to longitudinal slope of slab surface.

Themeasured cumulative cracking and rutting after each1000cycles are presented
in Fig. 3.

Key conclusions from the experimental study were as follows:

• The presence of water accelerates surface cracking. Compared to the dry state, in
a particular loading cycle, crack appearance on the wet PA was more than seven-
times and was twice in the wet SMA. Least amount of cracking was observed in
HRA mixtures.

• Increasing load frequency leads to accelerated damage both in terms of cracking
and rutting.

• In general, presence of water accelerates rutting in all mixtures and more rapidly
in 14 mm SMA. Furthermore, 14 mm HRA surface appears to perform the worst.
The mechanical properties of the HRA come from the cohesion of the binder
within the fine aggregates, so HRA can be less resistant to internal movement but
it can be better in fatigue crack resistant.

4 Stage 2: Regression Models to Predict Combined Failures

A multi-input deterioration prediction model is generally used to find a relationship
between the dependent variable, which is distress progression or a condition index,
and one or more explanatory variables, such as cracking area, age and ESAL (Lytton
1987; Fwa and Sinha 1986; Kerali et al. 1996, Prozzi andMadanat 2004). To develop
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a) Average cumulative cracking for all 
mixtures tested in dry and wet treated 
condition at 5Hz

b) Average cumulative cracking mixtures tested 
in dry and submerged condition at 10 Hz

c) Maximum rutting for all mixtures at 5Hz d) Maximum rutting for all mixtures at 10Hz

Fig. 3 Average cumulative cracking and rutting mixtures tested in dry and submerged condition

a multiple regression equation of deterioration prediction for cracking and rutting,
the six independent variables, asphalt types, aggregate sizes, test conditions (dry and
submerged), frequency, void contents and load pulses are used. The single equation
of the prediction model is described consequently:

yy = aa1 + aa2x1 + aa3x2 + aa4x3 + aa5x4 + aa6x5 + aa7x6

Where y = cracking/or rutting; x1 = asphalt types; x2 = aggregate sizes; x3 =
weather conditions; x4 = Frequency; x5 = voids content; x6 = no of cycles; aa1,
aa2, aa3, aa4, aa5, aa6 and aa7 = coefficients.

Table 2 shows values used for all independent variables.

5 Results

5.1 Distress Prediction Models

In order to develop multiple regression distress model for all mixture types, the
variables presented inTable 1,were used in the statistical software SPSS (Field 2009).
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Table 2 X values of
independent variables

Independent variables x Value

Asphalt types x1 1= HRA, 2= SMA, 3= PA

Aggregate sizes (mm) x2 6,10,14

Weather conditions x3 0 = dry, 1 = submerged

Frequency x4 5 = 5 Hz, 10 = Hz

Void content (%) x5 Each mixture and aggregate
size with specific void
contents
at the start of testing

Number of load cycle x6 1000, 2000,
……………….,40,000

Table 3 Linear equation of prediction models of cracking and rutting

Distress Prediction model R2

Cracking y = −501.006+ 242.062x1 − 8.0546x2 + 147.062x3 + 31.766x4 −
1.827x5 + 0.012x6

0.716

Rutting y = 7.217−4.277x1+0.044x2+1.551x3+0.091x4+0.268x5+0.00028x6 0.840

The models and their corresponding coefficients of correlation (R2) are presented in
Table 3.

As shown inTable 3, 84 and71.6%correlationwere achieved for rutting and crack-
ing respectively. It is likely that thewidespread crack formationmay have contributed
to the model accuracy. It is interesting to note that, mixture type, voids contents,
weather condition and load frequency have more impact than other variables.

In order to evaluate the accuracy of each model for cracking and rutting, the entire
data set used to develop the prediction model were randomly split into training data
(around 80%) and testing data (around 20%). The training data were used to generate
the prediction models while the testing data were used to validate the models. The
data for both models were split by using SSPS software. SPSS can automatize this
selection process without requiring multiple steps. The process to split training data
and testing data has been repeated to run models five times for both cracking and
rutting to ensure all data were included. The observed rutting and cracking were
plotted against predicted values. The results are shown in Fig. 4.

It can be seen that 84% correlation between measured and observed rutting for
all mixture types. The rutting was predominantly confined in the wheel path and
measurementswere accurate and easier at all load cycles.On the other hand, relatively
low correlation (71.6%) in cracking model was primary due to the measurement
difficulty of widespread cracking in the slab. Despite great care, it was difficult to
identify narrow cracks especially towards the end of the testing. Further improvement
in crack measurement will enhance the model accuracy.
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Fig. 4 Model accuracy for cracking and rutting for each type of mixture

Table 4 Combined equations

Asphalt type Prediction model R2

HRA y = −264.9589− 65.91269x1 + 281.529817x2 + 67.1378x3 +
82.6952x4 + 0.01789x5

0.52

SMA y = 13.5654+ 12.0760x1 − 146.2561x2 − 21.08433x3 + 15.6517x4 +
0.01252x5

0.39

5.2 Combined Deterioration Prediction Model

To develop a combined distress model for each mixture type, further analysis was
conducted by separating each mixture type as both HRA and SMA have different
mechanism of failure. The combined equations for cracking and rutting in HRA and
SMA are presented in Table 4. PA was not included as only one aggregate size was
tested in stage 1.

Where, x1 = aggregate size, x2 = weather conditions, x3 = frequencies, x4 =
voids content and x5 = cycle no.

R2 for all HRAmixtures was found 52%while SMA it has reduced to 39%. This is
because, as explained in the earlier section, themeasurement difficulty of widespread
narrow cracks during laboratory testing. Further improvement of crack measurement
will enhance the model accuracy.

6 Conclusion

Key conclusions drawn from this research are:

• Stage 1: The influence of combinedwater and dynamic loading on surface damage
was successfully simulated in the laboratory environment. The outcome of the test
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has demonstrated promising future for further development as a screening test for
water susceptibility resistance of asphalt surfaces.

• Stage 2: Multi input linear regression models developed from stage 1 data, to
predict distress on asphalt surfaces due to the combined interaction of traffic
loading (frequency and load magnitude) and water. The prediction accuracy of
the model was 84% for rutting, 71.6% for cracking. Combined damage prediction
models yield better accuracy for HRA surface with 52% correlation and, but
prediction accuracy reduced to 39% for SMA surface. The low correlation was
due to themeasurement difficulty of narrow cracks during testing. Despite this, the
models showed promising results for overall distress prediction and with further
development, it could be used as a screening tool for evaluating the performance
of asphalt surfaces when subject to extreme event like prolong rain and traffic
movements.
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