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Introduction

Asphalt materials have been widely used to construct flexible pavements. The
mechanical and chemical characterizations of asphalt binders and mixtures and the
analysis of pavement structures and distresses are of great importance to building
sustainable flexible pavements. The research studies presented in this volume deal
with the works made by pavement researchers and engineers to address the con-
temporary issues in pavement engineering, such as aging of asphalt binders,
applications of rubberized asphalt and epoxy-modified asphalt, performance eval-
uations of warm mix asphalt, mechanical-based pavement structure analysis, etc.
The papers presented in this volume include five studies on asphalt binders, four
studies on asphalt mixtures, and six studies on pavement design and distress
analysis. This volume is part of the proceedings of the 5th GeoChina International
Conference on Civil Infrastructures Confronting Severe Weathers and Climate
Changes: From Failure to Sustainability, HangZhou, China 2018.

Keywords: Pavement engineering • Characterization of asphalt mixtures
Modification of asphalt materials • Pavement structural analysis
Pavement distresses analysis
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Fuel Resistance Asphalt Binder: Mixing
Procedure and Fuel Damage Resistance

Hashim Rizvi1, Y. Mehta1(&), D. Weis2, C. Purdy2, and A. Ali1
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Abstract. Most of the biopolymers are made from animal waste. Animal waste
is treated and converted in a form of glue generally known as Hide Glue or Bone
Glue (BG), which is prepared from animal protein. This study focusses of
developing fuel resistant asphalt using biopolymers i.e. protein based polymers.
A procedure to develop fuel resistant asphalt for commercial use and its per-
formance evaluation was conducted in this study. Mixing procedure of BG was
evaluated and refined and multiple fuel resistance tests were performed to
evaluate the impact of bone glue modification on resistance to fuel of neat
binder. It was determined that BG-binder mixing equipment developed in earlier
studies was appropriate. Optimum BG dosage to develop FRA was found to be
higher than the BG dosage recommended in earlier studies to develop mecha-
nistically better performing asphalt binder. Fuel solubility resistance test was
used to select the optimum BG dosage. Fourier Transform Infrared Spec-
troscopy results proved that water was completely evaporated using the mixing
procedure developed for the preparation of FRA. Fuel damage resistance test
revealed that BG modification not only improved the intermediate to high
temperature characteristics of the neat binder but outperformed the conventional
polymer modified asphalt binder in resistance to fuel damage.

1 Introduction and Background

Asphalt cement is a cementitious material either naturally occurring or produced
through petroleum distillation. Asphalt is a black, sticky, semisolid, and a highly viscous
material at ambient temperature (Brown et al. 2009). The Asphalt binder is used in
construction industry especially in road pavements. Like any other material, asphalt
binder also has some limitations such as; rutting at high temperatures, brittle at lower
temperatures, and soluble in hydrocarbon fuels. High and low temperature problems are
controlled by improving the rut resistance and fatigue performance of the binder,
respectively. However, resistance to hydrocarbon fuel solubility is not well explored.
The asphalt binder chemistry i.e. carbon (>80%), hydrogen (>10%) and sulfur (*5%)
makes it a viscous hydrocarbon i.e. soluble in all petroleum fuels. Therefore, asphalt
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industry uses hydrocarbon fuels to reduce the viscosity of asphalt for lower application
temperatures. This phenomenon is termed as cutback asphalts.

The use of hydrocarbon fuel to develop cutback asphalts is surely an advantage;
however, the solubility of asphalt binder in hydrocarbon fuel is detrimental to pave-
ment sustainability especially where frequent oil spills occur such as: airport taxiways,
aircraft hangers, aircraft gates, car parking lots, private property driveways etc. The
hydrocarbon fuel damages the asphalt binder and in turn, binder loses its binding
strength, which is critical for mixture stability. Resistance of asphalt binder to solubility
in hydrocarbon fuel has been explored by few researchers (Shoenberger 1983; Corun
et al. 2006; Rooijen et al. 2004). Till now, Fuel Resistant Asphalt (FRA) has been
explored as a replacement to the conventional flexible pavement on airport pavements.
A FRA binder was developed by a private firm in the name Sealoflex®SFB 5-JR-50.
The specifications of the binder and development recipe has not been shared; however
it is proven that they used synthetic polymers to develop this FRA (Corun et al. 2006).

This study focusses of developing FRA using biopolymers i.e. protein based
polymers. Most of the biopolymers are made from animal waste (Rizvi et al. 2014,
2015). Animal waste is treated and converted in a form of glue generally known as
Hide Glue or Bone Glue (BG) (Rizvi et al. 2014) (Fig. 1a), which is prepared from
animal protein. The BG has been used to study the effects of BG-modification on
performance characteristics of asphalt binder and it was determined that BG modifi-
cation improved the mechanical and rheological properties of asphalt binder (Rizvi
et al. 2014, 2015). However, Rizvi et al. did not explore the potential of BG-modified
binder as FRA. The concept of using biopolymer to develop FRA is based on the fact
that protein is not soluble in hydrocarbon fuels (Cecil and Louis 1970); therefore,
BG-modified asphalt binder was selected to evaluate its resistance to fuel damage.

It has been a known fact that protein is soluble in aqueous solutions (i.e. based on
water) (Nick et al. 2004). Therefore, the water was used to achieve the homogeneous
mixing of asphalt binder and BG. Rizvi et al. (2014) developed a mixing procedure;
however various equipment, temperature, and mixing times may be explored to
determine the optimum mixing conditions for BG mixing. Moreover, fuel damage
resistance of the BG modified asphalt binder was also explored to determine the

Fig. 1. a Bone glue b BGW mixture heating and c heating mantle d oil bath
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resistance to fuel capability of BG modified binder. In summary, this study explored
optimum mixing conditions, equipment, and fuel damage resistance capabilities of
BG-modified binder.

2 Objectives

The objective of this study is to optimize the mixing procedure of BG and explore the
fuel damage resistance capabilities of BG modified binder.

3 Materials and Testing

Two frequently used binders i.e. PG 64-22 (Un-modified Binder (Neat)), and PG 76-22
(Polymer Modified Binder (PMB)), were selected to be used for this study. The BG
was purchased from local vendor in finely ground form. The fuel used for this study
was automobile 87 octane gasoline (AKI rating 87-Octane).

The mixing procedure was adopted from the Rizvi et al. (2014) and heating
equipment, temperature and mixing time was altered to achieve the optimum mixing
conditions and BG dosage. Procedure developed by Rizvi et al. and alterations to the
procedure are provided in Table 1. The lower BG dosage i.e. 2.5% was eliminated and
30% was added to explore the optimum resistance to fuel damage. Intermediate dosage
was also eliminated i.e. 7.5% because Rizvi et al. proved that 10% was the optimum
dosage to develop BG modified asphalt binder. Mixing equipment was also changed to
determine the effect of equipment. Heating mantle was selected because heating mantle
is simple and easy to use in comparison to oil bath i.e. more expensive, cumbersome
and energy consuming (as it take some time to heat up the oil). Three Mixing tem-
peratures were used: one for heating mantle i.e. 180 °C; two for the oil bath i.e.
140 and 175 °C. The objective of changing the temperature was to reduce the mixing
time. Lastly, two mixing times were selected to determine the optimum time. Rizvi
et al. selected 70 min for 10% and reported that BG dosage and mixing time are
directly proportional to each other. In this study, consistent time was used for all BG
dosages and the temperature was increased and mixing time was reduced to study the
effect. Rest of the mixing procedure parameters were not altered.

Optimum BG dosage was based upon the maximum resistance to fuel solubility
resistance. A fuel solubility resistance test was developed in this study to determine the
optimum BG dosage for fuel solubility resistance by calculating the percentage of
binder lost due to fuel exposure in 3, 6 and 24 h (Table 2). The details of the test are
provided as follows:

• Neat and BG modified binders were heated, poured into sealable pans, and allowed
to cool to room temperature (25 ± 5 °C). Fuel, equal in mass of binder, was added
to the binder and the pan was sealed, weighed, and placed in an environmental
chamber at 25 ± 5 °C. The pans were taken out of the environmental chamber after
3, 6, and 24 h and the liquid (i.e. fuel-binder mixture) was poured. Shaking and
jolting were avoided to minimize variability. A flame-ignition was applied (i.e. not

Fuel Resistance Asphalt Binder: Mixing Procedure … 3



touching the surface of the binder) to let the trapped fuel burn. It was observed that
a very weak flame lasted from two to three seconds on the top of the mixture in pan.
Two consecutive flames-ignitions were introduced in intervals enough to let the
mixture cool down to room temperature (i.e. approximately two minutes). For each
trial, 40 g of binder was used for FSR test because anything greater than 40 g of
mixture combined with the fuel would not fit in the testing tins. The testing tem-
perature was 25 ± 5 °C because it was easy to manage the binder storage and
testing. Furthermore, higher temperatures might be hazardous due to flammable
materials. The pan containing the binder was weighed after the fuel-binder mixture
was spilled to analyze the binder’s resistance to fuel. The fuel solubility resistance
results are measured in terms of percent binder mass loss and are calculated by the
following equation:

PL ¼ Bi � Bf

Bi
�100 ð1Þ

where

PL = Binder loss, %
Bi = Initial binder mass, g
Bf = Final binder mass after testing, g

Table 1. Mixing procedure comparison for BG and asphalt binder

Mixing procedure to make BG-modified binder
Rizvi et al. (2014) Variations in this study

BG submerged in water for 15 min –

Water quantity was two times the weight of BG –

BG-water mixture was heated for 10 min (continuous stir
to prevent burning) (Fig. 1b)

–

BG poured in preheated asphalt binder at 150 °C –

BG dosage (2.5, 5, 7.5, 10 and 20%) 5, 10, 15, 20, 30%
Mixing conducted using oil bath Heating mantle (Fig. 1c) and

oil bath (Fig. 1d)
Mixing temperature 130 °C 180 °C for heating mantle

145 and 175 °C for oil bath
Mixing times 70 min 40 and 60 min

Table 2. Types of test and respective parameters

Description Parameters

Fuel solubility resistance Dissolved percentage of the binder in fuel in 3, 6 and 24 h
FTIR spectroscopy Water peaks
G*-master curve Rheological index (R); cross-over frequency (xc)

4 H. Rizvi et al.



The optimum mixing conditions were based on the complete or maximum evap-
oration of water from the mixture; therefore, Fourier Transform Infrared (FTIR)
spectroscopy was used to trace the presence of water in mixture (Table 2). FTIR test
was conducted using Perkin Elmer Frontier FTIR Spectrometer. The FTIR spectrum of
asphalt composite shows Carbon-Hydrogen stretching and bending frequencies char-
acteristic of a hydrocarbon (Rizvi et al. 2014).

The damage caused by fuel on asphalt was evaluated based on: (1) Comparison of
parameters determined using the G*-master curve of un-soaked and fuel soaked binders
developed using time-temperature superposition methodology; and (2) Comparison of
Fourier Transform Infrared (FTIR) spectroscopy of hydrocarbon fuel peaks between
un-soaked and fuel soaked binder. The concept of fuel damage resistance test was
adopted from Rooijen et al. (2004). However, details and quantities of material and
procedure is provided as follows:

• A 40 g sample of binder was poured into a pan followed by a 40 g sample of fuel,
completely soaking the binder in fuel. The fuel quantity was determined by trial and
error method so that fuel would be sufficient to soak the binder completely. The
pans containing binder-fuel mixture were left unsealed in an environmentally
controlled chamber to let the fuel evaporate at room temperature for five days.
Dynamic Shear Rheometer (DSR) was used to conducted frequency sweep tests at
six frequencies and five temperatures i.e. (0.1, 0.5, 1, 5, 10, 25 Hz & 4, 10, 20, 35,
50 °C). G*-master curves of fuel damaged and undamaged binders were developed
and curve shape, rheological index (R) and crossover frequency (xc) were discussed
to evaluate the effects of fuel damage on performance of asphalt binders (Table 2).

4 Results and Discussion

4.1 Mixing Procedure

Mixing procedure of BG and asphalt binder results proved that due to high stiffness at
20 and 30% dosages, the 20% BG dosage was not workable. Furthermore, at 30%
dosage, binder was not mixable. Therefore, no further mixing trials or testing was
performed using more than 15% of BG dosage and three dosages were experimented
further i.e. 5, 10 and 15%.

4.2 Fuel Solubility Resistance Test

The results of FSR test are provided in Fig. 2. It can be observed that BG15% showed
least binder loss among all dosages of BG proving that 15% is the optimum dosage to
develop FRA. BG modification reduced the binder loss due to solubility in hydro-
carbon fuel up to 41.6% after exposure of 24 h. The percent binder loss of BG15% was
less than neat binder by 20.5, 21 and 41.6% after 3, 6 and 24 h of fuel exposure,
respectively. These results proved that 15% BG dosage approximately doubled the FSR
capabilities of the neat binder after 24 h of fuel exposure. As the time of soaking
increases, the fuel diffuses into the binder and breaks carbon chains causing it to

Fuel Resistance Asphalt Binder: Mixing Procedure … 5



dissolve. This process of diffusion may take hours to complete. It is evident from FSR
test results that initially the diffusion might not be complete; therefore the results show
that after 3 and 6 h, the FSR enhancement is approximately 20%. On the other hand,
when diffusion process was given time, as observed in case of neat binder, where
approximately 90% of the binder was lost after 24 h, the BG modification showed its
real impact and resulted in a two-fold improvement in FSR capability of neat binders.

Figure 2 also showed that 5 and 10% BG dosages did not significantly impact the
FSR capabilities of the neat binder. In order to determine the statistical significance of
the mean differences of the results of three replicates, T-test between neat, 5 and 10%
results were conducted and it was found that all p-values were higher than 0.05,
proving that the mean difference between neat and 5%, and neat and 10% is not
statistically significant. However, the t-test between neat and 15% BGB showed p-
value 0.001, proving that FSR of 15% bone glue modified binder was statistically
greater than neat binder. In summary, the results of FSR test proved that minimum
dosage to observe fuel resistance capabilities is 15%; therefore only 15% BG dosage
was selected for further testing.

4.3 Fourier Transform Infrared (FTIR) Spectroscopy

As mentioned above, 15% BG dosage was selected for further testing; therefore, FTIR
spectroscopy (Fig. 2) was conducted on neat and 15% BGB binders to determine
optimum mixing conditions for BG and binder. Generally, IR spectrum covers a range
of wavelengths from 650 to 4000 cm−1. Peaks in IR spectrum show the stretching and
bending frequencies of different chemical compounds in specific range such as water–
O–H can be observed in a range of 3100–3700 cm−1 (Rizvi et al. 2014) and IR stretch
from 1500 to 1750 cm−1 shows C=O bonding that covers anhydrides, ketones, amides
and. ester. It is essential to note that excess of the C=O bond shows oxidative aging of
asphalt binder (Li et al. 2016). The thermo-oxidative aging decreases the content of
small molecules and increases the content of large asphalt molecules; thus, leading to
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an increase in the average molecular weight and size of the asphalt binders (Li
et al. 2016; Dehouche et al. 2012).

IR spectrum results are provided in Fig. 3. The figure is divided in four sections A,
B, C and D representing combined, equipment, temperature and time effects on
composition of binder, respectively. The water–O–H (3100–3700 cm−1) and C=O
(1500–1700 cm−1) frequency stretch in IR spectrum (highlighted in A) were used to
compare different mixing procedures. Combined spectrum (A) results proved that all
the procedures successfully evaporated up to 99% of water because significantly bigger
peaks cannot be observed in the water–O–H bonding range except B-HM-40 mix,
which represents mix prepared in heating mantle for 40 min. However, significant
peaks were observed in C=O bonding range showing oxidative aging of binder due to
mixing procedure (Fig. 2a; C=O Bonding Zone).

Spectrum B shows that the heating mantle could not completely evaporate the
water at 185 °C in 70 min (blue) as a water peak was found in case of B-HM-40 mix,
as opposed to the B140-40 (mustard),which was prepared using an oil bath. The reason
for this seems to be limited heating zone i.e. only bottom of the beaker was being
heated; whereas the rest of the beaker was exposed to the room temperature. On the
other hand, in the oil bath the beaker was fully submerged in preheated oil providing
direct heating not only to the bottom but also to the sides. This result proved that using
an oil bath is more appropriate a wet mixing procedure.

It can be observed in spectrum C that B175-40 mix, prepared in oil bath at 175 °C
for 40 min, showed a stronger peak in the C=O bonding range in comparison to
B140-40 mix, which was prepared in oil bath at 140 °C for 40 min. IR spectrum
analysis proved the occurrence of extensive oxidative aging at 175 °C, represented by a
green line in the spectrum. However, mix prepared at 140 °C (red) showed no peak in
comparison to Neat binder (black). It was determined that evaporation of total water
content remained consistent at both temperatures; therefore, to achieve the goal of
complete water evaporation while simultaneously avoiding unnecessary oxidative
aging, a 140 °C mixing temperature is optimum for BGB. Effect of mixing time i.e.
spectrum D shows results of neat (black) and two mixes B140-40 (red) and B140-60
(blue), prepared at 140 °C for 40 and 60 min, respectively. Significant peaks observed
for B140-60 in C=O bonding range proved that extended mixing time induced
oxidative aging; whereas, B140-40 did not show any peak in C=O bonding range. This
proved that even a 20 min difference could be significant for oxidative aging. It is
evident from these results that BG should be mixed in oil bath at 140 °C for 40 min.

Fuel Damage Resistance Evaluation

The master curves were developed using the frequency sweep test data and shown in
Fig. 4. The average percentage difference in stiffness over the broad range of fre-
quencies between a pair of unsoaked and fuel-soaked neat, PMB and BG15% binders
was found to be 97, 88 and 76%, respectively. Therefore, the stiffness reduction from
fuel exposure was 30 and 20% lower in BG15% binder in comparison to neat and PMB
binders, respectively. The BG modification enhanced the fuel resistance of neat binder
and showed even better performance than a conventional PMB modified with SBS.

The drop in stiffness due to soaking in fuel is more significant at lower
frequency/higher temperature zone than at higher frequency/low temperature zone

Fuel Resistance Asphalt Binder: Mixing Procedure … 7
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(Fig. 4a–c). This was due to effect of high temperature on viscosity of the binder
providing conducive environment for fuel damage. On the contrary, higher
frequency/low temperature zone is where binder behaves as a solid therefore less
reduction in stiffness was observed due to fuel exposure in all binders. The reduction in
stiffness of the BG15% fuel-soaked binder was found to 11 and 5% less than the
fuel-soaked neat and PMB binders, respectively. Generally, intermediate to high
temperature zone is more critical in terms of fuel damage due to softening of binder and
it was observed that BG modification offered 30% higher resistance to fuel damage.
Nevertheless, bio-polymer showed better fuel resistance in comparison to the con-
ventional synthetic polymers in both high and low frequency zones.

Although PMB showed that fuel damage resistance can also be achieved through
synthetic polymer modification, BG modification surpassed the conventional polymer
modification impact on fuel damage resistance. A possible reason for this is that the
protein based bio-polymer chains are more fuel resistant in nature. The insolubility of
protein-fibrous chains in petroleum fuels provided better resistance to fuel damage in
comparison to conventional synthetic polymer chains.

The master curves of un-soaked binders showed that BG modification showed
approximately 70% increase in stiffness of neat binder at lower frequency and high
temperatures, hence improving rutting performance. The stiffness of BG modified
binders were found to be approximately 30% lower than the neat and PMB binders at
higher frequencies and lower temperatures. Therefore, master curve data proved that
the BG modification did not show improvement in binder properties of neat binder at
lower temperatures. Rheological index (R) and cross-over frequency (xc) were also
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calculated from fuel soaked master curves of the respective binders using the
Christensen-Anderson (CA) model (Christensen and Anderson 1992). The BG modi-
fication enhanced the R value of neat binder approximately ten times i.e. 40–390 kPa.
This shows significant improvement in rut resistance on the neat binder. Please note
that BG15% showed higher R-value than that of the PMB by approximately four times,
which proved that BG15% performed better than the conventional PMB in rut
resistance.

The Cross-Over frequency (xc) represents hardness parameter. BG modification
exhibited more stiffening effect in comparison to neat binder i.e. neat and BG15%
cross-over frequency values were found to be 30 and 17 rad/s, respectively. Therefore,
fuel soaked BG15% was found to be harder than the fuel soaked neat binder. However,
calculated cross-over frequency value of fuel soaked PMB was 12 rad/s. This results
shows that performance of fuel soaked BG15% is better than the fuel soaked PMB at
lower temperature. This shows that fuel soaking has larger negative impact on low
temperature performance of PMB than on 15% bone glue modified binder.

5 Conclusions

This study was focused on developing fuel resistant asphalt for commercial use.
Animal waste, Bone Glue, was selected to be used for this purpose and multiple fuel
resistance tests were performed to evaluate the impact of bone glue modification on
resistance to fuel of neat binder. In conclusion;

1. Optimum bone glue dosage in asphalt binder was found to be 15% to develop fuel
resistant asphalt binder.

2. Mixing procedure developed by Rizvi et al. was found to be viable except change in
mixing time and temperature. It was determined that an increment of 10 °C in
mixing temperature reduced the mixing time to approximately half of the recom-
mended time of 70 min.

3. Oil bath was found to be appropriate mixing equipment for BG and binder mixing
process. Heating mantle was easy to use but the results proved that BG and binder
mixture was not homogeneous and it could also not evaporate the water from the
mix.

4. Fuel solubility resistance was significantly improved by BG modification.
5. It was also proven that BG modification outperformed the conventional synthetic

polymer modification by showing higher resistance to fuel damage. It can be
concluded that BG modification can transform neat binder into a FRA.

6. It was determined that low temperature characteristics of PMB were more affected
by the fuel soaking in comparison to BG modified binder.

7. Master curve results also proved that BG modification significantly improved high
temperature characteristics of the neat binder such as the rut resistance and the
elastic behavior of the binder.

10 H. Rizvi et al.
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Abstract. Rubberized asphalt concrete (RAC) is the pavement material con-
taining asphalt concrete and the crumbed rubber made from the recycled tires.
RAC provides an environmentally friendly alternative to pavement materials.
Thermal segregation caused by temperature differences presented in hot mix
asphalt (HMA) can be used as defect indicators of physical segregation, irreg-
ularities, and low densities. The surface temperature information recorded by a
thermal camera can usually be used as a clue to identify defects shown on the
pavement. Thermography can be used to record the surface temperature infor-
mation. PAVE-IR mounted on a paver is used to monitor the surface temper-
ature of the pavement in real time. However, a roller is employed to visit the
pavement after the paver passed over the pavement. A thermal infrared camera
can immediately have applied to record the surface temperature information
after the roller passed over the pavement. The study proposes an object-based
approach to group those pixels with the similar surface temperatures such that
each thermography can be automatically composed of the limited regions and
the surface temperature distribution in each region is replaced by the average
pixel value of the region. In doing so, the regional boundaries can be extracted,
and the thermal segregation illustrated on the constructed pavement can be
identified after RAC and HMA installed on a mat. Recently, the RAC pavement
was introduced into Taiwan, but its related studies are few. This study did
collect two kinds of field data: one is to immediately collect the thermal infrared
images after RAC installed in a mat, and another one is to immediately collect a
series of thermal infrared image HMA installed in a mat. The proposed approach
offers an efficient and robust way to analyze the collected thermography, and the
analyzed results reveal the important clues to identify the thermal segregation
after RAC and HMA installed in mats, separately. By analyzing the collected
thermal infrared images, the cooling tendencies can be quantitatively described.
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1 Introduction

Remote sensing is a science to retrieve the information about an object through ana-
lyzing the data acquired by a device that is not in physical contact with the object
(Lillesand and Kiefer 2015). Infrared thermography is the product of remote sensing
techniques and is usually used to record the surface temperature of the observed
objects. Infrared thermography is widely used to identify defects presented in objects
by observing the radiant heat pattern (Huang and Wu 2010). For a thermal camera,
radiation is converted to temperature depending on the emissivity value of the speci-
men. Emissivity values are in the range of 0 and 1, and they are defined as the ratio of a
body’s emission spectrum at a given temperature to that of a blackbody at the same
temperature (Plotnikov and Winfree 1998). If the emissivity value is 1, it means that the
test body is a black body; if it is 0, the test body completely reflects all the received
energy. Infrared thermal cameras are designed to record the temperatures transformed
from emissivity values. Changes in the recorded temperatures on thermal images reveal
possible surface flaws (Maldague 2001). Furthermore, those areas in which the surface
temperature information is different with their surrounding neighborhoods can be used
to indicate the locations of the potential defects presented on objects.

Thermal segregation is a phenomenon caused by lack of temperature homogeneity
in the hot mix asphalt (HMA) constituents of the in-place mat of such a magnitude that
there is a reasonable expectation of accelerated pavement distresses (Stroup-Gardiner
and Brown 2000); in another word, the surface temperature information illustrated on
the mat cannot be distributed evenly. Thermal segregation can be classified into two
groups: aggregate segregation and thermal segregation, and both of them can reduce
pavement service life (Song et al. 2009). Aggregate segregation usually can be iden-
tified and observed by employing human visual inspection because of different textures
shown on asphalt mats. As for thermal segregation, it could be caused by placing a
cooler mass into the pavement or observing large temperature differentials because of
insufficient compaction during pavement installation (Adams et al. 2001; Read 1996).
It is difficult to locate those areas with large temperature differentials by employing
human visual inspection. Thermography can accurately provide the surface temperature
information of a large area. Recently, Texas Transportation Institute (TTI) has devel-
oped PAVE-IR to monitor the mat surface temperature of the HMA being placed.
PAVE-IR is used to record the mat surface temperature in real-time such that those
areas with lower surface temperature can be identified immediately and fixed by
placing new HMA from the thermal profile generated by PAVE-IR. Texas Department
of Transportation (TxDOT) applies the thermal profile in the construction specifica-
tions. However, those locations identified with thermal segregation still remain
anomalies in the mat (Sebesta and Scullion 2012).

The paper focuses on analyzing the thermal infrared images taking after a mat had
been rolled. The surface temperature information recorded in thermography provides
an important clue to identifying the locations of thermal segregation. Image segmen-
tation was employed to segment the collected thermal images such that regional
boundaries of the segmented regions can be determined. Traditionally, a penetrating
thermometer is employed to measure the surface temperature information on the few
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sampled points. However, the surface temperature information retrieved by employing
a penetrating thermometer can only provide little information of thermal segregation
occurring on HMA pavement construction because the limited points were measured
by the thermometer. Thermography not only provides the surface temperature infor-
mation of thermal segregation but also offers enough sampled points to reveal the
cooling conditions of pavement construction. Several researchers have proposed dif-
ferent algorithms to analyze thermography by applying image processing techniques:
Weritz et al. analyzed the thermal images with Fourier transform to obtain the phase
image in the frequency domain (Weritz et al. 2005); Abdel-Qader et al. used seg-
mentation techniques to isolate defects near a concrete bridge deck (Abdel-Qader
et al. 2008); Huang et al. applied multilayer segmentation to group those pixels with
similar surface temperature information such that the whole thermography can be
divided into several regions and the temperature distributions in the segmented regions
are homogeneous (Huang et al. 2014). Furthermore, the segmented regions not only
quantitatively give the surface temperature information but also identify the regional
boundaries such that the locations of uneven surface temperature distributions can be
determined. This paper applies the image segmentation on RAC and HMA to identify
those possible areas with thermal segregation, and their surface temperature changes
during cooling status after pavement constructions.

The remainder of this paper is organized as follows. In the next section, the mul-
tilayer level set model is briefly introduced. In Sect. 3 illustrates the segmented results
by employing the multilayer level set approach on real thermal infrared images.
Eventually, some conclusions and related discussions are provided.

2 Segmented Thermography by Employing the Multilayer
Segmentation

The fundamental idea of applying image segmentation on thermography is to partition
a given thermal infrared image into a series of sub-regions such that each sub-region is
homogeneous. In doing so, the surface temperature distributions can be identified and
located in the thermal infrared image. Multilayer segmentation proposed by Chung and
Vese segments the given thermal infrared image according to the pre-defined thresh-
olds such that the pixel values shown in the segmented regions are grouped and
centered by the pre-selected thresholds (Chung and Vese 2010). The multilayer seg-
mentation is numerically implemented by level set functions proposed by Osher and
Fedkiw (2002). In the multilayer approach, let I0 be a thermal image and the two level
set functions are used to segment the image into a series of sub-regions with distinct
level values l1\l2\ � � �\lmf g and k1\k2\ � � �\knf g for /1 and /2 the level set
functions, respectively. Then the energy functions generated by level set functions for
/1 and /2, pre-selected thresholds l1\l2\ � � �\lmf g and k1\k2\ � � �\knf g; and
the regional constants c (the average values of the segmented regions) can be defined as
follows (Chung and Vese 2010):
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where H is the Heaviside function, l[ 0 is a weight parameter, and cij is the
sub-regional constant. The parameter vi is the combinations of level set functions /1

and /2; for an example, v1 is defined as H /1 � lið ÞH liþ 1 � /1ð ÞH /2 � kj
� �

H kjþ 1 � /2

� �
: As for other parameters vi, those parameters can be referred the paper

of Huang et al. (2014). The optimal approximation I derived from the segmented results
can be shown as:
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The level set functions /1 and /2 can be found by employing finite difference such
that initial level set functions will change their shapes to meet the energy minimization
steps by using iteration scheme (Chung and Vese 2010; Huang and Wu 2010; Huang
et al. 2014).

3 Processed Results by Employing Multilayer Segmentation

Thermal infrared camera (Thermo Gear-G120, NEC) was immediately used to record a
series of thermal infrared images such that the surface temperature information shown
on the pavements right after the pavement was rolled. The thermal infrared camera
offers 240 pixels � 320 pixels image sizes with a thermal resolution of 0.1 °C. For a
RAC pavement, the location of 45K of Taiwan Provincial Highway No. 1 was selected,
and a series of thermal images were recorded at 5-min intervals. The recorded date can
be tracked back to May 19th, 2015, and the measured times were from 14:35 to 16:03.
As for an AC pavement, a county road was chosen, similarly, and a series of thermal
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images were recorded at 5-min intervals. The recorded date was June 16th, 2015, and
the measured times were from 11:03 to 12:26. Totally, there were 19 thermal infrared
images for RAC, and 16 thermal infrared images for AC, respectively. In Fig. 1, two
images were selected: one is for RAC, and another one is for AC. Then, the multilayer
segmentation used in this paper was employed to analyze the given thermal images.

The multilayer segmentation is implemented by employing two initial level set
functions /1 and /2; the level set function /1 is defined as follows:

/1ðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þðy� yiÞ2

q
� r ð3Þ

where r is the specified radius. As for the level set function /2, it is generated by
Eq. (3) with several pixels of the centers of the function /1. For simplicity, the
pre-selected thresholds were chosen as the same values for the level set functions /1
and /2. The surface temperature information is transformed to the digital numbers
between 0 and 255. In doing so, the thresholds are set as 0, 20, 50, 70, 100, 150, 200
and 230. The parameter l ¼ 0:005� 256� 256 is selected. With employing those
parameters into the multilayer segmentation, the segmented results are classified by five
classes. The average temperature value of each segmented region is used to replace
pixel values contained in the segmented regions. The same thresholds and parameters
are applied on the RAC and HMA pavements.

The Thermal Image of the RAC pavement Corresponding Digital Image

The Thermal Image of the AC pavement Corresponding Digital Image

Fig. 1. The thermal images of RAC and HMA pavements (240 by 320 pixels), and their
corresponding digital images (960 by 1280 pixels)
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Fig. 2. The segmented results by employing the multilayer segmentation on the RAC pavement,
and the thermal image can be grouped into five classes; the average surface temperatures of the
segmented regions are 90.59, 85.61, 78.39, 69.77 and 58.52 °C

Fig. 3. The segmented results by employing the multilayer segmentation on the HMA
pavement, and the thermal image can be grouped into five classes; the average surface
temperatures of the segmented regions are 81.54, 76.29, 69.15, 63.97 and 52.99 °C
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The multilayer segmentation can divide thermography into a series of sub-regions
such that the temperature distribution in each segmented region is homogeneous. With
employing the multilayer segmentation on the RAC pavements, the segmented results
of the first thermal infrared image were illustrated in Fig. 2; the average surface
temperatures of the segmented regions are 90.59, 85.61, 78.39, 69.77 and 58.52 °C,
respectively. Similarly, the 7th thermal image of the AC pavement are used to analyze
the surface temperature distribution, and the segmented results are illustrated in Fig. 3;
the average surface temperatures shown in the segmented regions are 81.54, 76.29,
69.15, 63.97 and 52.99 °C. Both results show that both sides of RAC and HMA
pavements have the highest surface temperature information. In doing so, the surface
temperature information collected at every interval can be used to describe the cooling
behaviors of RAC and HMA pavement materials. In Fig. 4, it was found that the
surface temperature of RAC will be decreased faster than HMA. However, the cooling
phenomena observed by the analyzed thermal infrared images are more complicate
than the thermal segregation observed by PAVE-IR. The largest differences of the
segmented average surface temperatures are over 30 °C. However, the differences of
the segmented average surface temperature are decreased while the cooling time is
increased.

Fig. 4. The tendencies of the highest and lowest average surface temperatures of the RAC and
HMA
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4 Conclusions

Thermography can be used to illustrating the surface temperature information; the
multilayer segmentation can be used to analyze thermography and provide more
quantitative descriptions for surface temperature distributions. From the segmented
results, the thermal images can be divided into several groups by the surface temper-
ature distributions. In doing so, the surface temperature differentials can be determined
and located. PAVE-IR is employed to monitor the thermal segregation during pave-
ment construction, and those areas with thermal segregation will be fixed. However, a
thermal infrared camera can be immediately installed to monitor the surface temper-
ature distributions of the rolled pavement. Image segmentation proposed in this paper
can automatically group those pixels with the similar surface temperatures such that the
surface temperature distributions can be identified. The distributions could be the clue
to explain why those repaired areas with thermal segregation still have anomalies.
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Abstract. Anti-Stripping Agents (ASAs) are widely used by the asphalt
industry to improve the resistance of asphalt mixes to moisture-induced damage.
The effectiveness of an ASA largely depends on its type, asphalt binder type and
source, binder content, and aggregate type. This study was undertaken to
evaluate the effects of two types of ASA on the rheology, Superpave® Perfor-
mance Grade (PG) and moisture-induced damage potential of a PG 58-28
asphalt binder. For this purpose, the asphalt binder was blended with 0.5% of
two different types of ASA using a high shear mixer. Surface Free Energy
(SFE) components of the binder blends were determined and used to evaluate
work of adhesion, work of debonding and energy ratio values of the
asphalt-aggregate (limestone and granite) systems to assess their
moisture-induced damage potential. It was found that incorporation of the ASA
in the binder slightly increased the rutting resistance. However, no significant
changes in the dynamic viscosity were observed as a result of adding ASA to the
binder. The SFE results revealed that adding both types of ASA to the binder
improved the bonding between the binder and a granite aggregate, indicating a
reduced moisture-induced damage potential, as expected. The moisture-induced
damage potential of the PG 58-28 binder with a limestone aggregate was found
to reduce by using an amine-based ASA. The findings of this study demonstrate
that the SFE-based approach is an effective tool for the assessment of
moisture-induced damage potential of asphalt mixes.

Keywords: Anti-Stripping agent � Superpave® performance grading
Rutting � Dynamic viscosity � Surface free energy � Moisture-Induced damage
And dynamic contact angle

1 Introduction

Moisture-induced damage in asphalt pavements is a serious concern as it leads to
localized bleeding, particle disintegration, shoving, potholes or structural failure
(Kennedy et al. 1983; Brown et al. 2009; Apeagyei et al. 2014). Moisture-induced
damage usually occurs due to lack of either the cohesion resistance of the asphalt
binder or the adhesion between aggregate and asphalt binder which allows water to
penetrate in the asphalt binder-aggregate interface and reduce its strength (Hicks 1991).
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Taylor and Khosla (1983) specified five different mechanisms for adhesion bond failure
and stripping of asphalt pavements. These mechanisms are: detachment, displacement,
spontaneous emulsion (formation of inverted emulsion), increased pore pressure due to
reduction in air voids, and hydraulic scouring under compression and tension cycles.
According to Harnish (2010), development of negative charge in the presence of water
at the surface of asphalt binder (Carboxylic and water interaction) and aggregate (si-
lanol and water interaction) creates repulsive forces at their interface, which leads to
stripping. To enhance the adhesion between the asphalt binder and aggregate or to
reduce the moisture-induced damage susceptibility, use of an anti-stripping agent
(ASA), such as hydrated lime, has been found to be successful (Divito and Morris
1982; Curtis 1990; Solaimanian et al. 1993; Gore 2003; Abo-Qudais and Mulqi 2005;
Lu and Harvey 2006; Hossain et al. 2011; Al-Qadi et al. 2014; Souliman et al. 2014).
However, the effectiveness of an ASA largely depends on the ASA type and amount
used, asphalt binder type and source, binder content, and aggregate type (Pickering
et al. 1992; Hossain and Zaman 2009).

Evaluation of the effectiveness of an ASA in reducing moisture-induced damage
potential of asphalt mixes in the laboratory is generally based on Tensile Strength Ratio
(TSR) test, Lottman Test, Hamburg wheel tracking test, and boiling water test (Divito
and Morris 1982; Al-Qadi et al. 2014; Souliman et al. 2014). None of these tests,
however, incorporates the damage mechanisms (debonding of asphalt binder and
aggregate) noted previously. Therefore, many researchers (see e.g., Cheng et al. 2002;
Hefer et al. 2006; Bhasin et al. 2007; Wasiuddin et al. 2007; Ghabchi et al. 2014) have
employed a mechanistic approach, namely Surface Free Energy (SFE), to evaluate the
moisture-induced damage potential of asphalt mixes. In the SFE technique,
moisture-induced damage potential of an asphalt-aggregate system is evaluated by
measuring the SFE components of both asphalt binder and aggregate and determining
the energy ratio. Birgisson et al. (2004) used the SFE approach and concluded that
energy ratio can detect the moisture-induced damage potential of an asphalt mix, in
presence of an ASA. The present study was undertaken to evaluate the effects of two
types of ASAs on the moisture-induced damage potential of a commonly used PG
58-28 asphalt binder. Also, the Superpave® asphalt binder tests were conducted fol-
lowing applicable standards (AASHTO M 320 2011).

2 Materials and Methodology

2.1 Materials

For this study, an asphalt binder, labeled as PG 58-28, was collected from an Oklahoma
refinery. Also, two different types of amine-based ASAs were collected from two
different sources in Oklahoma, referred to as ASA1 and ASA2. According to manu-
facturers, both additives have specific gravities close to 1.0 and are expected to improve
the adhesion between the asphalt binder and aggregate.
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2.2 Sample Preparation

To evaluate the effects of ASAs on moisture-induced damage of an asphalt mix, the
collected binder was blended with 0.5% of ASA1 and ASA2 using a high shear mixer.
The rotational speed of the mixer was selected as 1000 rpm and the mixing was
performed for 45 min at 145 °C. To evaluate the effect of the short-term and long-term
aging on the asphalt binder blends, Rolling Thin Film Oven (RTFO) and Pressure
Aging Vessel (PAV) were also performed on asphalt binder samples following
AASHTO T 240 (AASHTO 2011) and AASHTO R 28 (AASHTO 2011) standard test
methods, respectively.

2.3 Dynamic Shear Rheometer

The rheological properties of the binder blends, namely complex modulus (G*) and
phase angle (d), were measured at high in-service temperatures (55°, 58°, and 61 °C)
and at intermediate in-service temperatures (16°, 19°, and 22 °C) using a Dynamic
Shear Rheometer (DSR), in accordance to AASHTO T 315 (AASHTO 2011) standard.
These temperatures were selected based on the Performance Grade (PG) of the base
binder, namely high PG −3, high PG, high PG +3. The results were analyzed to
determine rutting factor (G*/sin d) and Superpave® high-temperature Performance
Grade (PG) of the binder blends. To determine the high-temperature PG, a linear
regression analysis was conducted on the G*/sin d values at the selected test temper-
atures. The lower of two temperatures at which G*/sin d = 1.0 kPa for unaged con-
dition or G*/sin d = 2.2 kPa for RTFO-aged condition was selected as the
high-temperature PG of the binder. Similarly, the results at intermediate in-service
temperatures were used to calculate the fatigue factor (G*.sin d).

2.4 Bending Beam Rheometer

The low-temperature grading parameters, namely stiffness (S) and creep relaxation (m),
of the binder blends were measured by conducting Bending Beam Rheometer
(BBR) test in accordance to AASHTO T 313 (AASHTO 2011). The tests were con-
ducted at −18° and −21 °C on PAV-aged asphalt binders. Similar to high-temperatures,
the low test temperatures were selected as low PG and low PG −3.

2.5 Rotational Viscometer

Rotational Viscometer (RV) tests were conducted in accordance to AASHTO T 316
(AASHTO 2011) standard test method to determine the dynamic viscosity of the binder
blends. For this study, the tests were conducted at four different temperatures, namely
135°, 150°, 165°, and 180 °C and at 20 rpm shearing rate. Three consecutive readings
were taken manually at one-minute interval once the temperature reached the set
temperature and viscosity value on the display became constant.
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2.6 Surface Free Energy

The SFE components, namely acid SFE Cþð Þ, base SFE (C�), acid-base SFE CAB
� �

,
Lifshitz-van der Waals (CLW), and total SFE components of the binder blends were
determined from the Dynamic Contact Angles (DCAs) measured using the dynamic
Wilhelmy plate Method. Equations (1)–(3) were used to determine the SFE compo-
nents based on the measured DCA values of the binder with selected probe liquids.
Since Eq. (1) has three unknowns, therefore three different probe liquids, namely water,
glycerin, and formamide, were used for testing. As suggested by Bhasin et al. (2007),
the work of adhesion (WAS), the work of debonding (Wwet

ASW ), and the energy ratio (ER)
were determined using Eqs. (4), (5) and (6), respectively, to calculate the
moisture-induced damage potential of asphalt-aggregate systems.

CL 1þ cos hð Þ ¼ 2
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where, subscripts A, S, W, and L represent the parameters corresponding to the binder,
stone (or aggregate), water, and probe liquid, respectively. Therefore, parameters CAW ,
CSW , and CAS defines the interfacial energy between binder and water, aggregate and
water, and binder and aggregate, respectively. h is the dynamic contact angle between
the binder and the probe liquid.

3 Results and Discussion

3.1 Performance at High Temperatures

The rutting factors of the binder blends measured at high in-service temperatures are
summarized in Fig. 1. The rutting factor was measured for three different samples and
the standard deviations of the results are also presented in Fig. 1. From Fig. 1, the
addition of ASAs to binder blends slightly increased the rutting factor of the binder
blends. This increase was more noticeable (40%) when ASA1 was used as compared to
ASA2 (17%). It is well known that the higher the rutting factor the higher the rutting
resistance. Therefore, one can say that the binder containing ASA1 is expected to have
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the highest rutting resistance followed by the binder containing ASA1 and the neat
binder. After RTFO-aging, both neat binder and the blend containing 0.5% ASA2 were
found to have similar rutting factors, while the binder contacting ASA1 had 20% higher
rutting factor. These results indicated that the use of ASA slightly enhanced the rutting
resistance of the binder blend. However, the selection of the ASA type is important as
the amount of enhancement depends on the ASA type. Gore (2003) and Xiao and
Amirkhanian (2010) also observed an increase in the rutting resistance due to adding
ASA in the binder depending on the binder type, source, and type and amount of ASA.

3.2 Performance at Intermediate Temperatures

All the asphalt binder blends were tested in a DSR to determine their fatigue factor at
intermediate in-service temperatures. The fatigue factor was measured for three dif-
ferent samples and the measured G*.sin d values and the standard deviations are
presented in Fig. 2. As expected, the G*.sin d values were found to decrease with an
increase in temperature. It is well known that the lower the fatigue factor the more
durable the binder and the higher the resistance to fatigue cracking. As shown in Fig. 2,
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Fig. 1. Rutting factors of unaged (a) and RTFO-aged (b) asphalt binders measured at high
in-service temperatures
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the addition of ASAs, irrespective of their types, reduced the fatigue factor by 10%,
indicating an increased fatigue life. These results indicate that the asphalt mixes con-
taining ASA are expected to exhibit an improved long-term performance in the field
compared to conventional mixes, without any additive. Similar observations were
reported by Gore (2003). Souliman et al. (2014) performed DSR tests on PAV-aged
asphalt binder blends containing ASA and found that ASA preserved the elasticity of
the binder during long-term oxidative aging and subsequently reduced the fatigue
cracking. Solaimanian et al. (1993) and Lu and Harvey (2006) also reported good
long-term performance of mixes containing ASA.

3.3 Performance Grading of Asphalt Binders

The measured G*/sin d values using DSR test were further processed to determine the
Superpave® high-temperature PG of the binder blends. Similarly, the BBR test results
were analyzed to determine the low-temperature PG of the binder blends. The high-
and low-temperature PG grades are presented graphically in Fig. 3. From Fig. 3, it is
evident that both high-temperature and low-temperature PG grades of the base binder
slightly increased after it was blended with both types of ASAs. Subsequently, a
slightly improved rutting performance and reduced low-temperature cracking potential
are observed as a result of the addition of ASA. However, none of the ASAs changed
the Superpave® PG of the base binder (PG 58-28). Gore (2003), Selvamohan (2007),
Xiao and Amirkhanian (2010) and Souliman et al. (2014) also observed no change in
the Superpave® PG of the asphalt binders due to the addition of ASA to the binder.

3.4 Dynamic Viscosity of Asphalt Binders

The measured dynamic viscosities of the binder blends at the selected test temperatures
are shown in Fig. 4. The dynamic viscosity was measured for three different samples
and the standard deviations were calculated, as shown in Fig. 4. From Fig. 4, the
addition of ASAs, irrespective of their types, did not significantly affect the dynamic
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Fig. 2. Fatigue factors of PAV-aged asphalt binders measured at intermediate in-service
temperatures
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viscosity of the binder blends. A marginal variation was observed at the lowest test
temperature of 135 °C. Gore (2003), Selvamohan (2007), Xiao and Amirkhanian
(2010), and Souliman et al. (2014) also reported similar observations.

3.5 Surface Free Energy Components of Asphalt Binders

The calculated DCAs of the binder blends with water, glycerin, and formamide are
presented in Table 1 along with their standard deviations. From Table 1, it is evident
that the addition of ASA2 did not significantly affect the DCAs of the base binder.
However, ASA1 reduced the measured DCA values of the binder blends. A probe
liquid can wet the surface of the asphalt binder only if the measured DCA is less than
90° (Shafrin and Zisman 1960). During this study, only the binder containing ASA1
with formamide was found to have a DCA value less than 90.

The calculated SFE components of the binder blends using Eqs. (1), (2), and (3) are
presented in Table 1. The results indicated that, in general, the addition of ASA
increased the total SFE of the base binder and therefore, it requires a higher energy to
break the bond between the binder molecules (Moffat 2003). However, ASA1 was
found to increase both acid SFE and base SFE components of the binder. ASA2 did not
significantly change the base SFE component, but decreased the acid SFE component
of the binder. According to Arabani et al. (2012), a change in the SFE component of the
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asphalt binder can impact its interaction with an aggregate; however, cannot quantify
the moisture-induced damage potential of an asphalt mix. Therefore, the work of
adhesion, the work of debonding, and the energy ratio were determined which provides
a better estimate of the moisture-induced damage potential than the SFE components
alone (Bhasin et al. 2017).

3.6 Work of Adhesion, Work of Debonding, and Energy Ratio

The work of adhesion, work of debonding, and energy ratio values were determined for
binder blends with both limestone and granite aggregates, as presented in Fig. 5.
The SFE components of the limestone and granite aggregates in Table 1 were adopted
from the available literature (Ghabchi et al. 2014; Buddhala et al. 2011). The results
indicated that the binders had a higher interface bond strength with granite aggregate
because of higher work of adhesion and energy ratio and a lower work of debonding
with granite aggregate than those with limestone aggregate. For example, the energy
ratio of the neat binder with granite aggregate was found to be 1.8, which is 300%
higher than that for limestone aggregate. Therefore, granite aggregates in an asphalt
mix may result in a less moisture-induced damage potential compared to mixes con-
taining limestone aggregates. Other researchers have also reported the similar finding
(Ghabchi et al. 2014; Moraes et al. 2017). Also, the asphalt binder containing ASA1
had higher work of adhesion (114.3 mJ/m2) and energy ratio (2.2) and lower work of
debonding (53.1 mJ/m2) with granite aggregate in comparison to other binders.
Therefore, the asphalt binder containing ASA1 is expected to have higher adhesion
strength at the aggregate and asphalt binder interface and lower moisture-induced
damage potential. In summary, the use of ASA1 resulted an improved resistance of
asphalt binders to moisture-induced damage with both limestone and granite aggre-
gates. On the other hand, use of ASA2 in binder blends resulted in an increase in
resistance of asphalt binder to moisture-induced damage with granite aggregate.

Table 1. Dynamic contact angle and surface free energy components of the asphalt binders

Binder
type

Additive
type

Dynamic contact angle (°)

Water Glycerin Formamide
Average Standard

deviation
Average Standard

deviation
Average Standard

deviation

PG
58-28
OK

– 110.2 0.1 99.9 0.1 93.6 0.3
ASA1 102.7 0.4 93.1 0.6 87.9 0.8
ASA2 109.4 0.6 99.6 0.3 92.5 0.8

Surface free energy components (mJ/m2)
C+ (Acid) C− (Base) CLW (Non-polar) CAB Ctotal

PG 58-28 OK – 0.15 0.74 14.09 0.67 14.76
ASA1 0.63 2.05 13.47 2.27 15.75
ASA2 0.02 0.81 16.64 0.26 16.90

Limestone – 17.50 741.40 51.40 227.80 279.20
Granite 24.10 96.00 133.20 96.20 229.40
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4 Conclusions

This study evaluated the performance of two-different types of ASAs on the rheology,
dynamic viscosity, and moisture-induced damage potential of a PG 58-28 asphalt
binder. It was found that the addition of ASA to binder slightly increased the
high-temperature continuous PG and resistance to rutting of the binder blends. Also,
the use of ASA did not affect the dynamic viscosity of the binder. An improvement in
the resistance of the selected binders to moisture-induced damage was observed with
both limestone and granite aggregates, as a result of using ASA1 in binder blends.
However, ASA2 increased the moisture-induced resistance of the binder with granite
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aggregate. The use of ASA1 was found to be more effective in enhancing the adhesion
and increasing of the resistance to moisture-induced damage potential when limestone
aggregate is used in a mix.

It is important to note that this study considered one binder, two ASAs, and two
different types of aggregates. A similar study is needed to be conducted using the local
materials from other regions before the findings of this study can be generalized for
other regions. Additionally, it is recommended to develop the master curves of the
binders after conducting DSR tests at different frequencies and temperatures in another
study.
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Abstract. Early fatigue cracking of the pavement was frequently observed on
bridges with relatively thin decks of orthotropic design, particularly in hot cli-
mates. This study investigates the possible use of epoxy asphalt to stiffen a thin
steel deck and mitigate flexural and fatigue failure. Three different epoxy asphalt
binders were used and two pavement mix designs were employed. The binder
and pavement mixture properties were evaluated with direct tensile test and
pull-off strength test on the binder, Marshall and flexural fatigue tests on paving
mixture with steel plates. Test results show that a relatively high modulus binder
and a relatively stiff pavement can effectively reduce the composite’s deflection
and improve fatigue resistance. Binder adhesion to the aggregate in the com-
posite seems to play a pivotal role and the strength of this bond may have a close
relationship with the stiffness of the pavement.

1 Introduction

For more than 60 years, hundreds of orthotropic steel deck bridges have been suc-
cessfully employed throughout the world. However, it is recognized that orthotropic
bridges have not been problem-free historically. Pavement fatigue cracking has been
observed frequently in such decks resulting from the complicated welded details
combined with stresses that can be more difficult to quantify and, in particular, early
designs which attempted to overly minimize plate thickness to reduce weight (FHWA
2012). Mainly because the inappropriate deflection-to-span requirement for early
orthotropic bridge design, approximately 1/500, many bridge deck plates were
designed only about 10–12 mm thick, while the stiffening rib spacing are 300 mm
(AISC 1963). These may include the Auckland harbor bridge in New Zealand, Port
Mann Bridge in Canada, Severin Bridge in England and many else. With rapid increase
of vehicle weight and traffic volume nowadays, deflection of these thin deck bridges
become higher and flexural fatigue cracking can easily occur on bridge pavement and
even influence steel deck and leads to the fatigue of metal (FHWA 2012; Murakoshi
et al. 2012). The purpose of this study is to find out the best bridge pavement material
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that can be used for the rehabilitation of thin deck orthotropic bridges and mitigate
fatigue crack failure.

Bridge pavement design for orthotropic steel deck has followed divergent
approaches. Guss asphalt system generally are multi-layer structures often in excess of
76 mm thickness using conventional or polymer-modified asphalt binder. The
multi-layer structure can hardly meet the weight and density requirement for such older
orthotropic bridges, take in account the dead and live load capacity of thin steel deck.
America’s epoxy asphalt material, on the other approach, is used in this study and the
bridge pavement thickness can be designed to about 40 mm or less. Most epoxy asphalt
pavement installations have exhibited excellent performance, after years of field per-
formance survey and monitoring (Gaul 1996; Lu and Luo 2010; Jia et al. 2016).

Epoxy asphalt is thermoset, which means that it does not melt at high temperatures.
Epoxy asphalt comprises two parts. Part A is epoxy resin and Part B contains asphalt,
curing agent and suitable additives. After Part A and Part B are mixed according to a
stoichiometric ratio to initiate the chemical reaction which ultimately leads to a
cross-linked polymer structure, which can provide high stiffness, strength and adhesion
in the composite. The encapsulated asphalt in the polymer structure act as an extender
and possibly contributes to the flexibility of the viscoelastic structure. The material not
only being used for bridge pavement, modified epoxy asphalt has also been used for
pervious pavement, chip seal and other applications (OECD 2017; Alabaster et al.
2008, 2012; Wu et al. 2017).

2 Test Methodology

To the pavement technologist, orthotropic steel decks with their inherent flexibility
present a particular challenge. The design of the wearing surface must take into account
the flexibility of the deck, pavement mixture stability, density and weight, fatigue under
heavy traffic load, as well as the skid characteristics. The following laboratory test
methods were used to evaluate the epoxy asphalt and mixture properties:

• Binder direct tensile test, which gives the mechanical characterization of binder in
tension.

• Marshall stability test, which is can assess the stability of the pavement immediately
after placement and upon full cure.

• Flexural beam fatigue test, measures the effects of repetitive loading on the steel
plate and the pavement.

• Pull-off test, measures the binder bond strength to the steel plate and gives an
indirect indication to the strength of the bond to the aggregate.

3 Experimentation and Analysis

Asphalt binders do not have a tensile strength in the conventional sense because they
are viscous and are in semi-liquid state even in room temperature. Epoxy asphalts
become thermoset when the binder is fully cured and the polymer structure is built
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up. The typical laboratory process to reach full cured condition for epoxy asphalt is at
121 °C for 4 h. At room temperature, it usually takes up to 60–90 days to reach a
similar physical condition in the field. Direct tensile strength test—ASTM D 412
usually used in elastomer and rubber were adopted to use in here. Figure 1 shows the
full cured epoxy asphalt binder under direct tension at the testing speed of 50 mm/min.
Three types of epoxy asphalt binders were used and 6–9 samples were tested for each
binder type. Table 1 shows the tensile strength properties of the three epoxy asphalt
binders in full cured condition.

As can be seen, Type A epoxy asphalt is a softer binder with lowest modulus, while
Type C binder is much stiffer and higher in molecular weight. However, all three types
of epoxy asphalts give similar elongation before rupture under direct tension, which
means that although Type B and C binders are much stiffer, they do not lose much
flexibility or ductility. Modulus above 100% elongation is not considered, because it is
more likely in nonlinear stress-strain relationship and greater strain above 100%
probably cannot be accommodated in the mixture under real load condition. All testing

Fig. 1. Rubber and elastomer tensile strength test-ASTM D412 for full-cured epoxy asphalt
binder a before the tensile test; b during the tensile test before rupture
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was conducted at room temperature—23 °C. Time to 1000 cps is the viscosity con-
dition of the epoxy asphalt after mixing and is an indicator of a recommended time
length that the epoxy asphalt mixture should be delivered and placed on the bridge
deck after production. A shorter time to 1000 cps viscosity usually means a shorter
operational time for epoxy asphalt, and above a certain operational window, material
could become too cured and harder to work with.

Mix design were attempted for both dense graded (DSG) mix and stone mastic
asphalt (SMA) mix with 9.5 mm (3/8-in.) maximum size aggregate, that is, 100%
passes the 12.5 mm (1/2 in.) sieve. Aggregate size distribution for the two designs are
shown in Fig. 2. It is noted that the DSG gradation is very close and parallel to the
maximum density line, while the SMA aggregates have a larger percentage retained on
4.75 mm (#4) sieve. The DSG uses 100% high quality basalt aggregates from China,
while the SMA mixture contains 23% lightweight slate crushed fines. The philosophy
of SMA is to use high quality coarse aggregates with stone-to-stone contact. However,
lightweight aggregates were introduced in this mix to help reduce the density and
weight of bridge pavement, and coarse stone mastic structure can provide a rougher
surface texture and better skid resistance at the same time. The Marshall Method of Mix
Design is used for stability, flow and void analysis for the two types of mixtures, and
the optimum binder content were determined based on the lowest air voids of com-

Table 1. Tensile properties of epoxy asphalt in full cured condition

Type A Type B Type C

Tensile strength (MPa) 7.1 10.3 19.4
% Elongation 228.5 248.5 238.5
Modulus @100% elongation (MPa) 1.42 2.98 4.33
Viscosity increase to 1000 cps @ 121 °C (mins) 32 41 54

Fig. 2. Aggregate size distribution for dense grade and stone mastic mixture
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pacted samples. The optimum binder content for DSG mixture is 6.1% by weight of
mix, and SMA is designed rich in binder with 7.5% binder content.

Marshall stability for uncured epoxy asphalt mixture is generally used to estimate
when the bridge pavement can be open for traffic and a minimum 8.0 KN is required
for uncured Marshall stability according to the MS-2 handbook (Asphalt Institute
1979). As can be seen in Table 2, both mixtures with the three types of binders all meet
the stability requirement and the bridge pavement can open to traffic in 12 h after
paving. Full cured Marshall stability (with an additional 4 h conditioning in the oven at
121 °C) were not tested, because full cured mixture with Type C binder may easily
exceed the stability ring measurement capacity at 90 KN. A minimum of 3 Marshall
samples were made, and the density of the DSG samples are around 2.60 g/cm3 and it
is about 2.27 g/cm3 for SMA with lightweight aggregates added. Both mixtures give
air void content less than 3%, in which water permeability and moisture damage do not
need to be considered. The density of SMA is about 13% lighter than the DSG and can
reduce the deadweight by 13 kg/m2 based on 40 mm lift thickness of the wearing
surface.

Experimentation with the interaction of composite wearing surface and steel deck
structure is the most important test content. According to the finite element analysis
performed by Seim and Ingham (2004), the curvature of the bridge deck is greater
transversely than longitudinally under loading, and stresses are also higher in this
direction. Both peak compressive stress and tensile stress would occur on the top fiber
of the wearing surface, directly under the load. The peak shear stress is also directly
under the load, on the bottom fiber where the wearing surface is bonded to the deck
plate. The stress distributions are illustrated in Fig. 3a, b, adopted from Seim and
Ingham (2004). To best simulate the stiffener-to-stiffener deflection of real bridge deck
plate and wearing surface under load, a simplified small-scale experiment model was
designed. A steel plate in 380 mm long by 100 mm wide size and 11 mm thick was
fabricated, two stiffeners were welded on each end of the plate and extend out about
40 mm, so that the composite beam can be placed on the test machine firmly. Steel
plate span/spacing between two stiffeners are 300 mm long. The schematic of the
testing steel plate is shown in Fig. 3c. Composite beam samples were made in three
steps: bond coat material was spread on steel plate first, then, hot epoxy asphalt mix
were placed onto the bond coat, compacted in a mold and then fully-cured in the oven
at 121 °C for 5 h. Finally, extrude the composite beam specimen out of the mold, and
ready for the beam fatigue test. Thickness of the mixtures are all 40 mm (±1 mm), and

Table 2. Marshall values of uncured epoxy asphalt mixtures

Type A binder Type B binder Type C binder

Dense graded mixture Density (g/cm3) 2.608 2.593 2.590
Stability (KN) 11.7 13.1 13.9

Stone mastic mixture Density (g/cm3) 2.285 2.275 2.280
Stability (KN) 8.4 9.8 12.1
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the density of the beam is close to that of Marshall compacted samples. Figure 3d
shows the completed composite beam specimens for both DSG and SMA epoxy
asphalt mix as well as the surface texture for the two types of mix. A 3 KN load at the
midpoint was given for the preconditioning and residual stress relieve purpose in the

(a) (b)

(c) 

(d) 

DSG SMA

stiffeners

Fig. 3. Composite action of wearing surface and steel deck plate: a tensile and compressive
stress distribution, b shear stress distribution c schematic of steel plate for testing, d completed
composite beam specimen e beam flexural fatigue test equipment
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first 50,000 cycles. Then a 5 KN load and 10 Hz frequency were used to test the beam
until it fails or passes 12 million cycles. Figure 3e shows the composite beam test
specimen and test equipment. Composite beam was tested in a temperature controlled
chamber at 23 °C. Load force was applied to the steel plate directly, which is
upside-down comparing to real vehicle load. Both the steel plate and epoxy asphalt mix
deflect and recover together as elastically to withstand the given loading energy and
also distribute the energy to adjust two stiffeners. Deflection values in Table 3 were
recorded at around 300,000 cycles, by the time, deflection become fairly constant and
before fatigue failure start to set in.

Fig. 3. (continued)

Table 3. Results for beam flexural fatigue test in full cured condition

Type A binder Type B binder Type C binder

Dense graded mix
Initial flexural stiffness (N/mm) 12,575.8 22,701.7 25,991.5
Final flexural stiffness (N/mm) Failed 18,787.0 21,349.0
Fatigue performance (cycles) 2.0 million 12 million 12 million
Beam deflection (mm) 0.138 0.116 0.098
Stone mastic mixture
Initial flexural stiffness (N/mm) 12,671.7 20,816.4 24,738.8
Final flexural stiffness (N/mm) Failed 15,624.4 19,280.1
Fatigue performance (cycles) 0.8 million 12 million 12 million
Beam deflection (mm) 0.160 0.122 0.112
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The factors of temperature and pavement thickness are not considered. The com-
posite effect has been analyzed on two different steel plate thicknesses (11 and 16 mm)
and pavement layer thicknesses is 40 mm.

The fatigue resistance seems to be related to stiffness, as can be seen in Table 3.
The better performing of mixtures for fatigue resistance all have extremely high
stiffness, which may come from the higher stiffness binder used (binder B and C) as
well as the dense and stable mixture structure. Mixture is considered extremely good in
fatigue resistance if the beam can pass 12 million cycles without reducing 50% of
initial flexural stiffness. Final flexural stiffness was also recorded, as can be seen, none
of them is reduced to 50% or less. Fatigue failure is defined as 0.5 mm midpoint
deflection is reached and visible cracking can be seen often. Although Type A binder
has good elasticity, this softer binder does not give enough fatigue resistance and
suffered higher deflection. The similar phenomenon—stiffer epoxy asphalt mixture lead
to lower steel deck deflection was also observed in other studies using various testing
temperature, test frequency and wearing surface thickness (Seim and Ingham 2004;
Yao et al. 2013). It can be seen that the deflection-to-span ratio ranges from 0.0004 to
0.0005 for Binder B and C beam samples. The value is lower than the 1/1200 (0.0008)
deflection-to-span ratio specified in the new version of AASHTO bridge design
specification (AASHTO 2010). This may indicates that it is practical to stiffen the steel
deck and improve bridge pavement performance by using extreme high strength epoxy
asphalt material.

The result—stiffer binder can provide better fatigue resistance is more or less
contradictory to many previous studies that as the asphalt become oxidized and stiffer,
the visco-elastic properties and fatigue resistance would greatly reduce (Islam and
Tarefder 2015; Tang et al. 2015). This may be mainly due to the loss of adhesion and
gain of rigidity after oxidation for conventional asphalt binder. To make it clear, the
words “rigid” and “stiff” reflect different meaning and physical characteristics in this
study. The cured epoxy asphalt binders with a 3 dimensional and continuous polymer
structure become very stiff and greatly resistant to deformation; while aged asphalt
binders become brittle and rigid, undergo no deformation and easier to crack under
force.

Binder adhesion test was also conducted in this study. Direct measurement of
binder and aggregate adhesion is difficult, mainly because of the aggregate’s irregular
shape and different sizes. Two types of pull-off test were done following a modified
ASTM D 4541 method. In the first test, binder was sandwiched in between two pull-off
steel tabs in 20 mm diameter (see Fig. 4a). In the second test, the pull-off tab was
bonded on smooth cement mortar substrate, which is made of standard-graded Ottawa
sand and Portland cement mix (Fig. 4b). To avoid neat epoxy asphalt binder flow out
before hardening, samples were conditioned in a lower oven temperature at 60 °C for
three days to reach full cured condition. Pull off tests were performed in room tem-
perature (23 °C) and the test speed is 1.27 mm/min. Table 4 shows the pull-off bond
strength for the three types of binders, and the pull-off bond strength is commonly
referred to as “adhesion”. Obviously, epoxy materials have the best adhesion to the
steel as shown in Table 4. The binders also give good adhesion to cement mortar. The
adhesion to cement mortar provides us an indirect indication of the binder bond
strength to the aggregates as well. Studies in the University of Wisconsin-Madison
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show that, conventional asphalt binder and polymer-modified asphalt usually have an
adhesive strength in between 1.5 and 2.5 MPa on limestone aggregates tested by
Bituminous Bond Strength Test machine (Bahia et al. 2012), and the crumb rubber
modified asphalt usually has an even lower adhesive strength (Bahia et al. 2012; Huang
et al. 2016), as the crumb rubber is not an adhesive material and can hardly depoly-
merize homogenously in base asphalt.

If we compare the testing values from Tables 1 and 3 with Table 4, it can be easily
noticed that, the adhesion measured by pull-off strength test seems to have a consid-
erable influence and linear relationship to the modulus of epoxy asphalt binder as well
as the stiffness of the beam sample. The correlation charts were made in Fig. 5. It is
highly possible that the fatigue resistance and durability come from the adhesion
properties of epoxy asphalt binder. However, the mechanism is not fully understood
and more tests will be conducted to confirm the correlation in the future. In addition, all
three tests, including binder tensile strength test, beam flexural fatigue test and pull-off
bond test, were conducted in same temperature and should be comparable with no bias.
Figure 6 shows the failure pattern after pull-off test. The figures further illustrate that
Type A epoxy asphalt, like most conventional and polymer-modified asphalt, would
have the adhesion failure mainly occur inside the thin bond layer, while the Type C
binder have an adhesion failure totally from the aggregate and cement substrate.

Fig. 4. Pull-off test samples for full cured epoxy asphalt: a steel to steel adhesion, b steel to
cement mortar adhesion

Table 4. Pull-off bond strength test for epoxy asphalt in full cured condition

Type A Type B Type C

Steel to steel (MPa) 4.88 8.77 9.55
Steel to cement mortar substrate (MPa) 1.75 5.19 6.03
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Fig. 5. Correlation among pull-off bond strength, binder modulus @ 100% elongation, and
beam flexural stiffness

Fig. 6. Cement mortar substrate after pull-off test (left-Type A binder, middle-Type B binder,
right-Type C binder)
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4 Conclusions

Experimental results demonstrated good correlation of epoxy asphalt pavement on thin
steel plates, particularly fatigue resistance, with specific physical bulk properties of the
binder. Two major findings in this study are (1) Beam flexural fatigue tests show that a
stiffer binder and mixture can effectively reduce deflection of the composite beam and
improve the fatigue resistance of the bridge pavement without further increase pave-
ment layer thickness and weight; (2) Binder adhesion to the aggregate matrix seems to
play a pivotal role and the adhesive bond strength could have a close relationship with
the beam flexural stiffness as well as the binder elastic modulus in low strain range.

The study also support that epoxy asphalt product can be used on extremely thin
steel deck plate (11 mm or even less), to help stiffen the deck plate, mitigate fatigue
problems on bridge pavement and steel deck. Type B epoxy asphalt seems to be the
optimal binder for use in the job site, with an extended service time, which can give a
longer time window for transportation and paving. Lightweight epoxy asphalt mixture
with rich binder content were also developed that are good in fatigue resistance. This
system can help reduce the dead weight by 13–15% and provide better skid resistance
for bridge pavement.
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Abstract. Asphalt binders remain exposed to aging from mixing and placement
operations throughout their service life. The aging process is a chemical event,
often known as oxidization, which hardens asphalt binders by causing changes
to their chemical compositions. Stiffening also occurs when they are modified
chemically to make them fit in certain environmental and loading conditions.
Aging can accelerate stiffening of the modified binders because of the simul-
taneous presence of the modifier and oxidizing agents. This study evaluates the
changes in the chemical fingerprints of asphalt binders in terms of their Satu-
rates, Aromatics, Resins, and Asphaltenes (SARA) fractions and Fourier
Transformation Infrared Spectroscopy (FTIR)—based functional groups. Two
selected performance grade (PG) binders (PG 64-22) modified with Polyphos-
phoric Acid (PPA) and Styrene Butadiene Styrene (SBS) have been subjected to
Rotational Thin Film Oven (RTFO) and Pressure Aging Vessel (PAV) aging.
Asphalt binders from two different crude sources modified with different per-
centages of PPA, SBS and a combination of PPA and SBS were considered in
this study. Due to the aging effects, the modified asphalt binders became
abundant in solid phase than the unaged binders at a lower modification level,
which in turn made the binders stiff. The changes in pattern were different for
binders from two different crude origins. The findings from this study can help
setting guidelines for level of chemical modification to asphalt binders.

1 Introduction

Asphalt binder is complex mixture of numerous hydrocarbons. The chemical com-
plexity of asphalt binder is inherited from the maturation of the ancient living organ-
isms, which is very susceptible to chemical oxidation by reaction with the atmospheric
oxygen. The oxidative aging causes a mass embrittlement of asphalt binder, which is
not desirable as far as the serviceability is the concern. Oxidation is also influenced a
great deal by the mineral aggregates that stay together with the asphalt binder in the
mixture and act like a mineral catalyst toward oxidation (Petersen 2009). Although,
oxidation is not the sole cause of the mass embrittlement of the asphalt binder, it is still
an area to be research on. The aging of asphalt binder happens when heat and air (i.e.
oxygen) are present together. The pavement temperature is usually higher than that of
the ambient temperature, since it absorbs all the heat around and thus becomes highly
susceptible to oxidative aging. The sensitivity of asphalt binder to oxidative hardening

© Springer International Publishing AG, part of Springer Nature 2019
K. Zhang et al. (eds.), Testing and Characterization of Asphalt Materials
and Pavement Structures, Sustainable Civil Infrastructures,
https://doi.org/10.1007/978-3-319-95789-0_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_5&amp;domain=pdf


is widely variable with the asphalt source and its chemical compositions (Petersen
2000). The Zaca-Wigmore experimental road test is regarded as the classic demon-
stration of this source dependence (Hveem et al. 1959). This aging, though happens
during hot summer days, influences the low temperature susceptibilities of an asphalt
binder. A pavement with less elasticity is vulnerable to traffic loadings. Sometimes,
loading is not necessarily required for a crack to occur during the winter days.

An asphalt binder is often modified to achieve some rheological improvement both
in the cases of low and high temperature seasons. According to the National Center for
Asphalt Technology (NCAT), some of the specific reasons that justifies a modification
of asphalt binder includes stiffening binders and mixtures to minimize rutting and
softening the binders at low temperatures to improve the relaxation properties and
strain tolerance (King 1999). With that motive, asphalt binder is often supplied to the
highway agencies with chemical modification. Polyphosphoric Acid (PPA) and Styrene
Butadiene Styrene (SBS) are some of the modifiers that have long been used in asphalt
modification by refineries to achieve those above-mentioned superiorities. However,
with all these modification asphalt binder is in fact pushed a little further toward the
oxidative aging. The aging that might cause the hardening through molecular associ-
ation in an unmodified binder can get a head start with the stiffening effect of these
modifiers. It is very likely to expect the detrimental effects way before the termination
of the life of a pavement. Therefore, the effect of aging on chemically modified asphalt
binders are needed to be explored from an engineering point of view.

2 Literature Review

Asphalt binder is analyzed based on the family of like chemical compounds namely
SARA fractions due to its inherent chemical complexity from the crude parent. The
families are termed as Saturates (S), Aromatics (A), Resins (R), and Asphaltenes (A).
All these compounds stay together as a mixture. The molecules in the complex mixture
stay as agglomerates and bonded together by polar association forces such as hydrogen
bonding and dipole moments (Petersen 2009). As temperature increases, this polar
association forces gets weakened and broken and eventually increase the global
hardening of the asphalt binder. The saturates fraction is a light straw colored oil,
primarily hydrocarbon in nature and having a little aromaticity. The saturates fractions
highly resistant to ambient air oxidation (Corbett and Merz 1975). The other three
fractions remains at a trend of moving from more non-polar fractions to more polar
fractions. The oxygen containing functional groups are formed due to this oxidation
reaction. The amount of ketones that form due to oxidation is linearly related to the log
viscosity of the asphalt binder (Lee and Huang 1973; Epps et al. 1986). Although the
Asphaltenes fraction has been considered to be chemically inert by some researchers
(e.g., Rostler and White 1959), the data presented in many literatures indicates that
Asphaltenes are inherently extremely reactive with oxygen.

The aging of bitumen can be categorized into two groups. The main aging that
happen due to oxidation is a irreversible process and ends up resulting in changes in the
rheology of the binder. The other is termed as reversible one, which is the physical
hardening (Bahia and Anderson 1993). The physical hardening may be attributed to
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molecular structuring which implies that the reorganisation of bitumen molecules (or
bitumen microstructures) to approach an optimum thermodynamic state under a
specific set of conditions (Branthhaver et al. 1993). The bitumen aging is a very
complex process, which includes multiple variables as a aging contributor. The bitu-
men aging happens during the handling and storage operation as well as in field
exposure for a longer period. In storage tanks, the asphalt is kept heated all the time so
that it remains sufficiently fluid and ready to be used. The other variables that govern
the aging are the mix, nature of aggregates, and even the particle size distribution, void
content of the mix, production related factors, temperature and time. All these factors
operate at the same time making the process of aging very complex (Lu and Isacsson
2002).

PPA and SBS have long been used in asphalt modification by refineries while some
state departments of transportation (DOTs) have bans on PPA alleging it to be the
cause of some premature pavement distresses such as striping. However, PPA and SBS
have some beneficial implications too. PPA is an oligomer of H3PO4, which is obtained
through dehydration of H3PO4 at high temperatures or by heating P2O5 dispersed in
H3PO4 (Jameson 1959). SBS is an elastomer, which is frequently used in asphalt
modification. SBS increases the kinematic and dynamic viscosity values of asphalt
binders (Lu and Isacsson 1997). The aging induced the changes in the components of
base binder and degradation of the SBS modifiers (Wu et al. 2009).

The aging is an oxidation phenomenon and this oxidation causes the formation of
certain functional groups such as carbonyl and sulfoxides in asphalt binder (Lu and
Isacsson 2002). The degree of formation of carbonyl and the sulfoxide functional
groups can easily be identified using FTIR spectroscopy. Hossain et al. (2012) studied
FTIR-based functional groups that developed due to warm-mix additive modification
of. The FTIR gives signal with a peak at certain wavenumber values for certain
functional groups.

3 Objectives

The study focused on finding the effects of chemical modification at macroscale.
Asphalt binders from two different crude origins were analyzed for detecting the
change in chemical composition at different aging conditions and also the functional
groups that might occur upon both modification and aging. The objectives of this study
were as follows: (i) perform short-term and long-term aging of the sample binders;
(ii) measure the chemical composition of the both unaged and aged binders; (iii) detect
any functional groups using IR spectroscopy; and (iv) analyze and interpret the data to
observe any changes or pattern due to aging.

4 Materials and Methodology

Asphalt binder samples were collected from two approved suppliers of Arkansas
Department of Transportation (ArDOT). They supply binders that fulfill the PG
requirements as warranted by ArDOT. The unmodified and modified asphalt binder
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samples used in this study are listed in Table 1. The PPA used in modifying the asphalt
binders in this study was of 105% grade. The SBS was commercially available as
Vector Dexco 2411.

4.1 SARA Analysis

The SARA analysis was intended for determining the percentages of certain families of
chemical constituents in the tested asphalt binders. Any improvement in rheological
properties happens through certain alteration of chemical constituents, which lead to a
change in the percentages of chemical constituent fractions. The analysis was per-
formed in accordance with “ASTM D 4124-09: Standard Test Method of Separating
Asphalt into Four Fractions” (ASTM D4124-09 2009). The test specimen was put into
reflux with n-Heptane for at least 3 h. To start a reflux, an asphalt specimen weighing
2.00 ± 0.30 g was taken in a round bottom flask. For each grams of asphalt specimen,
100 mL of n-Heptane (HPLC grade) was added to it. A stirring magnet was put into the
flask. A Liebig condenser was fitted to the opening of that flask. The assembly was
fastened with a clamp and set on a heating bath containing silicone oil or sand minus
#20 US standard sieve. The heating bath was placed on hot plate and the temperature
was set at 200 ± 50 °C and the stirring was set at 300 ± 50 rpm. This reflux operation
caused the highly polar or the most solid fraction (i.e. the Asphaltenes) to precipitate.
The n-Heptane dissolved the other three fractions except the Asphaltenes. Although the
standard recommended to use iso-Octane, it was not capable enough to entirely dis-
solve the specimen. Therefore, n-Heptane was used to get the entire specimen dis-
solved. The other three fractions are collectively termed as Maltenes. The Maltenes
were loaded onto a chromatographic column containing activated alumina (pH 9–10) of
particle size 50–200 lm and allowed to elute under gravity. The Maltenes came out in a
sequence as the Saturates, the Aromatics and the Resins. The Saturates fraction came

Table 1. Asphalt binder samples and the modification dosage

Sample name Binder sources Original binder + modification True PG

S1B1 S1 (Canadian) PG 64-22 68-32
S1B2 S1 (Canadian) PG 64-22 + 0.25% PPA 70-30
S1B3 S1 (Canadian) PG 64-22 + 0.50% PPA 72-36
S1Bex S1 (Canadian) PG 64-22 + 0.625% PPA Not measured
S1B4 S1 (Canadian) PG 64-22 + 0.75% PPA 74-40
S1B5 S1 (Canadian) PG 64-22 + 2.00% SBS 78-31
S1B6 S1 (Canadian) PG 64-22 + 0.5% PPA + 2.00% SBS 85-34
S2B1 S2 (Arabian) PG 64-22 69-30
S2B2 S2 (Arabian) PG 64-22 + 0.50% PPA 71-38
S2B3 S2 (Arabian) PG 64-22 + 0.75% PPA 72-32
S2Bex S2 (Arabian) PG 64-22 + 0.875% PPA Not measured
S2B4 S2 (Arabian) PG 64-22 + 1.00% PPA 74-31
S2B5 S2 (Arabian) PG 64-22 + 2.00% SBS 76-33
S2B6 S2 (Arabian) PG 64-22+ 0.75% PPA + 2.00% SBS 81-32
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first out of the activated alumina with n-Heptane. The napthene Aromatics fraction was
eluted with consecutive application of toluene and toluene:methanol (50:50) solvents.
A ultraviolet (UV) light of 366 nm wavelength was shined onto the column to monitor
advancement of the Aromatics fraction. A fluorescent band was progressing down.
After collecting all the fluorescent bands, the polar Aromatics or the Resins started to
elute. It was collected lastly with trichloroethylene. The Saturates was colorless. The
Aromatics was yellow or red in color while the polar aromatics or the Resins were
black in color. All the eluted fractions were completely dried using a rotary evaporator
and were reported as the percent fractions of the original sample. Sometimes a drying
with chloroform was required to escape all the solvents out of the eluted fractions.

4.2 Fourier Transform Infrared Spectroscopy

The FTIR test is a spectroscopy technique applied on an asphalt binder to detect the
presence or change in quantities of functional groups that might have occurred due to
the modification (Yildirim 2007). In this test, a vibrational Infra-Red (IR) light is
passed through the tested sample. When the natural vibrational frequency of a specific
molecule matches the frequency of the IR radiation, the molecule absorbs the energy
and increases the amplitude of the vibrational motion and detected as a peak in the
interferogram. In this study, disposable Real Crystal IR cards were used for preparing
the samples. The IR cards contained a KBr substrate. FTIR functions as a fingerprinting
tool such as the case of humans. In FTIR, the natural vibrations of the covalent bonds
among the molecules are exploited. Every type of bond has a certain natural frequency
of vibration. Two of the same type of bond in two different compounds can exist in two
slightly different molecular environments. Therefore, no two molecules of different
structures have the same IR absorption pattern, which serves as the fingerprint for that
specific compound (Pavia 2008). A Nicolet 8700 spectrometer was used in this study.
The data acquisition and analysis was done using the Omnic 6.2 software.

5 Results and Discussion

The percentages SARA fractions for all the binder samples have been reported in
Figs. 1 and 2 as stacked charts. Asphalt binder samples from the Canadian crude source
(Source-1) were high in Asphaltenes content than those from the Arabian crude source
(Source-2). Even though both binders were marketed as PG 64-22, the neat binder from
Source-2 (S2B1) had an Asphaltenes content of 13.2% and the neat binder from
Source-1 (S1B1) had an Asphaltenes content of 19.9%. On the other hand, S1B1 binder
had a low polar fraction (Resins) compared to S2B1.

The Asphaltenes fractions seemed to serve as a viscosity building component,
which resulted in an improved rutting resistance. Asphaltenes and Resins fractions are
the solid and nearly solid fractions respectively in an asphalt colloidal structure. The
overall strength is typically provided by the overall solid phase (Asphaltenes and
Resins combined) of the binder. Therefore, despite having a lower Asphaltenes content,
Source-2 binders were not poor in rutting resistance. Thus, despite having different
amounts of solid species, both were marketed as PG 64-22 binders with nearly similar
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rutting resistances. As per Robertson et al. (2001), an increase in polarity results in an
increase in association and hence increases the stiffness. Source-2 samples had more
polar Aromatics (i.e. Resins), which ensured the polar environment. The amount of
PPA required to bump the PG from a neat binder could be observed in the test matrix
(Table 1). A little higher amount of PPA was required for Source-2 binder to bump one
PG grade than that from Source-1.
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Fig. 1. SARA fractions of Source-1 asphalt binders at different aging conditions
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Fig. 2. SARA fractions of Source-2 asphalt binders at different aging conditions
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Asphalt binders modified with SBS were different in composition from that of PPA
modified ones. In the case of Source-1 binders, Asphaltenes content remained the same
as that of the neat binder (Fig. 1). There was no noticeable effect on the Resins and
Aromatics contents either. Contents remained almost the same although the PG rose to
70-22. The addition of SBS did not take part in the transformation of compounds,
rather induced a different modification mechanism. The colloidal structure of asphalt
advocates such occurrence. When a polymer is added as a modifier, it is swollen by the
light Aromatics components from the parent bitumen (Kraus 1982). Asphaltenes and
polymers do not mix, but they create a phase separation, leaving the polymer swollen
by the Aromatics on one side and the Asphaltenes on the other side (Lesueur 2009).
Consequently, the colloidal matrix becomes depleted in Maltenes and hence enriched
relatively in Asphaltenes content. Thus, an Asphaltenes rich phase occurs and the
desired hardening is achieved. However, in the case of S2B5, the above-stated
mechanism was not noticeable. The constituent fractions were changed although there
was no externally added acid. The occurred change was somewhat like an acid mod-
ified binder. This could possibly be the effect of the inherent acidic environment of
Source-2 asphalt binders, which promoted the association of compounds and made the
conversion of Aromatics toward Asphaltenes easier. Although the neat binder from
Source-2 contained a lower amount of Asphaltenes, a 2% addition (same as that of
Source-1) of SBS resulted in a PG 70-22 binder. This occurrence could be attributed to
the continuous formation of Asphaltenes due to the inherently acidic environment,
which was detailed by the same authors in another article (Alam et al. 2017).

The combined effect of PPA and SBS (the polymer) is stated as synergetic and
contribute more efficiently in asphalt modifications (Lesueur 2009). The Asphaltenes
rich phase experiences a two-fold increase due to the combined effect. PPA causes
Asphaltenes to rise which is later reinforced by the addition of SBS. SBS causes the
“physical distillation” of the phases (Lesueur 2009). As evident in Figs. 1 and 2, both
S1B6 and S2B6 had an increased Asphaltenes and Resins contents that resulted in a PG
76-22 binder through the so-called physical distillation process.

The SARA fractions of unaged, RTFO-aged, and PAV-aged binder samples have
also been reported in Figs. 1 and 2. The only distinguishable thing was a change in
Asphaltenes content. The Asphaltenes content had increased upon the short-term aging
in the case of both binder sources. The changes in other fractions did not happen in any
consistent pattern and that is expected since the Asphaltenes are the final phase of the
constituent fractions. All other constituent fractions were either continuously fed by the
previous fractions or continuously contributing to the formation of the subsequent polar
fractions. Hence, the change in their constituent fractions was not consistent. However,
there was a small but consistent change in the Saturates content. The Saturates content
was reduced upon the RTFO-aging process. This phenomenon is analogous to the
reduction in the sample mass in the RTFO-aging process. Upon PAV aging
Asphaltenes content reached to a considerably higher percentage. The binders S1B6
and S2B6 were modified with the same amount of PPA as that of S1B3 and S2B3. In
B6 binders from both sources, there was SBS in combination with PPA. It is claimed
that SBS does not contribute to any sort of association process that might cause the
formation of more Asphaltenes or polar species.
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FTIR tests were conducted on both unaged and aged binder samples from both
sources. From the FTIR spectra it was revealed that neither of PPA and SBS modifi-
cation added any new functionality to the binder samples. The peak at certain
wavenumbers displayed a higher signal, which implied that the aging introduced some
increment in certain functional groups. Per Lamontagne et al. (2001), the change in the
quantities of the functional groups could be obtained using the following equations.

Carbonyl Index (C=O),

IC¼O ¼ Area of the Carbonyl band around 1700 cm�1

Area of the spectral band between 4000 cm�1 and 650 cm�1 ð1Þ

Sulfoxide-Index (S=O),

IS¼O ¼ Area of the Sulfoxide band around 1030 cm�1

Area of the spectral band between 4000 cm�1 and 650 cm�1 ð2Þ

Tables 2 and 3 list the areas under the curves corresponding to the 1700 and
1030 cm−1 peaks and the corresponding indices based on Eqs. 1 and 2. The carbonyl
index was the one that appeared in the spectra only after the PAV aging process. The
oxygen molecules from the air got attached to the carbons upon aging. In the process of

Table 2. Different indices obtained from FTIR spectra for Source-1 binders

Samples Aging condition Total area (4000–650 cm−1) Wavenumber
(1700 cm−1)

Wavenumber
(1030 cm−1)

Area I (C=O) Area I (S=O)

S1B1 Unaged 1691.934 0.00 0.0000 11.33 0.0067
S1B2 1533.226 0.00 0.0000 7.58 0.0049
S1B3 1904.361 0.00 0.0000 10.06 0.0053
S1B4 1212.173 0.00 0.0000 0.02 0.0000
S1B5 1772.973 0.00 0.0000 0.82 0.0005
S1B6 952.508 0.00 0.0000 0.00 0.0000
S1B1 RTFO-aged 1713.094 0.00 0.0000 6.82 0.0040
S1B2 2091.482 0.00 0.0000 8.57 0.0041
S1B3 1791.154 0.00 0.0000 8.76 0.0049
S1B4 1429.215 0.00 0.0000 4.34 0.0030
S1B5 1954.239 0.00 0.0000 8.87 0.0045
S1B6 2267.321 0.00 0.0000 9.66 0.0043
S1B1 PAV-aged 1323.595 2.48 0.0019 7.24 0.0055
S1B2 1578.001 2.63 0.0017 9.86 0.0062
S1B3 2077.899 2.93 0.0014 15.14 0.0073
S1B4 1965.288 2.22 0.0011 24.25 0.0123
S1B5 2218.208 4.77 0.0022 16.08 0.0072
S1B6 1726.161 2.52 0.0015 7.71 0.0045
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aging, the oxidation, dehydrogenation and crosslinking reactions occur at the same time
(Siddiqui and Ali 1999). This occurrence leads to the appearance of more carbonyl
(C=O) and sulfoxide (S=O) groups. Both the carbonyl and the sulfoxide indices
increased upon the PAV aging. Like the Source-1 binders, both the carbonyl and
sulfoxide indices increased upon aging. The carbonyl group was only visible for the
PAV aged binders.

6 Conclusion and Recommendation

The Canadian crude binders were high in Asphaltenes fraction, whereas the Arabian
Crude binders were much lower in the Asphaltenes content. However, both binders met
the required Performance Grade (PG) specifications. The solid fraction alone does not
contribute in the physical properties rather a combination of all the components
implement changes in the physical properties of an asphalt binder. The required amount
of PPA to cause a grade bump for Arabian crude source binders was higher than that of
the Canadian crude source binders for similar grade bumps. It implies the influence of
crude origin in setting up a binder modification methodology. The FTIR test data
revealed that PPA modification did not introduce any new functional groups in the
asphalt binder samples. Only the short-term and long-term aging caused the increase in

Table 3. Different indices obtained from FTIR spectra for Source-2 binders

Samples Aging condition Total area (4000–650 cm−1) Wavenumber
(1700 cm−1)

Wavenumber
(1030 cm−1)

Area I (C=O) Area I (S=O)

S2B1 Unaged 1656.524 0.00 0.0000 4.16 0.0025
S2B2 1470.115 0.00 0.0000 2.86 0.0019
S2B3 1811.484 0.00 0.0000 6.75 0.0037
S2B4 1817.391 0.00 0.0000 10.59 0.0058
S2B5 2013.758 0.00 0.0000 4.66 0.0023
S2B6 2149.632 0.00 0.0000 5.53 0.0026
S2B1 RTFO-aged 1723.880 0.00 0.0000 7.29 0.0042
S2B2 2010.876 0.00 0.0000 7.26 0.0036
S2B3 1205.605 0.00 0.0000 3.98 0.0033
S2B4 1470.358 0.00 0.0000 5.44 0.0037
S2B5 1660.154 0.00 0.0000 4.97 0.0030
S2B6 1775.001 0.00 0.0000 8.31 0.0047
S2B1 PAV-aged 1000.137 0.97 0.0010 7.16 0.0072
S2B2 1662.012 1.43 0.0009 7.56 0.0045
S2B3 1843.490 1.45 0.0008 10.92 0.0059
S2B4 1795.892 1.37 0.0008 13.08 0.0073
S2B5 1242.380 1.38 0.0011 11.43 0.0092
S2B6 1791.672 2.16 0.0012 7.86 0.0044
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certain functional groups especially the species that respond to oxidative aging. The
recommended action for an asphalt binder to have the enhanced capability of sustaining
severe aging could be making the binder deficient of polar species. This action could be
performed either by taking out the highly polar fractions or adding the some less polar
oil fractions like Aromatics from. This could prolong the saturation of the binder’s
colloidal structure and thus delay the aging.
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Abstract. Efforts to design cost-effective and high-quality pavements leads to
the need to innovate the design of road construction materials. Part of this
process is an innovation of procedures that are used to analyze the mechanical
and physical properties of these materials. The paper deals with the description
of results of ongoing project titled as Asphalt Mixtures Dissipating Energy.
Thus, laboratory measured results of conventionally produced asphalt mixtures
and selected asphalt binders are reported in the paper. Dynamic shear rheometer
and bending beam rheometer was utilized to access linear viscoelastic properties
of asphalt binders at low, intermediate and high temperatures. The susceptibility
of asphalt mixtures to permanent deformation was evaluated by Hamburg Wheel
Tracking Test and Uniaxial Shear Test. Four Point Bending Beam test was
utilized to analyze fatigue resistance of asphalt mixtures. The paper summarizes
principles used to develop new types of asphalt mixtures that, when loaded by
traffic, better dissipate energy. The main target of the research project is to
develop new asphalt mixtures that in situ prevent occurrence of rutting on the
pavement. Thus, core part of the paper focuses on the analysis of linear vis-
coelastic properties related to pavement permanent deformation and its change
depending on the change of input materials.

1 Introduction

The development of asphalt mixtures requires a multidiscipline solution: It is necessary
to study the conditions that the product is exposed to (climatic influences, traffic loads)
and as well as the mechanical properties of the material. The properties to consider
should include the appropriate use of asphalt mixtures for energy dissipation in
structures, the interaction with other pavement layers and pavement interaction with the
subsoil. The solution is primarily determined by the material composition: The com-
ponent proportions, material structure and the chemical bonds between the different
components. Equally important is the development of a material that meets defined
requirements on a macro-scale, so that it can be efficiently produced and processed in
the volumes needed for infrastructure construction.

At present, national and European efforts are being made to innovate in the design
of flexible pavements. That is, trying to find the most efficient pavement in terms of
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service life, functionality and whole-life cost; throughout design, production, con-
struction and maintenance of the road. The need for innovation around construction
materials has come from the increase in transport volume, the anticipated increase in
wheel loads effects due to the increase in axle loads and new designs for heavy truck
tires, and the effort to design economical and quality pavements. Part of this innovation
is to review material characterization, to focus on the physical-mechanical nature of the
processes and components that influence the behavior and overall value of the pave-
ment as an asset.

Empirical methods of asphalt mix design can produce sub-optimal solutions by not
fully utilizing the potential of the materials, and often they do not reflect the true
behavior of the material in the pavement. These empirical approaches are gradually
being replaced by a mechanical approach, but at the moment to only a limited extent.
‘Dissipating asphalt’ mixtures are a new material in this respect, developed through a
new approach to the design and assessment of asphalt mixtures. The development is
based on both conventional and innovative laboratory analyzes of the properties of
individual components, additives, analyzes of their interaction, empirical and
physical-mechanical properties.

This article presents the analysis of conventionally produced (reference) bituminous
mixtures material properties. These analyzes are used in the next stages of the project
for qualitative comparison. The key objective is to design of new asphalt mixtures that
dissipate energy based on these data. This article also lists results from the design of
asphalt mixes for wearing course.

2 Materials, Methodology and Testing

Analyzes were performed on three conventional mixtures for the surface courses—
ACO 11+ 50/70, ACO 11+ PmB 45/85-65, SMA 11S PmB 45/80-65 and three con-
ventional (reference) base courses—ACL 16S 50/70, ACL 22S 50/70 and ACL 22S
PmB 25/55-65 (ČSN EN 13108-1 2008, ČSN EN 13108-5 2008).

Grading of the individual mixtures consists of crushed aggregates (granodiorite).
The grading curve of these mixtures is shown in Fig. 1. Asphalt binder (50/70) and
polymer-modified asphalt binder (PmB 45/80-65, PmB 25/55-65) were used for asphalt
mixture production.

The assessment of the individual mixtures was carried out using two criteria: The
first is the resistance to permanent deformation. This parameter has been determined by
a Wheel Tracking Test on a small test device according to ČSN EN 12697-22 and a
Uniaxial Shear Test according to (Zak et al. 2016). The second criterion was the fatigue
parameters measured on the 4 PB-PR instrument according to ČSN EN 12697-24, but
evaluated by the conventional method of 50% reduction of stiffness moduli according
to ČSN EN 12697-24, Hopman and Pronk (Hopman 1989) and its modified method
based on the relative reduction of the complex stiffness moduli—(Rowe) (Zak et al.
2013; Rowe 1996; Maggiore et al. 2014). These two methods are based on the same
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idea of the distribution of the fatigue test results in the controlled strain mode, in the
form of the dissipated energy ratio into three phases and the definition of the cycle
value (N1) at the phase II and III interfaces as resistance to fatigue (Zak et al. 2013).

All asphalt mixtures were produced at the asphalt plant.

3 Results and Discussion of Reference Mixtures

For the above-mentioned reference mixtures, the basic descriptive parameters (see
Table 1) have been determined in accordance with the relevant standards. The stiffness
modulus was determined by cyclic loading, using an indirect tensile loading test in
controlled strain mode and at a defined loading pulse, on a Universal Testing Machine
(UTM). For test mixtures, temperatures of 5, 15 and 30 °C were selected. This
non-destructive test was performed on Marshall test specimens.

Fig. 1. Grading curves of reference asphalt mixtures

The basic volumetric parameters, according to the relevant technical standards, were also
determined for the produced mixtures:

• Maximum bulk density according to ČSN EN 12697-5
• Compacted bulk density according to ČSN EN 12697-6
• Air void contents according to ČSN EN 12697-8
• Asphalt binder content according to EN 12697-1
• Grading curve according to ČSN EN 12697-2
• Voids in the mineral aggregate according to ČSN 736160
• Voids filled with asphalt according to ČSN 736160

Furthermore, the deformation parameters of asphalt mixtures were determined:

• Asphalt stiffness modulus IT-CY according to ČSN EN 12697-26
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Resistance to permanent deformation was tested on an air-conditioned Hamburg
Wheel Tracking test—small test device. This teste method parameters examine the
susceptibility of the asphalt mixture to a permanent deformation, demonstrated by the
depth of the rut caused by the repeated travel of the load wheel at a defined temper-
ature. Asphalt mixtures for the permanent deformation resistance test were compacted
in the roller compactor according to (ČSN EN 12697-33+A1 2007). The degree of
compaction of all samples was maintained in the range of 99.0–101.0%. The test was
carried out at 60 °C for the surface layers and at 50 °C for the base layers. The results
are shown in Table 2 and Fig. 2.

Other recorded parameters describing the durability of asphalt mixtures against
permanent deformations were obtained from the Uniaxial Shear Test (UST) (Zak et al.
2016). The recorded parameters were; the shear modulus, the coefficients of regression
accumulated permanent deformation, the number of cycles to permanent shear strain,
the constant shear strain values at 5000 and 10,000 cycles, and the increment of
permanent strain (see Table 3; Fig. 3). The test was carried out at 60 °C for the surface

Table 1. Basic volumetric properties of conventionally produced (reference) mixtures

Asphalt mixture ACO
11+

ACO 11
+

SMA
11S

ACL
16S

ACL
22S

ACL
22S

Asphalt binder 50/70 PmB
45/80-65

PmB
45/80-65

50/70 50/70 PmB
25/55-65

Air void (%) 3.0 2.2 3.4 3.1 4.6 3.4
Asphalt binder content (%) 5.6 5.9 6.6 5.3 4.3 4.2
Aggregate air void
content

(%) 16.1 16.0 19.0 15.6 14.8 12.9

Asphalt binder content in
the mixture

(%
volume)

13.1 13.8 15.5 12.5 10.2 9.4

Voids filled with asphalt (%) 81.1 86.2 81.9 80.0 68.8 73.2
Stiffness modulus—
IT-CY (MPa)

5 °C 12,662 10,226 8373 18,208 23,722 16,012
15 °C 6480 5514 4452 10,127 12,815 8862
30 °C 1685 1808 1337 2721 3892 3028

Table 2. Parameters of resistance to permanent deformation

Asphalt mixture ACO
11+

ACO 11+ SMA 11S ACL
16S

ACL
22S

ACL 22S

Test temperature 60 °C 60 °C 60 °C 50 °C 50 °C 50 °C

Asphalt binder 50/70 PmB
45/80-65

PmB
45/80-65

50/70 50/70 PmB
25/55-65

Wheel Tracking
Test

WTSAIR
(%)

0.135 0.034 0.013 0.017 0.014 0.020

PRDAIR

(%)
5.85 3.10 1.90 1.00 1.50 1.30
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layers and at 50 °C for the base layers. The test specimens were manufactured on a
gyrator according to ČSN EN 12697-31 in the compaction range of 99.0–101.0%.

The results of the Wheel Tracking Test indicate that ACL 16S, SMA 11S and ACL
22S show higher resistance to permanent deformations. This higher resistance is mainly
due to the suitable aggregate composition and the use of a modified binder to fill the air
voids to the optimum extent. However, it is difficult to derive the causal relationship
between the effects on resistance to permanent deformation from the test parameters,
mainly due to the low-resolution capability of the Wheel Tracking test. On the other
hand, the ACO 11+ mixture tends to produce permanent deformations, however, the
use of a modified binder reduces this deficiency. For ACO 11+ , the hard workability
has to be noted.

The resistance to permanent deformation was further monitored using the UST.
The UST results indicate a significant effect of the aggregate grain curve and the
bituminous binder on the resulting resistance to permanent deformations. The UST
allows a better differentiation of individual mixtures from several perspectives: shear
modulus, increment of permanent deformation, ratio of elastic and plastic deformation.
This makes it possible to identify the susceptibility of asphalt mixtures to permanent
deformations.

In the UST test, the effect of the aggregate composition and the binder used is more
evident. It can be seen from the evaluation of asphalt mixtures used in surface layers.
These mixes exhibit a higher resistance to permanent deformation, especially the SMA
11S mixture and of the ACL 22S mixture with polymer-modified binder. Figure 4
shows test specimens of the ACL 16S mixture, which exhibits the lowest resistance to
permanent deformation. The picture was taken after testing so that the accumulated
permanent deformation is evident.

The resistance of asphalt mixtures to degradation processes is an important material
property because it affects the life of the entire highway construction.

The effect of a parameter characterizing fatigue resistance is apparent from the
established design methodologies of pavement structures: It is usually found as an
exponent in the calculation and thus exponentially affects the value of the calculated

Fig. 2. Permanent deformation during Wheel Tracking Test
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pavement resistance (TP 170 2004; Epps et al. 2002; Monismith 2012; Balay, Caron, a
Lerat, b.r.). The fatigue parameter value is therefore essential both for the design and
for the life of the road construction.

Fatigue is defined as a consequence of a repeated load on the internal structure of
the compacted asphalt mixture. It is manifested by the gradual decrease of the complex
stiffness moduli in relation to the number of load cycles. The life of the asphalt mixture,
which is defined as the number of load repetitions to sample failure, can therefore be
measured. In a controlled strain test, the damage of the bond between the stressed

Table 3. Shear parameters

Shear parameters ACO 11+ 50/70 ACO 11+ PmB
45/80-65

SMA 11S PmB
45/80-65

50 °C 60 °C 50 °C 60 °C 50 °C 60 °C

Shear modulus @ 1000c (MPa) 6.9E+01 5.5E+01 5.1E+01 4.5E+01 5.8E+01 6.0E+01
Regression of accumulated shear strain [–]
parameter A 4.5E−03 7.1E−03 5.0E−03 7.4E−03 5.0E−03 1.6E−03
parameter B 1.6E−01 1.5E−01 1.3E−01 1.3E−01 1.8E−01 2.8E−01
Number of cycles to [–]
1% c 2.0E+08 9.2E+05 5.7E+08 3.8E+06 6.1E+05 7.1E+05
3% c 2.0E+08 9.2E+05 5.7E+08 3.8E+06 6.1E+05 7.1E+05
5% c 2.6E+10 3.3E+07 1.2E+11 2.8E+08 6.8E+06 1.3E+07
Permanent shear strain
at 5000 cycles (mc) 1.8E+01 2.2E+01 1.5E+01 2.1E+01 1.8E+01 1.7E+01
at 10,000 cycles (mc) 2.0E+01 2.8E+01 1.6E+01 2.2E+01 1.9E+01 2.2E+01
Increment of permanent
deformation (mc/103)

4.4E−01 1.1E+00 2.1E−01 3.1E−01 2.6E−01 1.1E+00

Shear parameters ACL 16S 50/70 ACL 22S 50/70 ACL 22S PmB
25/55-65

50 °C 60 °C 50 °C 60 °C 50 °C 60 °C

Shear modulus @ 1000c (MPa) 7.6E+01 5.1E+01 6.8E+01 4.9E+01 6.2E+01 5.6E+01
Regression of accumulated shear strain [–]
parameter A 1.2E−02 4.1E−03 1.6E−02 5.2E−03 5.4E−03 7.8E−03
parameter B 1.7E−01 2.8E−01 9.3E−02 1.5E−01 1.5E−01 1.1E−01
Number of cycles to [–]
1% c 9.3E+04 3.1E+03 8.2E+02 1.5E+03 1.9E+05 6.6E+09
3% c 9.3E+04 3.1E+03 8.2E+02 1.5E+03 1.9E+05 6.6E+09
5% c 6.4E+05 2.1E+04 2.2E+05 3.3E+04 1.1E+07 4.3E+11
Permanent shear strain
at 5000 cycles (mc) 3.2E+01 3.7E+01 3.5E+01 4.2E+01 1.9E+01 1.9E+01
at 10,000 cycles (mc) 3.5E+01 5.0E+01 3.6E+01 4.7E+01 2.1E+01 2.0E+01
Increment of permanent
deformation (mc/103)

6.3E−01 2.8E+00 2.9E−01 1.1E+00 3.3E−01 2.7E−01
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Fig. 3. Permanent deformation during Uniaxial Shear Test

Fig. 4. Accumulated permanent deformation (ACL 16S 50/70)—Uniaxial Shear Test (UST)—
50/60 °C
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particles is recorded by a drop in force resistance, when the force resistance of the
damaged bond is not transmitted to the other bonds (Zak et al. 2013; Zak et al. 2015).

Each fatigue test was performed on 18 test specimens in controlled strain mode
with three strain levels, so that a 50% drop in the complex stiffness modulus occurred
in the 104–2.106 load cycle interval. The temperature was kept constant at 20 ± 1 °C.
The load frequency was 30 Hz according to ČSN EN 13108-20. The test samples were
produced on a segment compaction equipment at a compaction range of 99.0–101.0%.
The slabs were then cut to the defined dimensions required for the test samples. Test
results are shown in Fig. 5.

Fig. 5. Fatigue resistance
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It follows from the results that the highest values of fatigue resistance are shown in
SMA 11S for the surface layers and the ACL 22S mixture for base layers. Both of these
mixtures contain a relatively high amount of a polymer modified binder. Figure 6
shows a comparison between the different mixtures, for the conventional 50% drop in
stiffness modulus and energy dissipation methods (Rowe, Hopman and Pronk), by
evaluating the fatigue parameter e6 derived from the fatigue curve (Zak et al. 2014).

These test results prove that the resistance to fatigue of asphalt mixtures determined
by the energy dissipation method, is higher than the 50% method of stiffness reduction.
The results also show that this is more evident in asphalt mixtures with modified
asphalt binders, which implies that the asphalt mixtures with polymer modified binders
better dissipate energy in terms of fatigue resistance. The fatigue properties were
determined based on the procedure described in (Zak et al. 2015; Zak et al. 2013).

4 Design and Evaluation of Asphalt Mixtures that Dissipates
Energy—SMA 16

The basic principle of this design, methods and principles is to develop an asphalt
mixture that, to the greatest extent, resists the accumulation of permanent deformations
and at the same time exhibits the longest fatigue life.

For the development of the dissipating asphalt mixtures, five asphalt binders
available on the market were selected and evaluated. Selected binders were evaluated
primarily with respect to their mechanical properties. Individual binders were evaluated
using both empirical and mechanical tests, with emphasis on changes caused during the
aging of the asphalt binder. Short-term aging has been simulated to describe the
changes that occur during the production, laying and compacting of the asphalt mix-
ture, and long-term aging. From this research according to the tested parameters a
modified binder PmB 45/80-85 was selected.

The choice of asphalt mixtures results from the evaluation of the reference mixtures
or from the above mentioned assessment of the functional parameters of the reference
mixtures. The study of the reference mixtures implies that tested variants with higher

Fig. 6. Strain e6 derived from the Wöhler curve at 106 cycles
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maximum grain size better resists to permanent deformations. Based on this, a mixture
of SMA with a maximum grain size D = 16 mm was chosen. Thus the proposed new
mixture that dissipates energy is SMA 16. Five variants of the gradation curves (see
Fig. 7) were created to match the grading curves according to ČSN EN 13108-5. The
aggregate used for new asphalt mixtures comes from the same source as the aggregate
used in reference mixtures.

Fig. 7. Asphalt mixture grading curves—SMA 16

Table 4. Volumetric properties—SMA 16—new asphalt mixtures

SMA 16
Variant Binder

content
(%)

Air
voids
(%)

Voids in
mineral
aggregate (%)

Asphalt binder
content (%
volume)

Voids filled
with asphalt
(%)

A 5.3 3.1 15.6 12.5 80.1
5.7 2.6 16.0 13.4 83.7
6.2 1.4 16.1 14.6 91.0

B 5.3 3.1 15.5 12.4 80.1
5.7 2.5 15.9 13.4 84.5
6.2 1.9 16.5 14.6 88.2

C 5.3 3.5 15.9 12.4 78.0
5.7 3.3 16.6 13.3 80.0
6.2 3.1 17.6 14.5 82.3

D 5.3 4.4 16.7 12.3 73.7
5.7 3.7 16.9 13.2 78.3
6.3 2.9 17.5 14.7 83.6

E 5.3 7.8 19.7 11.9 60.3
5.7 7.3 20.1 12.8 63.6
6.3 6.3 20.2 13.9 68.9
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For individual variants (A-E) of the grading curves an optimization was performed
based on the graduated quantity (5.3–5.7–6.2 wt%) of the added asphalt binder. For
these sub-variants, the basic volumetric parameters are presented in Table 4.

Individual variants (A-D) were subsequently optimized to meet the requirements of
ČSN EN 13108-5. The variant E did not fulfill the standard requirements so it was
excluded from further testing. The next step was to determine the resistance to per-
manent deformation in Hamburg Wheel Tracking Test and the IT-CY stiffness modules
as first indicators of mixtures suitability for further testing. The results are shown in
Table 5.

Table 5. Optimized variants—SMA 16

SMA 16

Variant A B C D
Binder content (% weight) 5.4 5.5 5.7 5.8
Air voids (%) 2.8 2.9 3.3 3.4
Voids in mineral aggregate (%) 16.7 15.8 16.5 16.9
Asphalt binder content (% volume) 14.0 12.9 13.2 13.5
Voids filled with asphalt (%) 83.0 81.6 79.9 79.8
Wheel Tracking Test WTSAIR (%) 0.039 0.025 0.021 0.016

PRDAIR (%) 2.2 2.2 1.5 1.1
Stiffness modulus—IT-CY (MPa) 5 °C 13,935 15,146 14,331 14,927

15 °C 5939 7023 6905 7457
30 °C 1244 1507 1571 1736

Table 6. Shear parameters of SMA 16 C, D

Shear parameters SMA 16-C SMA 16-D
50 °C 60 °C 50 °C 60 °C

Shear modulus @ 1000c (MPa) 6.34E+01 6.40E+01 6.65E+04 5.15E+04
Regression of accumulated shear strain [–]
parameter A 1.09E−02 9.78E−03 4.93E−03 9.29E−03
parameter B 9.81E−02 9.54E−02 2.39E−01 5.84E−02
Number of cycles to [–]
1% c 3.79E+04 2.29E+04 1.37E+02 4.91E+01
3% c 3.79E+04 2.33E+07 2.77E+03 1.35E+07
5% c 3.50E+06 5.89E+08 1.85E+04 1.30E+10
Permanent shear strain
at 5000 cycles (mc) 1.75E+01 1.40E+01 9.24E+00 7.86E+00
at 10,000 cycles (mc) 1.82E+01 1.49E+01 9.65E+00 8.23E+00
at 30,000 cycles (mc) – 2.08E+01 – 1.77E+01
Increment of permanent
deformation (mc/103)

1.38E−01 1.69E−01 8.15E−02 7.33E−02
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Fig. 8. Schematic comparison of the test mixtures
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The results show a clear influence of the aggregate composition (grading curves),
respectively with the increase in the content of coarser grains in the mixture the
resistance to the permanent deformation increases. The influence of binder content is
also significant. From the results obtained in Table 5, variants C and D were further
evaluated and analyzed in Uniaxial Shear Test. Results are shown in Table 6.

The SMA 16-C and SMA 16-D variants are compared to the reference mixtures and
results are presented in Fig. 8. Here it is quite clear that the SMA 16-D mixture
qualitatively shows a very good resistance to permanent deformations compared to the
other reference mixtures under consideration. This method of designing the mixture
using empirical and functional tests made it possible to design a qualitatively more
efficient asphalt mixture in terms of selected parameters. In addition the Uniaxial Shear
Test is capable to better distinct than Hamburg Wheel Tracking between asphalt
mixtures resistance to permanent deformation.

5 Conclusions

The objective of the research project is not to compare conventionally produced asphalt
mixtures between each other, but to examine the influence of the individual compo-
nents of the mixtures on the resulting mechanical and physical properties. Then, on the
basis of this knowledge, the objective was to propose new mixtures that dissipate
energy more effectively. From all studied new variants of asphalt mixtures the variant
D has a better performance and asphalt mixture properties are reported in this paper.

It is not assumed that a newly designed asphalt mixture will be cheaper than
conventional materials, but will be a better value material with better functional
properties, thus reducing the cost of repairs, maintenance and reconstruction over the
service life of the infrastructure. The economic benefits from the use of these materials
will be predominantly felt by administrators and owners of transport infrastructure.

This article recommends the possibility of maximizing the useful properties of
bituminous mixtures by using more accurate evaluation procedures and by using more
accurate test procedures with higher resolution capabilities such as a Uniaxial Shear
Tester.

The presented test results imply that the asphalt mixtures with polymer modified
binders better dissipate energy in terms of both permanent deformation and fatigue
resistance.

Acknowledgements. This paper was elaborated within the research project No. FV10526 in the
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Abstract. Warm mix asphalt (WMA) is the asphalt concrete mixtures that are
produced at lower temperatures than the hot mix asphalt. There are important
environmental and health benefits associated with the reduced production
temperatures and this can also potentially improve pavement performance.
However, there exists one concern about the moisture damage of WMA because
of the foaming water addition. The objective of the paper is to evaluate the
moisture susceptibility of laboratory foamed WMA under moisture conditioning
procedures and its laboratory-performance. Nuclear magnetic resonance
(NMR) measurements was employed to evaluate the residual moisture content in
the foamed asphalt. Two moisture conditioning procedures were used, including
immersion Marshall test procedure and Lottman test freeze–thaw procedure. The
moisture-conditioned specimens were tested using the marshall stability test, the
indirect tension (IDT) tests, and the Hamburg wheel tracking test. Stripping
Inflection Point (SIP) of Hamburg rutting test gave an indication of the time
when the mixture begins to exhibit moisture damage. Both HMA’s and Formed
WMA’s SIP were greater than 20,000 cycles, which indicated that the foamed
WMA had almost same water resistance as HMA.Through comprehensive
analysis, foaming water did not seem to have significant effects on moisture
susceptibility.

1 Introduction

Hot mix asphalt (HMA) is an excellent paving material with over 100 years of proven
performance. It has been recorded that 90% hard-surfaced roads in the world is HMA
[1, 2]. The HMA is produced at an elevated temperature in either batch or drum mixing
plants and then compacted at temperatures ranging from 140 to 170 °C [3, 4]. In the
past few decades, advances in asphalt technology such as polymer modified asphalt and
the use of angular aggregate improved the anti-rutting performance (stone matrix
asphalt, for example). The emphasis on the compaction for quality assurance have
resulted in further increases in HMA mixing temperatures up to a limit of 175 °C.
These high temperatures are linked to the increased emissions and fumes from HMA
plants [5]. In addition, the production process of HMA consumes considerable energy
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to dry the aggregate and heat all materials prior to mixing and compaction. With
concerns about global warming and fossil energy consumption, the asphalt industry is
always seeking to lower its carbon emission. Warm Mix Asphalt (WMA) is a step in
that direction. The use of warm mix asphalt (WMA) technology results in reduced
production and paving temperatures without sacrificing the quality of the final product.
This has led to a wider ranges of available production temperatures that may be
employed by the contractor.

There have been a number of products and processes introduced to the marketplace
to produce WMA over the last several years [6]. Among them, binder foaming
becomes the most favorable choice for most contractors to produce WMA. The steam
then foams the liquid binder, increasing its volume and allowing it to coat the aggregate
at a relative lower temperature than that of traditional HMA. In current mechanical
plant foaming processes in the United States, cold water is injected into a hot binder
varying from 140 to 165 °C. The cold water turns to steam when it contacts with the
hot binder, which will create an increased volume in binder. The amount of water used
in producing the foam is normally varied from 1.0 to 3.0% by weight of binder.
Foaming improves workability at lower temperatures in two ways: (1) it increases the
volume with foaming, which easier to coat aggregate particles, and (2) it reduces
mixture viscosity through shear thinning, which makes the mix more workable [7].
This allows the reduction mixing and placing temperatures, but it may introduce a new
set of conditions that are not readily accounted for during the selection of materials and
mixture design.

Several technical concerns also arise about WMA. The foamed WMA has trace
moisture inside so that the major issue of moisture-induced damage remain to be
answered [8, 9]. The lower temperatures can result in undrying of the aggregate and
trapping water in the coated aggregate, which could lead to the moisture damage.
Adequate moisture damage analysis needs to be tested to ensure that WMA will
perform equivalently with HMA. Lottman test (AASHTO T283 Asphalt Mixtures
Standard Method Test for Moisture Damage) is predominately used to determine HMA
moisture damage susceptibility. However, current knowledge on diffusion and evap-
oration of moisture in foamed WMA is limited, and Lottman test may not be an
accurate method. The water susceptibility of known mixtures may not satisfactorily
match the observed behavior of the mixtures for a number of data groups.

2 Research Objective and Scope

The objective of the paper is to evaluate the moisture susceptibility of
laboratory-foamed WMA under moisture conditioning procedures and the laboratory
performance of WMA. The WMA was produced in a commonly-used foaming method
in the China. The WMA and HMA were produced based on mixture used in a pave-
ment project in Hebei province. The paper employed the nuclear magnetic resonance
(NMR) measurements to evaluate the residual moisture content in the foamed asphalt.
Two moisture conditioning procedures were used, including immersion Marshall test
procedure and Lottman test freeze–thaw procedure. The moisture-conditioned
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specimens were tested using the marshall stability test, the indirect tension (IDT) tests,
and the Hamburg wheel tracking test. The TROXLER™ Hamburg test was conducted
for 20,000 cycles.

3 Materials and Specimen Preparation

3.1 Materials

The coarse aggregate in the mixture consisted of limestone rock, 10–15 mm stone, 5–
10 mm stone, 3–5 mm stone screenings and machine-made sand with a nominal
maximum aggregate size (NMAS) of 13.2 mm. The test indexes were shown in
Tables 1, 2, 3. Asphalt binder used in the mixture was A-70 (Table 4). Based on
Marshall mixture design method, optimum asphalt content (OAC) was 4.58%, and its
mechanical indexes and volumetric indexes were shown Table 5. Lab scale foamed
asphalt equipment was WirtgenTM WLB10, and foaming conditions were 150 °C
asphalt and 1% foaming water by asphalt weight. WMA mixture was designed fol-
lowing HMA mixture design. The compaction temperature was determined at which
WMA had almost same value of volumetric indexes. The moisture susceptibility of
WMA and HMA of a base mixture (called “AC-13” mixture in China) for a pavement
project in Hebei province was evaluated and compared (Table 1).

Table 1. Coarse aggregate test results

Test item Unit Test result Technical
requirement(10–15) mm

aggregate
(5–10) mm
aggregate

(3–5) mm
aggregate

Crush value % 15.2 – – � 26
Abrasion value
(Los Angeles)

% 19.3 13.8 10.8 � 28

Apparent density g/cm3 2.818 2.750 2.746 � 2.6
Water absorption % 0.76 0.73 0.72 � 2.0
<0.075 mm particle
content

% 0.3 0.6 0.8 � 1

Table 2. Fine aggregate test results

Test item Unit Test results Technical requirement

Apparent density g/cm3 2.827 � 2.5
Mud content % 1.7 � 3.0
Sand equivalent % 84.6 � 60
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3.2 Sample Preparation

In order to determine residual moisture amount of foamed asphalt after foaming and
mixing, this study employed the NMR measurements by using the nuclear magnetic
resonance (NMR) proton spin relaxation time (T2) distribution to predict foamed
asphalt based on A2 peak area [10]. Micro MR40 NMR instrument in the study has
0.53T magnet strength, 23 MHz proton resonance frequency and keeps at a constant
temperature of 32 °C. Because of the limitation of test space, about 10 g binder was
poured into glass ampulla with plastic cap, the inside diameter is 20 mm and height
95 mm. Two types of binder were tested including foamed asphalt and foamed asphalt
after RTFOT at 120 °C.

All the loose WMA and HMA mixtures were mixed by lab mixer. The WMA
samples were compacted in lab using Marshall compaction device and Superave
gyratory compactor. For immersion Marshall test and Lottman test, cylindrical samples
were compacted to a height of 63.5 mm and diameter of 101.6 mm. For Hamburg
wheel tracking tests, cylindrical samples were compacted to a height of 150 mm and a
diameter of 150 mm. The target air voids for all mixture samples were controlled at

Table 3. Filler test results

Test results Unit Test results Technical requirement

Apparent density g/cm3 2.764 � 2.5
Moisture content % 0.4 � 1
Hydrophilic coefficient – 0.82 � 1
Particles size range <0.6 mm % 100 100

<0.15 mm % 90.3 90–100
<0.075 mm % 82.1 75–100

Appearance – Non-caking Non-caking

Table 4. 70# origin asphalt technical indexes

Test item Test results Technical requirement

Penetration (25 °C, 5 s, 100 g)/0.1 mm 64.5 60–80
Ductility (15 °C, 5 cm/min)/cm >100 � 100
Soft point (°C) 46.4 � 46

Table 5. Mechanical indexes and volumetric indexes of HMA AC-13 with OAC

Asphalt content
(%)

Bulk specific
density

VV
(%)

VMA
(%)

VFA
(%)

Stability
(kN)

Flow
(0.1 mm)

4.58 2.474 4.584 14.110 67.595 11.25 16.7
Specification
requirement

– 4–6 � 14 65–75 � 8 15–40
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7 ± 0.5%. Two moisture conditioning procedures, immersion Marshall test procedure
and Lottman test procedure, were conducted in the study [11, 12].

4 Results and Discussion

4.1 Moisture Amount of WMA by the NMR

A proton can be viewed as a micro magnet, since it bears a slight magnetic moment
originating from its spin. In a porous material within a fixed external magnetic field, all
protons will tend to align along with the direction of the magnetic field, resulting in
magnetization. The magnitude of magnetization is proportional to the number of
protons and inversely proportional to the temperature according to the Curie law. By
applying a pulse of radio, the magnetization can be temporarily oriented to an unstable
direction. After the pulse is removed, each proton spin emits the absorbed energy and
returns to the initial equilibrium position through a series of relaxation processes which
can be characterized by using a NMR instrument [13]. During the returning process,
the voltage induced by the magnetization is detected, which decreases as the magnet
returns to its stable position. The voltage decay curve as described above is also called
the free-induction decay (FID) curve.

The magnitude of T2 depends on the binding effect of pore water and the pore
geometry. In general, the bound water or the water in small pores relaxes faster than the
free water or the water in large pores. As a general rule, the relaxation time T2 is less
than 60 ms for the pore water in micropores or tightly bound water. If the T2 ranges
from 60 to 300 ms, this is for the water in micropores or loosely bound water. And if
T2 is larger than 300 ms, this is for the water in macropores or bulk water. For
convenience, the area under the T2 distribution curve is termed as the “peak area”. The
peak area represents the population of water molecules and serves as an indicator of
the amount of unfrozen water content in the soil sample. So, the area value is satisfied
the following equation [13]:

M tð Þ ¼
X

i

Aiexp
�t
t2i

� �
ð1Þ

where Ai is i component percentage, t2i is relaxation time of i component.
After the NMR measurements, the measured data are analyzed by using an

inversion procedure based on the Fourier transformation, as shown at Fig. 1. There are
two peaks in the curve. One peak is near T2 = 0.1 ms and another peak is near
T2 = 5 ms. T2 signal intensity has a good relationship with binding effect of pore water
and the pore geometry. When T2 is less than 1 ms, it means substance in pores has very
high viscosity or like solid. Based on carbon and hydrogen compound NMR data, the
left peak is 1H in binder NMR signal curve, whereas the right peak is water signal
curve. A2 peak area represents the amount of water content for the base binder sample
which is very low as compare to A1.

Figure 1 shows the distribution curves of the relaxation time T2 foamed binder with
different foaming consumption after RTFOT at 120 °C. Through analysis of curves, it
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is easily found that signal curve A2 peak weakens and curve area decreases with
increasing curing time, whereas those A1 remain relatively unchanged. According to
the relationship between moisture content and NMR signal intensity, signal changes
shows that some water in foamed binder evaporated by curing conditioning. Analysis
results of A2 peak area and moisture content after RTFOT at 120 °C are listed in
Table 6. The results showed that there was a little residual water keeping in WMA,
which meant approximately 50% foaming water evaporates during mixing and placing
processes.

4.2 Immersion Marshall Test

Moisture damage was also an important premature damage, which decreased pavement
service level and reduced pavement life. Moisture typically reduces stiffness of the
binder and/or mastic through moisture diffusion, and degrades the adhesive bonding
between the binder/mastic and aggregate particles. Therefore, a loss of mixture internal

Fig. 1. T2 distribution curve for foamed asphalt (1% foaming water)

Table 6. Results of A2 peak area

Initial moisture content Item 0 h RTFOT at 120 °C

1% A2 peak area 31.144 (RSD* 7.6%) 17.870 (RSD 3.6%)
Moisture content (%) 1.0 0.57

*Relative standard deviation is abbreviated in RSD
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strength results in premature distresses such as rutting, raveling, and fatigue cracking.
At present, immersion Marshall test was one of two tests to evaluate water stability of
mixture. The test moisture conditioning was performed by pre-soaking the specimens at
60 °C in hot water for 48 h. Results were shown in Table 7.

4.3 Lottman Test

Lottman test procedure was conducted in the study. At present, Lottman test was the
other test to evaluate water stability of mixture. The moisture conditioning according to
AASHTO T283 was performed by pre-soaking the specimens to the desired degree of
water saturation and then finishing one cycle of freeze–thaw. Results were shown in
Table 8.

Through analysis of immersion Marshall test and Lottman test results, water sta-
bility of WMA met specification requirement, and almost is equal to that of HMA.
According to immersion Marshall test and Lottman test, asphalt foaming process had
no effect on water stability. But some studies have shown that both tests may not be
accurate tests. The water susceptibility of known mixtures may not match the observed
behavior of the mixtures for a number of data groups. An alternative test method used
was Hamburg wheel tracking devices. Hamburg wheel tracking devices was used in
this study to compensate traditional test [14].

Table 7. Immersion Marshall test results

Mixture type Compaction
temperature
(°C)

VV
(%)

Marshall
stability
(kN)

Marshall stability
after 48 immersion
(kN)

Retained
Marshall
ratio (%)

HMA 150 4.584 11.25 10.94 97.22
WMA 120 4.611 9.06 8.83 97.46
Specification
requirement

– � 80

Table 8. Lottman test results

Mixture type Compaction
temperature
(°C)

VV
(%)

Splitting
strength
(MPa)

Splitting strength
after freeze-thaw
(MPa)

Retained
strength
ratio (%)

HMA 150 4.584 1.50 1.34 89.33
WMA 120 4.611 1.16 1.01 87.35
Specification
requirement

– � 75
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4.4 Hamburg Wheel Tracking Test

TROXLER™ Hamburg wheel tracking tester was employed. The test produces dam-
age by rolling a steel wheel across the surface of two SGC samples that are submerged
in hot water at 50 °C. The samples were loaded until the maximum number of cycle
(20,000) was reached. The stripping inflection point was determined from the graph of
rut depths versus number of cycles. This defines the number of passes at which
moisture damage starts adversely affecting the mixture. The higher the stripping
inflection point, the less the asphalt mixture is likely to strip or be damaged by moisture
[15].

The results from TROXLER™ wheel tracking test are shown in Fig. 2 and Table 9.
The results of WMA mixture and the HMA mixture showed no distinctive stripping
damage after 20,000 cycles. The WMA and HMA mixtures did not show any inflection
points. With foamed asphalt, the rut depth of the WMA samples did not significantly
decreased because of trace residual moisture, which indicates that the WMA mixtures
would perform well in terms of moisture susceptibility.

Fig. 2. Hamburg wheel tracking test results

Table 9. Hamburg wheel tracking test results

Mixture type Compaction
temperature (°C)

VV (%) Bulk density
(g cm−3)

Rutting depth (mm)

HMA 150 4.44 2.478 Left wheel: 4.82
Right wheel: 4.51

WMA 120 4.55 2.475 Left wheel: 6.08
Right wheel: 6.04
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5 Conclusion and Summary

In order to comprehensively analyze the effect of residual foaming water on WMA
moisture susceptibility, this study employed the NMR measurements to evaluate the
residual moisture contents in foamed asphalt. The immersion Marshall test and Lott-
man test were conducted to determine moisture damage resistance, and the Hamburg
wheel tracking test was conducted to investigate mixture stability in hot and humid
environment. The conclusions are as follows.

According to the relationship between A2 peak areas and moisture contents in
NMR theories, the NMR test results showed there was a very little trace residual
moisture entrapped in WMA. About 50% foaming water was residual in mix, others
evaporated during mixing and placing processes.

Results of traditional tests for moisture susceptibility showed that asphalt foaming
process had no effect on moisture stability.

Wheel tracking test results showed the WMA mixture and the HMA mixture had
almost the same stability in hot and humid environment. With foamed asphalt, the rut
depth of the WMA samples was a little larger than that of HMA, but did not signifi-
cantly decreased because of trace residual moisture.

The above findings were drawn from the results of the laboratory tests. A long-term
field performance of the moisture damage of the WMA test sections will be evaluated
in the future.
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Abstract. As to photocatalytic degradation of automobile exhaust by TiO2

nanomaterials loaded on asphalt mixtures, the paper investigated that the effect
of different adding processes of nano-TiO2 on the photocatalytic degradation
efficiency on asphalt mixture. First, the nano-TiO2 was modified by surface
modification, and its hydrophilicity was changed to lipophilicity. Then, the
study discussed the effects of nano-TiO2 adding processes and asphalt mixture
types in the form of filler (dry processes) and in the form of asphalt additive (wet
processes) on photocatalytic performance, through photocatalytic performance
test. The test results show that: the degradation efficiency of porous asphalt
mixture was 12% higher than that of dense gradation asphalt mixture, because
contact area between photocatalyst and UV light in porous asphalt mixture was
higher. The photocatalytic degradation efficiency of dry processes was about
33%, which was higher than about 22% of being added into the asphalt mixture
using wet processes. When dry processes was employed, the photocatalytic
degradation efficiency increased with the nano-TiO2 increasing, and reached the
maximum of 35%, and then decreased. Through analysis, dry processes had a
unique advantage that nano-TiO2 and mineral powder homogeneously mixed,
hindered the agglomeration of Nano-particles, which makes it better in the
dispersion, and thus exhibits better photocatalytic performance.

1 Introduction

Automobile exhaust gas is one of the main pollution sources in the atmospheric
environment. Nitrogen oxides (NOX) is one of the most harmful and the most difficult
automobile exhaust gas to deal, so it is very important to purify and control NOX in
automobile exhaust gas. Nano-TiO2 photocatalytic technology has become the most
promising environmental pollution control technology with its non-toxic, low energy
consumption, high degradation efficiency, mild reactive conditions and less secondary
pollution. It has great application potentiality to remove the NOX gas.
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At present, the nano-TiO2 loaded onto the organic carrier, the group mainly studied
the decontamination, deodorant, antibacterial and other aspects of the role, for example,
load to the polyester, polyurethane fiber (Qian 2004; Li et al. 2004). As the
Nano-materials has a strong redox capacity under the action of purple light, it can
oxidize the NO of automobile exhaust to nitrates, so it play a role that make the air
clean (Fujishima et al. 2000). Therefore, it is important to study that add the nano-TiO2

to degrade the NO on the pavement. The effect of relative humidity on the NO
degradation of Nano-coating was studied by Maggos et al. It was found that the
degradation efficiency would decrease with increasing relative humidity in the range of
20–50% (Maggos et al. 2007). The effect of UV radiation intensity on NO degradation
of nano-TiO2 coating was studied by Chen et al. It was found that the degradation
efficiency increased with the increase of the intensity of ultraviolet radiation (Chen and
Chu 2011). The degradation efficiency of nano-TiO2 at different heights from the road
was studied by Ballari et al. It was found that the NO degradation efficiency at 5 cm
from the road higher than 1/3 that at the 150 cm (Ballari and Brouwers 2013). The
application of Nano-particle and rubber powder in improving the effect of NO
degradation was studied by Liu et al. It was found that the above-mentioned composite
technology could significantly improve its degradation efficiency (Liu et al. 2015).
Nowadays, the research on the efficiency of nanotechnology depredating NO has been
abundant, but there are still some shortcomings in the study of the addition process of
photo catalyst. Therefore, this study will help to promote the application of nano-TiO2

in practical engineering.
In this paper, the organic mixture of asphalt material is mainly used to discuss the

photocatalytic degradation performance of the catalyst with the asphalt mixture as
carrier. For the asphalt mixture, two kinds of blending mode are mainly discussed: one
is the use of photocatalyst-containing asphalt mixing mixture (wet way); the other is the
so-called dry addition, which is, the nano-TiO2 powder mixed evenly with mineral
filler, and then mixed with other components. The test also discusses the difference in
photocatalytic performance between two asphalt mixtures (dense graded asphalt mix-
ture and open graded asphalt mixture).

2 Fundamental Principle of TiO2 Photocatalytic Degradation

TiO2 is a new type of semiconductor (n-type) material with wide band gap, which
Chemical properties is stable. Since the semiconductor energy band is discontinuous,
under the light within a certain wavelength range, the material can absorb the light
energy whose wavelength is above its bandgap width, and an electron transition occurs
to form a hole (h+)—electron (e−) pair, then produce a strong free radicals and
superoxide ions which is easy to organic matter and harmful gases catalytic decom-
position (Zhang et al. 2012; Xu et al. 2011; Gao et al. 2013).

According to this theory, when added the nano-TiO2 to road material and under the
light conditions, TiO2 can be changed to a photo catalyst. The vehicle emissions, like
Carbon monoxide CO, hydrocarbon HC and nitrogen oxides NOX, are catalyzed and
oxidized. The forming of the corresponding carbonate and nitrate adsorption on the
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road surface, which these would be washed away by rain. The decomposition principle
can be expressed as follows:

COþO2 ����������!UV; Nano-TiO2 CO2

HCþO2 ����������!UV; Nano-TiO2 H2OþCO2�
3

NOX þO2 ����������!UV; Nano-TiO2 NO�
3

3 Test Materials and Equipment

3.1 Raw Materials

Base asphalt was Qingdao A-90 asphalt. The performance was shown in Table 1.
Aggregate was coarse aggregate selected neutral basalt, according to 13.2, 9.5 and
4.75 mm to separate storage after screening. The performance was shown in Table 2.
There were two kinds of fine aggregate dolomite chips and river sand. The filler was
dolomite powder. The proportions of stone chips, river sand and mineral powder were
shown in Table 3.

Photocatalytic materials was the technical indicators of the anatase nano-TiO2,
which absorb relatively strong UV used in this experiment shown in Table 4.

Table 1. Basic performance of asphalt

Asphalt
type

Penetration/0.1 mm
(25 °C)

Ductility/cm Elastic recovery
(25 °C)/%

Softening
point/°C

Penetration
index (PI)5 °C 25 °C

A-90 85.2 5.7 >120 12 48.6 −1.57

Table 2. Basic technical performance of coarse aggregate

Stone type Sturdiness/
%

Los Angeles
abrasion/%

Crushing
value/%

Impact
value/%

Water
absorption/
%

Elongated
particle
contents/%

Technical
requirements

� 12 � 28 � 26 � 28 � 2.0 � 15

Basalt 0.82 9.80 10.61 9.0 0.78 4.7
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3.2 Test Equipment

The photocatalytic reactor of self—made flow tube type was used in the experiment.
The material of the reactor was a heat-resistant glass with better UV transmittance. The
reactor was a cylindrical with a length of 500 mm, an inner diameter of 60 mm, and the
total volume of 1413 mL (Fig. 1). The test was divided into two parts: laboratory
simulation air source test and actual gas test. The process was shown in Figs. 2 and 3.
The test selected the black light lamp as the UV light source of photocatalytic reaction.
According to spectrophotometric method of naphthalene ethylenediamine hydrochlo-
ride (Take the NO2 m) of GB 17096-1997, the nitrogen oxides were measured at a
wavelength of 540 nm using 752-type UV grating spectrophotometer.

Table 3. Screening results of fine aggregate and filler

Sieve size (mm) 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Stone chip pass rate (%) 100 100 98.3 54.9 3.92 25.8 16 12.6 8.4
River sand pass rate (%) 100 100 95.3 88.0 79.5 63.2 25.5 5.9 1.12
Mineral powder pass rate (%) 100 100 100 100 100 100 100 99.1 68

Table 4. Technical indicators of anatase TiO2

Technical indicators Test results Specification value
Specific surface area/(m2/g) 68 50–90
pH 5.3 2–6
Particle size/nm 20 15–30
Loss on drying (%) 1.1 � 1.5
Loss on ignition (%) 0.5 � 2.0
Content (%) 99.8 >99.8

Fig. 1. Photocatalytic reactor dimensions unit: mm

82 Q. Xiao et al.



4 Laboratory Test

4.1 Modification of Nano-TiO2

The asphalt with lipophilic and hydrophobic is an organic macromolecule polymer
which is composed a variety of mixtures, while the nano-TiO2 with hydrophilicity and
oleophobic properties is a small molecule inorganic material. So the compatibility
between the two is poor. In order to improve the compatibility between the two, the
nano-TiO2 must be surface treatment from the hydrophilic into lipophilic, so that
the nano-TiO2 can be evenly and stably dispersed in the asphalt matrix, when under the
premise of imparting photocatalytic performance does not change the physical and
mechanical properties of the asphalt itself.

Fig. 2. Simulated air supply test flow chart

Oxidation
tube

Light source

Specimen

Reactor

Dark box

Three-way
valve

Bubble
sampling

tube

Absorption bottle

Atmospheric sampler

Fig. 3. Actual air supply test flow chart
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The trial uses octadecyltrimethylammonium bromide (OTAB) as modifier. It is a
long-chain cationic surfactant, since the polar end has a positive charge, and the carbon
chain of the non-polar end is longer, it can be adsorbed on the surface of TiO2 under the
action of electrostatic attraction. The longer carbons chain play a steric hindrance effect
and make it uniformly dispersed in the asphalt matrix. The surface modification of
nano-TiO2 was carried out by ultrasonic dispersion. According to the reference (Ding
and Fan 2001; Chen 2002), considering two factors like dispersion and parcels, the
amount of OTAB was determined to be 0.5% of the mass of TiO2. And the photo-
catalytic performance of nanometer TiO2 before and after modification was also
determined.

4.2 Adding Ways of Nano-TiO2

In order to simulate the compaction process of the roller after paving the asphalt
mixture, this test would make the asphalt mixture into rutting board specimens in
accordance with regulatory requirements. Taking into account operability of the actual
construction, this test would put Nano-TiO2 into the asphalt mixture using two
methods.

a. Wet processes: First, the modified nano-TiO2 witch accounting for 6% of the
quality of asphalt will be added into hot-mix of petroleum asphalt to prepare
modified asphalt. Second, the modified asphalt is used to mix the dense gradation
asphalt mixture (AC-13I) and Open Graded Friction Course (OGFC), and testing its
photocatalytic performance.

b. Dry processes: It was used to filler that modified nano-TiO2 accounting for 3, 4, 6,
12.5, 20% of the amount of asphalt, and then mixing well with mineral powder to
batching the mixture.

4.3 Experimental Program

Two types of mixes, AC-13I and OGFC were used, and the mixture grades were shown
in Tables 5 and 6.

In accordance with regulatory requirements, this test would make asphalt mixture
into rutting board specimens with the standard size of 300 mm � 300 mm � 55 mm.
Then, test cutted it into cuboid with size of 30 mm � 35 mm � 300 mm, and testing
photocatalytic degradation efficiency in a photocatalytic reactor. Photocatalytic test

Table 5. AC-13I asphalt mixture gradation

AC-13I Different sieve size (mm) passing rate (%) OAC
(%)16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Upper limit
specification

100 100 85 68 50 38 28 20 15 8 6.5

Lower limit
specification

100 90 68 38 24 15 10 7 5 4 4.5

Synthetic gradation 100 94.3 77.6 54.5 35.2 25.9 19.2 12.8 9.7 7.2 5.1
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conditions: The light source is a black light. The light intensity is 440 lW/cm2. The
relative humidity is 63%. Concentration of NO2 is 0.4 mg/m3. The photocatalytic
performance of the asphalt mixture was measured using a NO2 of artificial formulated
certain concentration.

5 Test Results and Analysis

5.1 Photocatalytic Performance of TiO2 Before and After Modification

The purpose of surface modification of nano-TiO2 was to make it uniform and stable
dispersion in the asphalt-based material, so as to play the superior photocatalytic
performance. The test results show that nano-TiO2 particles have good lipophilicity
after modification with cationic surfactant OTAB, so that it can be uniformly and stably
dispersed in the asphalt substrate. However, it was necessary to discuss the photo-
catalytic performance of TiO2 after modification, since the surface of photo catalyst
particles was covered by surfactant, and it may cause loss of its photocatalytic per-
formance. It was shown in Fig. 4 that the photocatalytic performance of nano-TiO2

before and after OTAB modification. It can be seen from the figure, nano-TiO2 pho-
tocatalytic performance did not change significantly after the surface modification.

Table 6. OGFC asphalt mixture gradation

AC-13I Different sieve size (mm) passing rate (%) OAC
(%)16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Upper limit
specification

100 100 80 30 22 18 15 12 8 6 5

Lower limit
specification

100 90 60 12 10 6 4 3 3 2 4

Synthetic gradation 100 94.3 73.2 23 15.6 11.6 9.3 8.1 4.3 3.1 4.6
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Fig. 4. Photocatalytic performance of nano-TiO2 before and after surface modification
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Through analysis, it concluded that the surfactant was fixing the relative position of the
nanoparticles to prevent agglomeration of nanoparticles, due to the surfactant fails to
completely cover the surface of the nanoparticles to form a complete core-shell
structure. It were shown in Fig. 5.

5.2 Photocatalytic Performance of Different Blending Methods

The photocatalytic properties of two types of asphalt mixture were discussed using the
wet method. The test results were shown in Fig. 6. It can be seen from the figure that
both of the conditions show a lower photocatalytic degradation performance. Wherein,
the performance of the porous asphalt mixture was higher than that of the graded
asphalt mixture. It was concluded that the porous asphalt mixture has more pores, and
the contact area between the photo catalyst and the ultraviolet light is larger than that of
the dense-graded asphalt mixture. So, the former showed a higher photocatalytic
performance. However, the asphalt belongs to the cementation material which photo-
catalytic performance is not high, so that has only a weak photocatalytic degradation
performance for asphalt mixture.

Fig. 5. Nano-TiO2 particles after modification with cationic surfactant OTAB
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Fig. 6. Photocatalytic performance of asphalt mixture (wet method)
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It is shown in Fig. 7 that photocatalytic degradation curve of preparing porous
asphalt mixture using dry progress. It can be seen from the figure that the photocatalytic
degradation efficiency of the mixture increases with the increase of nano-TiO2.
However, the photocatalytic degradation efficiency increases with the addition of
nano-TiO2 after adding a certain amount to a certain value. And then continuing
increase amount of nano-TiO2, the photocatalytic degradation efficiency have a trend of
decline. As the Nano-powder has a huge specific surface area, there is a strong
nanoaction between the nanoparticles to reunite easily. When the amount of nano-TiO2

is adding too high, the mixing is not uniform with the mineral powder. This leads to
that agglomeration of nanoparticles can’t be spreaded out evenly during mix asphalt
mixture, so that the photocatalytic degradation efficiency is reduced.

It was found that the photocatalytic degradation efficiency of the dry method
prepared mixture was slightly higher than that of the former, through compare pho-
tocatalytic properties of porous asphalt mixture using two methods to be prepared.
When dry method was used, dispersion of nanoparticles were more uniform than that
using wet method to be prepared in mixture. Thus, this method exhibits a higher
photocatalytic.

The test also tested the physical properties of asphalt mixture adopting two method
to be prepared. The test results were shown in Table 7. It can be seen that nano-TiO2

has a certain influence for the physical properties of asphalt mixture under having the
premise of photocatalytic performance.
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Fig. 7. Photocatalytic performance of asphalt mixture (dry method)

Table 7. Physical properties of asphalt mixture

Sample Stability (KN) Flow value (mm)

Original mix 2.56 34.3
6% (dry method) 2.28 29.9
6% (wet method) 2.23 25.4
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6 Conclusion

Using OTAB surface modification method, the lipophilicity treatment of nano-TiO2

can better play the photocatalytic performance without changing the original physical
properties of original asphalt. As the nano-TiO2 particles with negative charge, OTAB
with a positive charge of the polar groups adsorbed on the surface of the particles under
electrostatic interaction, while the non-polar long chain of carbon into the organic
solution, so as to enhance the consistency between asphalt and nano-TiO2.

The content of nano-TiO2 has a certain influence on the photocatalytic degradation
efficiency, and the photocatalytic efficiency increases with the increase of the content in
a certain range. When the content is 6%, the photocatalytic degradation efficiency is the
highest 25%, and the photocatalytic degradation efficiency decreases with increasing of
the dosage, and the physical properties of the asphalt are deteriorated.

The type of asphalt mixture is one of the factors affecting the photocatalytic
degradation efficiency. Since the photocatalytic performance is mainly related to the
contact area between the actinic agent and the ultraviolet light, the porous asphalt
mixture exhibits better catalytic efficiency.

It was found that the photocatalytic degradation efficiency of the dry way prepared
mixture was slightly better than that at wet one, and porous asphalt mixture had
obviously better photocatalytic performance than traditional dense gradation asphalt
mixture.
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Abstract. In recent years, severe weather events have impacted the perfor-
mance of transportation infrastructures. The increase in temperature and heat-
waves, lead to the early deterioration of pavement structures. The purpose of this
paper is to study the effect of solar radiations on the behavior of flexible
pavements. A project was implemented in Flagstaff, Arizona, to evaluate the
impact of solar radiations on asphalt concrete pavements. The analysis was
performed using similar road sections with shaded and unshaded areas.
A three-dimensional model of the study area was built using MicroStation, to
generate solar analysis study using specified time periods. To validate the
numerical analysis, field visits were conducted to measure pavement surface
temperatures, and evaluate distress types along pavement surfaces for areas with
solar exposure and areas without sun exposure. Bending Beam Rheometer
(BBR) tests were performed to determine the stiffness of the asphalt mixtures.
ANSYS, a finite element analysis software, was used to analyze the critical
tensile and compressive strains exerted on the pavement. According to the
results, pavement sections exposed to solar radiations, experience a significantly
higher level of critical tensile and compressive strains compared to shaded
pavement areas. Based on test findings and analysis results, the paper concluded
that solar radiations lead to the early deterioration of asphalt pavements by
increasing fatigue distress and rutting.

Keywords: Pavement � Asphalt � Solar radiation � Critical strains
Fatigue � Rutting

1 Introduction

Urban Heat Islands (UHI) describes areas that are significantly warmer than nearby
rural areas. Roads and pavements cover a significant percentage of urban surfaces; as a
result, paved roads are considered one of the main contributors to urban heat islands
(Yang et al. 2016). Pavement surfaces cause urban heat islands due to their low solar
reflectance and high heat storage capacity (Chen et al. 2017). The high thermal capacity
of pavements, allow them to absorb huge amount of solar energy, causing high tem-
peratures along the surface (Wan et al. 2012). High temperatures could significantly
shorten service life of pavement by increasing the rate of distress. As the temperature
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rises, asphalt binders are degraded by volatilization and oxidation, resulting in a rapid
hardening of the pavement, which leads to the formation of cracks and severe damage
to the surface (McPherson and Muchnick 2005).

Previous research showed that Ultraviolet radiations affect the upper layer of
asphalt pavements and progresses the aging of the pavement, by influencing the low
temperature ductility and resistance of cracks characteristics of asphalt binders and
mixtures. Thus, it is essential to consider not only the effect of thermal stress on asphalt
mixtures due to solar radiations but also the UV radiations effect as well. To mitigate
the effect of solar radiations on asphalt pavements, researchers used carbon black and
layered double hydroxide modifiers. These modifiers reduce the impacts of solar
radiations by reflecting and absorbing the UV radiations, resulting in an improvement
in the UV ageing resistance characteristics (Hu et al. 2017).

In recent times, modeling solar radiations is becoming more common, particularly
due to the increase in unpredicted weather events. Modeling solar radiations can be
performed using different techniques and computer programs, which includes
geospatial data methods such as ArcGIS software, weather generators tools or global
solar radiation tools that are based on deterministic or stochastic methods (Donatelli
et al. 2006). In this study, solar radiations were estimated using MicroStation Software.
MicroStation is a modeling, documentation and visualization software that can be used
for two dimensional and three-dimensional designs. Solar radiation analysis in
MicroStation can be performed over a user-defined period. Moreover, the software is
capable of creating animations of solar studies from day to night, taking into account
solar intensity and shadowing effects.

Fatigue cracking due to repeated traffic loads and rutting are two major modes of
failure in asphalt pavements. Both types of pavement distresses occur mainly due to the
applied traffic load and environmental conditions (Gogoi et al. 2013). The exposure of
asphalt to solar radiations simulates the atmospheric degradation process of asphalt
binders, resulting in the occurrence of fatigue cracking (Lins et al. 2008). Fatigue
distress affects the strength and stiffness properties of asphalt mixtures (Jiangmiao and
Guilian 2013). In addition, fatigue loading could lead to a reduction in the pavement
service life, by allowing moisture to infiltrate through the cracks, resulting in large
potholes (Gao et al. 2012). Rutting or permanent deformation can also influence the
service life of asphalt pavement, especially during warm climates (Hossain and Zaman
2012). High temperatures increase fatigue cracking and rutting along the pavement
surface, by influencing the elastic modulus of the top asphalt layer. Previous studies
showed that temperature and elastic modulus of asphalt are inversely proportional. As
the temperature increases, the elastic modulus of asphalt layer decreases (Behiry 2012).
The reduction in the modulus or strength of asphalt increases the critical strain and
shear stress exerted on the pavement, which makes the pavement surface more prone to
deformation (Xiaodi et al. 2017).

The objective of this study is to investigate the influence of solar radiations and
high temperatures on the performance of flexible pavements. The major concern of the
study is to evaluate the effect of solar radiations on the intensity of fatigue cracking and
rutting along asphalt concrete pavement surfaces. A three-dimensional model of the
study area was created in MicroStation Software to simulate real world conditions in
terms of shaded and unshaded areas. Bending Beam Rheometer tests were conducted to
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determine the creep compliance and stiffness values of the asphalt mixture used in the
study. Finite element analysis was performed to determine the critical stresses exerted
on the pavement surface at different temperatures. Fatigue and rutting lives were
predicted based on the calculated critical stresses and strains.

2 Methodology

2.1 Study Area

In the study, six different road sections were used to evaluate the influence of solar
radiations on asphalt concrete pavements. The study area is located at downtown
Flagstaff, Arizona. The city of Flagstaff is located at an elevation of approximately
7000 ft, above the sea level. The climate is characterized by very dry, hot summers, and
cold, snowy winters. The average temperature in Flagstaff is around 43.8 °F. The
temperature in the summer gets as high as 80 °F. While, winter temperatures usually
fall below 20 °F. Due to the high elevation of the city, temperature varies significantly
during the day and night (Climate Flagstaff 2017). Thus, making it a suitable place to
study the effect of temperature variations and solar radiations on pavement structures.
The road sections were chosen to have the same geometric properties, layered pave-
ment systems, and approximately equal average daily traffic. The shading of pavements
in the study area is mainly due to the surrounding buildings.

2.2 Solar Radiation Modeling

A knowledge of the intensity of solar radiations received by pavement surfaces is
essential to evaluate the influence of solar energy on pavement performance. To predict
solar radiations absorbed by pavement, a three-dimensional model of the study area
was built, based on the existing geometric features using MicroStation Software, as
illustrated in Figs. 1 and 2. The advantages of using MicroStation for modeling pur-
poses include its ability to generate solar analysis studies and shadowing effects based
on the existing features of the study area. The software also provides animation tools to
create images of shadow locations over specified period of time. Moreover, the solar
animation in MicroStation includes the color and intensity of solar lightning.

A solar analysis study was generated for the model, using MicroStation. The study
was done based on the exposure time of the pavement to solar radiations for a period of
24 h. A solar intensity of 1000 watts per square meters was used for the analysis. The
results of the solar analysis study are presented in Figs. 3 and 4. Figure 3 represents the
amount of time, for which the model is exposed to solar radiations in a 1-day period.
The difference in the amount of solar radiations received by pavement is due to the
shadows produced by the surrounding buildings. Pavement sections covered by the
shadow of buildings, received less solar radiations than sections exposed to sunlight.
The amount of time in which pavement surfaces were exposed to solar radiations varied
between 5 and 13 h daily. Figure 4 illustrates the amount of solar radiation received by
pavement in kilowatt-hours per square meters. Pavement surfaces received solar
radiations between 2.9 and 7.4 KWh/m2.
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2.3 Field Data

Field visits were conducted to validate the software simulation results and to collect
temperature data. It was observed that pavement surfaces exposed to sunlight have
relatively more distress than shadowed pavement sections. Two main types of

Fig. 1. 3D view of the MicroStation Software Model

Fig. 2. Top view of the MicroStation Software Model
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pavement distress were found: fatigue and thermal cracking. Pavement surface tem-
peratures were measured using a thermal gun for the same day chosen to simulate solar
radiation analysis in MicroStation. The highest pavement surface temperature recorded
was 140 °F, and it was measured at noon. The average measured temperature of shaded
pavement sections is equal to 80 °F. While, the average temperature of pavement

Fig. 3. Amount of solar exposure received by pavement surface

Fig. 4. Amount of solar radiation received by pavement surface
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surfaces exposed to sun is equal to 130 °F. The temperatures at the depth of asphalt
pavement were determined based on Eq. 1 (Ho and Romero 2009).

TPav � 0:859þð0:002� 0:0007� TairÞ � Dþ 0:17 ð1Þ

where:
Tpav = temperature of pavement at calculated depth (°C),
Tair = low air temperature (°C), and
D = depth (mm).

2.4 Bending Beam Rheometer Testing

Bending Beam Rheometer (BBR) tests were performed at temperatures of 12 °C,
−18 °C, and −24 °C to determine creep compliances and stiffness values of the asphalt
mixture used in the pavement test sections. The procedures used in BBR tests are based
on the American Association of State Highway and Transportation Officials standard
T313 for Determining the Flexural Creep Stiffness of Asphalt Binder Using the
Bending Beam Rheometer (AASHTO 2009). Modifications were performed to test the
creep compliances and stiffness values for the thin asphalt beams (Ho and Romero
2011, 2012). A BBR test is performed by applying a constant load on an asphalt beam,
and measuring its corresponding deflection as a function of time. The BBR test
measures the deflection of the beam at a time increment of 0.5 s. The stiffness values of
the asphalt mixture at 60 s were used to determine the critical strains exerted on
pavement layers.

2.5 Prediction of Stiffness Properties of Asphalt Mixtures at Different
Temperatures

Stiffness of asphalt concrete mixtures is influenced by pavement surface temperature.
Thus, the stiffness of asphalt pavement under shaded and unshaded areas are different.
The LTPP Guide to Asphalt Temperature Prediction and Correction was used to
estimate the value of elastic modulus at different pavement surface temperatures
(Predictions 2000). The modulus of the asphalt layer was adjusted for different tem-
peratures using the following model:

ATAF ¼ 10slope ðTr�TmÞ ð2Þ

where:
ATAF: calculation adjustment factor.
Slope: depends on the characteristics of the mix design including binder and aggregate
properties. A default value of −0.021 was used to estimate the stiffness.
Tr: reference temperature, in Celsius.
Tm: measured temperature, in Celsius.

The estimated elastic modulus values for the asphalt layer were used along with the
pavement structure properties in the finite element model to predict the tensile and
compressive strains acting on the pavement layers. Tensile strain (ɛt) occurs at the
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bottom of the asphalt layer, and compressive strain (ɛc) occurs at the top of subgrade
layer. Excessive tensile strain (ɛt) could result in pavement failure by increasing fatigue
cracking. While, excessive compressive strain (ɛc) causes permanent deformation of the
pavement surface due to rutting (Behiry, 2012).

2.6 Finite Element Analysis

A three-dimensional model was developed using ANSYS, a finite element software.
Finite element analysis was performed to predict critical tensile strain at the bottom of
the asphalt layer and compressive strain at the top of the subgrade layer, for different
temperatures. To model the pavement structure, geometric properties, materials, mesh,
and boundary conditions were assigned. The pavement structure consists of three
layers: top asphalt concrete layer, gravel base layer, and subgrade layer with thick-
nesses of 14, 16, and 40 cm, respectively, as illustrated in Fig. 5. The structural layer
properties of the model are presented in Table 1. The model was meshed using 6176
nodes and 900 elements. Elastic materials were used in the finite element analysis
model. The boundary conditions were assigned by using horizontal and vertical con-
straints at the subgrade soil. The top two layers were modeled by restricting the
displacement in all directions, except the vertical component. The responses of the
pavement were evaluated by applying a tire pressure of 80 psi at the top layer.

Fig. 5. The pavement structure

Table 1. Parameters of the layers of pavement structure

Layer
name

Pavement
thickness
(cm)

Young’s
modulus/stiffness
(MPa)

Poisson’s
ratio

Bulk
modulus
(MPa)

Shear
modulus
(MPa)

AC layer 14 526–2635 0.35 584–2928 195–976
Base
layer

16 345 0.25 230 138

Subgrade 40 34.5 0.38 48 12.5
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3 Pavement Damage Analysis: Fatigue Distress and Rutting

The following models were used to predict the number of load repetitions to prevent
fatigue and rutting, based on the estimated elastic modulus values of asphalt and the
critical strains acting on pavement.

Fatigue model
Fatigue damage was predicted using the following criteria:

Nf ¼ f1ðetÞ�f2 ðE1Þ�f3 ð3Þ

where:
Nf is the allowable number of load repetitions to prevent fatigue cracking.
f1, f2, and f3 are constants obtained from fatigue tests.
E1 represents the stiffness of the asphalt overlay layer.

Rutting model
Damage due to rutting can be expressed as follows:

Nd = f4 ecð Þ�f5 ð4Þ

where:
Nd is the allowable number of load repetitions to prevent rutting.
f4 and f5 are constants that are determined from road tests.

The values used for the road tests coefficients: f1, f2, f3, f4 and f5 were determined
based on the asphalt institute method specifications (Huang 2004), and are summarized
in Table 2.

4 Results and Discussion

4.1 Influence of Solar Radiations on the Stiffness of Asphalt

To determine the influence of solar radiations on the stiffness or the strength of the
asphalt mixture, the elastic modulus values were graphed against pavement surface
temperatures. The relationship between solar radiations and stiffness of asphalt layer
was found to be inversely proportional, as shown in Fig. 6. Pavement sections with
higher solar exposure had a lower elastic modulus values compared to shaded sections.
The elastic modulus of the asphalt layer at a pavement surface temperature of 140 °F
was lower than the stiffness at 80 °F by 80%. The significant reduction in the asphalt

Table 2. Road test coefficients of fatigue life and rutting life models

Road test coefficient f1 f2 f3 f4 f5
value 0.0796 3.291 0.854 1.365 � 10−9 0.0796
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stiffness due to the increase in temperature is critical as it increases the critical stresses
applied on the pavement, resulting in a reduction in the overall lifespan of the pavement
structure.

4.2 Effect of Solar Radiations on Critical Strains

The results of ANSYS analysis of determining the tensile and compressive strains
applied on the pavement structure are shown in Figs. 7 and 8. Based on the results, the
maximum tensile and compressive strains occur at the bottom subgrade layer. To
evaluate the influence of solar radiation on the critical strains exerted on asphalt
pavement surface, critical strains were plotted against field-measured temperatures, as
illustrated in Figs. 9 and 10. Tensile and compressive strains significantly increase with
the increase in pavement temperature. The high correlation coefficient observed in the
graphs indicates that the relationship between critical strain and the increase in tem-
perature is significant and can be expressed using an exponential function. The results
also show that the tensile strain at the bottom of the asphalt layer was higher than the
compressive strain at the top of the subgrade layer.

4.3 Effect of Solar Radiations on Fatigue Distress and Rutting

To evaluate the effect of solar radiations on pavement distress, the number of allowed
load repetitions to prevent fatigue cracking and rutting were graphed against different
pavement surface temperatures, as shown in Figs. 11 and 12. The results show that
fatigue life is shorter than rutting life. Thus, it can be concluded that fatigue cracking is
the controlling parameter of the pavement structure failure. The relationship between
fatigue life and the increase in temperature can be represented by a logarithmic
function. While, the correlation between rutting life and temperature can be expressed
by an exponential function. Based on the results, solar radiations could lead to a
substantial reduction in rutting and fatigue lives. Pavement sections exposed to solar
radiations are expected to have more than 50% shorter fatigue and rutting lives,

Fig. 6. Elastic modulus of asphalt layer versus temperature variations
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compared to areas with no solar exposure. Moreover, the fatigue life of pavement
sections at shaded regions is predicted to be higher than areas with sun exposure by
66%.

Fig. 7. Tensile strain applied on pavement structure

Fig. 8. Compressive strain applied on pavement structure
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Fig. 9. Compressive strain versus pavement surface temperature

Fig. 10. Tensile strain versus pavement surface temperature

Fig. 11. Rutting Life versus temperature variations
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4.4 Statistical Analysis

The Influence of Solar Radiations on the Stiffness of Asphalt Layers
To determine the statistical significance of the relationship between solar radiations

and the elastic modulus of the asphalt layer, a t-test was performed. The results of the
t-test showed a t-statistic value of—4 and t-critical value of 2. Since, the magnitude of
t-statistic is higher than t-critical, the null hypothesis can be rejected and it can be
concluded that there is a significant relationship between solar radiations and stiffness
of asphalt layers. In addition, this conclusion can be validated by observing the
p-values. Both the one-tail and two-tails p-values are lower than 0.05, as a result it can
be concluded that the effect of solar radiations on the elastic modulus of asphalt layer is
significant.

The Relationship between Solar Radiations, Fatigue, and Rutting Lives
A one-way analysis of variances (ANOVA) approach was performed to determine the
statistical significance of the relationship between solar radiations and the expected
fatigue and rutting lives. The results of the statistical analysis are summarized in
Tables 3 and 4. The statistical P-values calculated for the influence of pavement surface
temperature on fatigue and rutting lives are 0.00192 and 0.00101, respectively. Based
on the P-values obtained from the statistical analysis, it can be concluded that the
increase in pavement surface temperature has a significant impact on fatigue and rutting
lives.

Fig. 12. Fatigue Life versus temperature variations

Table 3. ANOVA analysis of the relationship between pavement surface temperature and
fatigue life

Source of variation Degrees of freedom Sum squares Mean square F-value P-value

Between groups 1 3.64 � 1015 3.64 � 1015 35.4 0.00192
Within groups 5 5.15 � 1014 1.03 � 1014
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5 Conclusions

This study evaluated the effect of solar radiations on the performance of asphalt con-
crete pavements through laboratory tests and finite element analysis methods. Based on
the results obtained from the study, the followings can be concluded:

• The elastic modulus of the top asphalt layer significantly decreases as pavement
surface temperature increases.

• The relationship between tensile and compressive strains and the increase in
pavement surface temperature can be represented by an exponential function.

• The maximum tensile and compressive strains occur at the bottom subgrade layer.
• The relationship between the increase in temperature and fatigue and rutting lives

can be expressed using logarithmic and exponential functions, respectively.
• Solar radiations have a significant impact on the service life of asphalt pavements.

Pavement sections exposed to solar radiations had a dramatically lower fatigue and
rutting lives, compared to pavement sections at shaded regions.

• Considering the intensity of solar radiations received by pavement surfaces is
essential to maximize the life span of pavement structures.
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Abstract. The phenomenon of vehicle overloading—illegal exceeding of
maximum legal weight of vehicles, is a serious problem both in developing and
developed countries around the world. Overloaded vehicles occur less fre-
quently in comparison to properly loaded vehicles but due to their greater
potential to cause damage they significantly contribute to distress of pavement
structure. As studies show, the number of overloaded vehicles increases when
the control of traffic is insufficient. Weigh in Motion (WIM) systems signifi-
cantly improve control level and contribute to decrease in the number of
overloaded vehicles. Data delivered from WIM were used to perform statistical
analysis of vehicle overloading in Poland. The average percentage of overloaded
vehicles (OV) in Poland varies from 5% for roads with high enforcement level
to 23% for roads where control is poor. Every weighed vehicle was considered
in terms of exceeding maximum legal gross weight and maximum legal axle
load. For each vehicle separately truck equivalency factors were calculated.
Subsequently the relationship between average values of truck equivalency
factors and percentages of overloaded vehicles was found. This relationship was
used as a basis to determine the impact of overloaded vehicles on decrease in
fatigue life of pavement structure (DFL) and increase factor IF, which expresses
the extension of service period. It was proved that reduction of overloaded
vehicles from 23 to 5% will contribute to increase in service period of pavement
structures by factor 1.5. The life cycle cost analysis (LCCA) was performed for
two levels of overloading OV = 23% and OV = 5%. The paper revealed that
improvement of vehicle control and reduction of the percentage of overloaded
vehicles from 23 to 5% will cause the reduction of whole life cost borne by road
authority by 11%.

1 Introduction

1.1 Background

In Poland for the last two decades the traffic of heavy vehicles on the main roads network
has been increasing rapidly. Especially in the vehicle class of five-axle trucks with
semi-trailer it was noted that an average increase by five times occurred (GDDKiA 2015).
After accession of Poland to the European Union in 2005 the maximum legal weight
increased to 115 kNper single drive axle as a consequence of the EuropeanUnionCouncil
Directive 96/53/EC. It resulted in an increase in real axle loads of vehicles. Moreover,
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a significant fraction of vehicles exceed the legal limits of gross weight and axle loads
(Szydlo and Wardega 2003; Zofka et al. 2014; Rys et al. 2016a, b).

The simplest statistical value used to describe the problem of vehicle overloading is
the percentage of overloaded vehicles in the total number of trucks. It is observed that
the percentage of overloaded vehicles is much higher in developing countries and can
reach an extremely high level of 80% according to studies of Zhao et al. (2012) and
Mulyono and Antameng (2010). In developed countries it is in lower range from 10 to
30% (Mohammadi and Shah 1992; Pais et al. 2013; Fiorillo and Ghosn 2014).

Overloaded vehicles have much greater potential to cause pavement distress in
comparison to properly loaded vehicles (Jeongho Oh et al. 2007; Wang and Zhao
2016). The damaging effect of overloaded vehicles depends not only on their per-
centage in total number of trucks, but also on the probability distribution of vehicle
loads (Mohammadi and Shah 1992; Rys et al. 2016a, b). The truck-induced damage
cost varied significantly between thin and thick asphalt pavements (Wang and Zhao
2016). Wang and Zhao showed that a 1% increase in overweight trucks could cause a
1.8% reduction of pavement life. According to Al-Qadi et al. (2017) truck overloading
causes greater pavement damage on secondary roads with low truck traffic volume.

The phenomena of vehicle overloading contribute to reduction in service period of
pavements and bridges as well as an increase in the cost associated with maintaining,
upgrading and replacing the highway infrastructure. According to Pais et al. (2013) the
maintenance cost of road calculated per one vehicle is higher by 100% for overloaded
vehicles compared to the cost of the same vehicle with legal loads. The infrastructure
damage costs should be recovered by proper fee for overloaded vehicles (Dey et al.
2015; Al-Qadi et al. 2017). The estimated pavement damage cost varies significantly
depending on truck traffic volume and highway type. However, the level of damage
cost recovery fee depends on the effectiveness of detection of overloaded vehicles and
it can be improved by regular vehicle control. Moreover, regular control reduces the
percentage of overloaded vehicles. According to studies carried out by Tailor et al.
(2000) in the state of New York (USA), the percentage of overloaded vehicles was
reduced from 30 to 2% when enforcement level was increased.

The weigh in motion (WIM) system allows to improve vehicle control and con-
tribute to decrease in the number of overloaded vehicles. However, in Europe WIM
systems are used for vehicle preselection and those recognized as potentially over-
loaded have to be weighed again on legalized static scales. Thus the effectiveness of
WIM systems depends significantly on proper localization of the WIM station in road
network (Oskarbski and Kaszubowski 2016; Budzynski et al. 2017). The recent works
(Burnos and Rys 2017; Burnos and Gajda 2016; Doupal and Calderara 2008) aim to
improve WIM accuracy and solve related legislation problems in order to enable usage
of WIM systems for automatic identification of overloaded vehicles and imposing of
fines, which would significantly contribute to efficiency of control.

1.2 Objectives

The analyses presented in this paper use data from WIM in order to (1) determine the
extent to which the reduction in number of overloaded vehicles contributes to extension
of service period of flexible pavements and further (2) to develop a methodology of

Effect of Overloaded Vehicles … 105



calculation of the profits from reduction of overloaded vehicles in whole Life Cycle
Cost Analysis (LCCA).

2 Determination of the Impact of Overloaded Vehicles
on Service Period of Flexible Pavements

2.1 Weigh in Motion Data Used in Analysis

The analysis were a part of wider research program concerning actualization of the
polish catalogue of typical flexible and semi-ridig pavement structures (Judycki et al.
2017; Rys et al. 2016a, b; Pszczoła et al. 2016). Data from 11 WIM stations on Polish
national roads and motorways were used to perform analysis. The WIM stations are
equipped with bending plate sensors PAT DAW 100® (A2 and DK11) or with
piezo-electric quartz sensors Kistler Lineas®. Automatic vehicle classification systems
are also installed in all of the stations. The WIM stations can be classified as class B7
according to COST 323 WIM classification. The information about WIM data and
measurement period are given in Table 1. The data considered in this study were
collected from 2010 till 2016 but the period of measuring can differ for particular WIM
stations (see Table 1). In all cases periods of data collection cover whole years.
The WIM stations are installed for each traffic direction separately but for further
analysis data from two directions from the same road section were analyzed together as
for one measuring point.

The raw WIM data were verified using a series of filters based on vehicle param-
eters (e.g. axle loads, total length, axle configurations etc.). The filters were set in
accordance with the WIM Data Analyst’s Manual (FHWA 2010) and NCHRP Report

Table 1. Time of WIM measurement and number of vehicles records used in analysis

WIM
station

Years of
measurements

Total number of records
Raw WIM records of all
vehicles types

Records of trucks (after
filtering process)

A2 2011–2012 8,411,233 2,580,957
S7 2012 3,661,002 417,185
DK4 2010–2015 23,519,182 3,299,388
DK7 2012–2015 18,264,592 1,927,799
DK11 2010–2011 2,968,179 606,668
DK22 2013 3,969,641 638,915
DK46 2011–2016 13,323,213 2,305,126
DK75 2012–2015 17,850,479 1,951,386
DK79 2013–2015 14,362,028 1,285,706
DK94 2013–2016 13,791,140 1,608,742
DK94c 2015–2016 7,778,335 1,271,672
Total 127,899,024 17,893,544
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538 (NCHRP 2005) as well as vehicle technical parameters review. The filtering
process was focused on identifying and removing invalid records from the database. In
total more than 127 million passes across all types of vehicles were recorded, including
cars, vans etc., out of that almost 18 million records of trucks were used in the analysis.

2.2 Problem of Overloaded Vehicles in Poland

The basis for classification of a vehicle as overloaded was the European Union Council
Directive 96/53/EC which specifies the legal limits of vehicles gross weights and axle
loads. The value of legal limit of vehicle gross weight depends on the class of the
vehicle, e.g. for 2-axles single truck unit it is equal to 18,000 kg and for 5-axles truck
with semi-trailer it is equal to 40,000 kg. The legal limit of axle loads depends on the
type of the axle (steering, drive etc.), the distance to neighboring axles (single, tandem,
tridem) and the suspension type. For example, in EU for single drive axles the max-
imum axle load equals 115 kN and for other types of single axles it is equal to 100 kN.

In the analysis, each vehicle was checked and marked if overloaded with algorithms
developed specifically for this study at the Gdansk University of Technology. A vehicle
was treated as overloaded according to EU Council Directive 96/53/EC in the fol-
lowing cases:

• The vehicle gross weight was greater than the legal limit;
• The load of a single or tandem or tridem axle was greater than legal limit;
• Both the gross weight and the axle load were greater than legal limits.

The percentage of overloaded vehicles (abbreviated further as OV) was calculated
for each station and each year of measurement. The annual average percentage of
overloaded vehicles and the range of its variation is presented in Fig. 1.
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As it can be seen in Fig. 1 the annual average percentage of overloaded vehicles
ranges from 3 to 23% depending on station and year. The maximum variations for one
station do not exceed 7% over individual years. A more detailed analysis showed that
the percentage of overloaded vehicles varies between days, weeks and months and was
described in Rys et al. (2017). The level of enforcement can impact on this statistic.
The interview with officials of the polish Road Transport Inspectorate was carried out
and it provided the information, that. control on DK11 is carried out almost every day,
while on S7 control is hardly ever performed. More detailed data about the frequency
of controls was not available due to the confidentiality of such information. For stations
where measurements were performed for several following years, like DK46, it was
observed that the percentage of overloaded vehicles in first years after WIM system
installation gradually decreased, which implies that installation of WIM station has a
preventive effect. However, if control on legalized scales is too rare, the phenomenon
of vehicle overloading intensifies, which is visible from data presented in Fig. 2 for an
example station DK46. Similar changes in percentage of overloaded vehicles were
observed in stations DK7, DK75 and DK94.

Figure 2 also includes information about character of vehicle overloading. For
example in year 2015 more than 15% of vehicles exceed maximum axle load limits
while 5% of vehicles exceed maximum gross weight. Similar disproportion was
observed for all stations. It indicates that very often freight inside vehicles is not
properly distributed, which can result from negligence and unawareness of drivers and
transport companies. This observation suggests that—beside vehicle control—educa-
tion of road users will contribute to decrease in the percentage of overloaded vehicles
as well. To summarize the above discussion, it seems reasonable that increase in
enforcement level and increase in awareness of road users can result in decrease in the
percentage of overloaded vehicles to the level of 5%.
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Fig. 2. Structure of vehicles overloading in successive years from 2011 to 2016 for an example
station DK46
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2.3 Effect of Overloaded Vehicles on Load Equivalency Factors
and Truck Equivalency Factors

Truck Equivalency Factor (TF) characterizes the damaging effect of a given truck on
pavement structures. The detailed procedure of calculating TF for this analysis is given
in Rys et al. (2017). The fourth power equation was used to calculate load equivalency
factors for particular axles in each vehicle separately and subsequently for every
vehicle. As it was proved in work of Judycki (2010), fourth power equation provides
similar load equivalency factors for flexible pavements as load equivalency factors
determined on the basis of fatigue criteria. Damaging effects of single, dual and triple
axles were considered separately according to Judycki (2006). Truck equivalency
factors TF were calculated for every properly weighted vehicle and each of those
vehicles was verified in terms of overloading. This approach allowed to calculate
average values for different periods of time. The average truck equivalency factors TF
and average percentage of overloaded vehicles OV were calculated for particular WIM
stations, taking into account the whole period of analysis. The relationship between OV
and TF is given in Fig. 3. More detailed analyses and relationships obtained for par-
ticular stations in monthly periods are given in Rys et al. (2017).

It is clearly visible in Fig. 3 that an increase in percentage of overloaded vehicles
OV causes an increase in truck equivalency factors TF. According to the linear
regression given in Fig. 3, an increase in OV from 5 to 23% causes increase in TF from
0.53 to 0.83. The linear relationship does not seem to be very strong and coefficient of
determination R2 = 0.33. It is caused by three stations: DK22, A2 and DK79 whose
results differ most from the general trend. The relationships between OV and TF
analyzed over successive months for individual stations (Rys et al. 2017) yield much
stronger correlations (with the coefficient of determination R2 between 0.76 and 0.99),
which indicates that besides overloading of vehicles some local conditions of heavy
traffic have effect on truck equivalency factors as well. The model developed by Rys

TF = 1.64 OV + 0.45
R2= 0.3342
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et al. (2016a, b) proved that axle load distribution has an impact on load equivalency
factors as well and the model proposed in that publication includes axle load distri-
butions and percentage of overloaded vehicles.

2.4 Decrease in Fatigue Life of Pavement Structures Caused
by Overloaded Vehicles

The methodology of determining Decrease in Fatigue Life (DFL) of a pavement
structure due to overloaded vehicles was first introduced by Rys et al. (2016a, b, 2017).
The factor DFL allows to estimate how increase in percentage of overloaded vehicles
contributes to decrease in fatigue life and further decrease in service period of pave-
ment structure. The formula (1) was used to calculate decrease in fatigue life of
pavement structures:

DFL ¼ 1� TF0
TFOV

ð1Þ

where: DFL—Decrease in Fatigue Life caused by overloaded vehicles, TF0—Truck
equivalency factor at 0% of overloaded vehicles, TFOV—Truck equivalency factors at a
given percent of overloaded vehicles OV. The relationship between DFL and per-
centage of overloaded vehicles OV is shown in Fig. 4 and it is compared with factors
DFL obtained from two previous works by the authors (Rys et al. 2016a, b, 2017).

It can be concluded from Fig. 4 that three different approaches to determination of
impact of percentage of overloaded vehicles on load equivalency factors LEF or truck
equivalency factors TF yield similar results of parameter DFL. An increase in per-
centage of overloaded vehicles from 0 to 20% results in a decrease in fatigue life by 40
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up to 60%. For further analysis the model 3 given in Fig. 4 was used to calculate
increase in service period due to reduction of the number of overloaded vehicles.

2.5 Extension of Residual Fatigue Life and Service Period of Flexible
Pavement Structures Due to Reduction of Number of Overloaded
Vehicles

On the basis of Eq. (1) and Fig. 4 the following simple approach is proposed to
estimate the effect of reduction in percentage of overloaded vehicles on the extension of
residual fatigue life and service period of flexible pavement structure (Rys et al. 2017).
The fatigue life depends on the truck equivalency factor TF and total number of trucks
NT in the entire service period. Better traffic control may cause reduction in percentage
of overloaded vehicles OV thus reducing the value of the truck equivalency factor TF.
If the truck equivalency factor TF decreases as a consequence of decrease in the
percentage of overloaded vehicles OV, the total number of trucks NT which the
pavement can carry before failure will increase and consequently, the residual fatigue
life and service period will be extended. To evaluate the extension of residual fatigue
life and service period of flexible pavement structures due to decrease in number of
overloaded vehicles let us assume that the residual fatigue life of a given pavement was
assessed based on measurement obtained from the FWD test. The percentage of
overloaded vehicles OV for that road is known. To calculate the residual fatigue life
and service period of the pavement in case when number of overloaded vehicles is
reduced by DOV the following formula can be used:

RFLOV�DOV ¼ RFLOV
1� DFLOV�DOV

1� DFLOV
ð2Þ

where: RFLOV−DOV—Residual Fatigue Life, expressed as number of Equivalent Single
Axle Loads, after reduction of overloaded vehicles percentage from OV to (OV −
OV), RFLOV—Residual Fatigue Life, expressed as number of Equivalent Single Axle
Loads, at the existing number of overloaded vehicles OV, DFLOV−DOV—Decrease in
Fatigue Life at reduced percentage of overloaded vehicles (OV − DOV), DFLOV—
Decrease in Fatigue Life at existing percentage of overloaded vehicles OV. The DFL
value (Decrease in Fatigue Life) is given in Fig. 4, as a function of percentage of
overloaded vehicles OV.

Similarly the extended residual service period of a pavement after reduction of
number of overloaded vehicles by DOV can be calculated from the formula:

RSPOV�DOV ¼ RSPOV
1� DFLOV�DOV

1� DFLOV
ð3Þ

where: RSPOV−DOV—Residual Service Period, expressed in years, after reduction of
overloaded vehicles percentage from OV to (OV − DOV), RSPOV—Residual Service
Period, expressed in years, at the existing number of overloaded vehicles OV. Both
values—Residual Fatigue Life as well as Residual Service Period—will increase by the
Increase Factor IF which expresses extension of service period and is equal to:
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IF ¼ 1� DFLOV�DOV

1� DFLOV
ð4Þ

where IF is the Increase Factor, other abbreviations as above. The chart with IF for
three target percentages of overloaded vehicles is presented in Fig. 5.

The presented method is approximate but may well suit a purpose of evaluating the
benefits of traffic control measures. The exact value of increase in fatigue life and
service period due to decrease in percentage of overloaded vehicles is dependent on
several factors which may vary between specific roads. These factors are: composition
and characterization of heavy traffic, current percentage of overloaded vehicles, the
degree of overloading, pavement structure and materials used for pavement layers,
climatic conditions, etc.

3 Example of Life Cycle Cost Analysis of Pavement
with Existing and Reduced Percentage of Overloaded
Vehicles

The calculations were performed for an example of national road DK94c with existing
percentage of overloaded vehicles equal to 23%, Annual Average Daily Truck Traffic
AADT = 1125 trucks per day per lane and truck equivalency factor TF = 0.75 standard
100 kN axles per lane. The typical design period for national roads in Poland equals 20
years. Two alternative scenarios of pavement structure loading were considered:

A. Pavement structure is loaded by heavy traffic with current 23% of overloaded
vehicles and service period is equal to design period,

B. The percentage of overloaded vehicles is decreased to 5% and the service period is
extended by factor IF = 1.5 (according to Fig. 5).
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The same fatigue life of pavement structure was assumed for both alternatives A
and B. A plot of pavement condition changes in the following years of service for
alternative A and B is presented in Fig. 6. Decrease in OV from 23 to 5% will cause an
increase in service period of new structure from designed 20 years to 30 years. Sim-
ilarly the period between pavement structural rehabilitation will increase from designed
10 years to 15 years.

The whole life cost analysis was performed on the basis of instructions (FHWA
1998). The same initial costs and maintenance cost were assumed in both alternatives A
and B. The treatment scenario can significantly vary in different countries and it
depends on several factors including policy, traffic and climatic conditions, road
authority experience etc. The analysis uses an example treatment scenario, which is
given in Table 2. The treatment scenario was assumed on the basis of literature review
available in work of Lisowska and Ludzik (2016), where a comparison of experience
from several countries including USA, Canada, France and Switzerland is given.

It was assumed that costs include discount rate, which equals 2.5% and is constant
over the whole period of analysis. More detailed information about maintenance
strategy and costs for both alternatives A and B are given in Table 2. The costs given in
Table 2 were assumed on the basis of interview with three road construction companies
and Polish road authority. In order to make the analysis clearer, only costs bare by road
authority were included. The presented analysis does not include user costs but it is
expected that consideration of user costs would additionally increase the disproportion
between alternatives A and B.

It can be concluded from Table 2 that for the assumed treatment scenario the whole
life costs borne by road authority can decrease by 11% if the percentage of overloaded
vehicles decreases from 23 to 5%. The results could be slightly different for other
treatment scenarios, however the extension of service period will always result in cost

Alt B – Reduced number of overloaded vehicles
Alt A – Current number of overloaded vehicles

40300 10 20

40 Years analysis period

Fig. 6. Effect of reduction of overloaded vehicles on pavement condition and pavement service
period
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Table 2. Example of maintenance treatment and calculation of costs bare by road authority in
case of existing and reduced percentage of overloaded vehicles

Year of
analysis

Alternative A
Existing percentage of overloaded
vehicles OV = 23%

Alternative B
Percentage of overloaded vehicles
reduced to OV = 5%

Maintenance
treatment

Cost bare by
road authority
(per one km)

Maintenance treatment Cost bare by
road authority
(per one km)

0 Initial cost—
construction of new
pavement

$1,342,857 Initial cost—
construction of new
pavement

$1,342,857

5 Crack sealing
(*200 m)

$1768 Crack sealing
(*200 m)

$1768

10 Crack repairs
Thin overlay

$34,523 Crack sealing
Repairs of potholes with
patches 2% of lane area

$3348

15 Crack sealing
Repairs of potholes
with patches 2% of
lane area

$3348 Crack repairs, milling
and reconstruction of
wearing course

$47,346

20 Milling of wearing
course, overlay with
12 cm of HMA

$217,954 Crack sealing
Repairs of potholes with
patches 5% of lane area

$6975

25 Crack repairs $2312 Crack sealing
Repairs of potholes with
patches 5% of lane area

$6164

30 Crack sealing
Repairs of potholes
with patches 5% of
lane area

$5448 Milling of wearing
course, overlay with
8 cm of HMA

$170,265

35 Full-depth
reconstruction

$216,705 Crack sealing and
repairs

$1806

40 Crack sealing $745 Crack sealing
Repairs of potholes with
patches 5% of lane area

$4256

Salvage value −$102,567 −$56,782
Total cost $1,723,093 $1,528,004

114 D. Rys and P. Jaskula



benefits. The value of 11% does not seem to be very high, however considering
maintenance costs of the entire road network it brings multi-million savings.

4 Conclusions

(1) Data from Weigh in Motion stations on seven state roads and one motorway in
Poland indicated that the percentage of overloaded vehicles was in the range from 5
to 23%. The lowest percentage was noted on a road where continuous control of
traffic was performed.

(2) Most overloaded vehicles exceeded the maximum legal axle load limit, while the
gross weight was exceeded less frequently. It indicates that very often freight inside
vehicles is not properly distributed which may result from negligence and
unawareness of drivers and transport companies.

(3) The relationship between average percentage of overloaded vehicles and average
truck equivalency factor was found in the research. According to the linear
regression, an increase in percentage of overloaded vehicles from 5 to 23% causes
increase in truck equivalency factor from 0.53 to 0.81—by 1.52 times. Increase in
truck equivalency factor results in decrease in fatigue life of pavement structure.

(4) Reduction of number of overloaded vehicles causes extension of residual fatigue
life and service period of pavement structures. The methodology of estimation of
Increase Factor IF which expresses extension of service period was developed in
the paper. Reduction of percentage of overloaded vehicles from 23 to 5% causes
increase in service period by IF = 1.5.

(5) The example analysis of effect of overloaded vehicles on life cycle cost of pave-
ment structure was performed. For a given example the whole life cycle costs bare
by road authority can decrease by 11% when percentage of overloaded vehicles
decreases from 23 to 5%. The results may be slightly different for other treatment
scenarios, however the extension of service period will always result in cost
benefits. Reduction in number of overloaded vehicles can brings multi-million
savings when maintenance costs of the entire road network are considered.
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Abstract. The water seeps through the base and subgrade which results in a
decrease in the life of the pavement by a reduction in modulus of underneath
layers. Accurate analysis of water seepage through soil is essential to achieve a
more durable design of pavement. A present-day system demands an application
of analytical tool which will enhance the scope to find the unknown nodal values
along with governing parameters like seepage pressures and gradients. In this
connection, the advantages of the versatile finite element technique over the
other available methods for seepage analysis holds a bright promise. This study
illustrates the effectiveness of finite element analysis of two-dimensional
steady-state seepage fields with the confined flow boundaries in considering a
practical design approach for achieving the optimum pavement section subjected
to seepage conditions. In the analysis, it is assumed that the energy supplied to
the soil mass is entirely dissipated due to the seepage through the mass, which
provides the basis for the formulation of the set of governing equations. The
solution gives the unknown nodal discharge. It is noticed that the discharge at
the nodes representing the inflow into the medium is positive, and is negative for
the nodes representing the outflow from the medium. Such type of analysis
proves beneficial for deriving useful design charts/procedures by correlating the
obtained data from analysis with the actual field condition.

1 Introduction

Development of any country depends on its road network which contributes in
exchanging the social, cultural, economic and industrial activities; on other hands the
increasing traffic along with overloaded vehicles, actual field conditions are responsible
for early development of distress symptoms like raveling, undulations, rutting, crack-
ing, bleeding and potholing in bituminous layer (Ranadive and Tapase 2013; Tapase
and Ranadive 2017). The water seeps through the base and subgrade which results in
the decrease in the life of the pavement by a reduction in modulus of underneath layers.
Accurate analysis of water seepage through soil is essential to achieve a more durable
design of pavement. With a view to finding the unknown nodal values along with
governing parameters in the present work, two-dimensional steady-state seepage
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analysis is performed considering the fields with the confined flow boundaries.
A present-day system demands an application of analytical tool which will enhance the
scope to find the unknown nodal values along with governing parameters like seepage
pressures and gradients. In this connection, the advantages of the versatile finite ele-
ment technique over the other available methods for seepage analysis holds a bright
promise.

2 Literature Review

Accurate analysis of water seepage through soil is essential to achieve the more durable
design of pavement. The seepage is a very important phenomenon to be reckoned with
while designing the soil engineering systems, wherein the seepage through the soil
mass governs their behavior. Various methods are successfully employed to analyze
the seepage problems.

Amongst various techniques, the graphical method of sketching the flow nets offers
the simplest method for the solution of seepage problems. Even though a soil mass may
appear to be uniform and homogeneous, its coefficient of permeability may erratically
vary with depth. In general, the soil masses display anisotropy with respect to the
coefficient of permeability. So long as the anisotropic ratio and the direction of ani-
sotropy remain same throughout the seepage medium, the graphical method may easily
be employed after suitable geometrical transformation of the medium. However, more
often than not, the ratio, as well as the orientation of anisotropy, may vary so much
from point to point that even the sophisticated schemes may fail in affecting the
geometrical transformation needed for applying the graphical method. In view of the
above, it is concluded that in case of the highly heterogeneous soil masses, it is
impossible to achieve the solution by employing the graphical method.

Where the graphical method fails, it is impossible to provide a rigorous mathe-
matical solution. Even though the mathematical treatment has the capacity to provide a
most accurate solution in closed form, it can handle only simple seepage media and the
even geometrical boundaries. Obviously, the method has limitations in offering solu-
tion to the seepage problems, associated with heterogeneous soil masses or the medium
having uneven geometrical boundaries.

Analog solutions take the advantages of the common governing equation, even
though the fields may be totally diverse. For example, the standard Laplace equation,
which governs the steady state seepage through the isotropic homogeneous soil media,
also governs the phenomena, such as the flow of current through electrical conducting
system deflections of a thin membrane, etc. Taking the advantage of this fact, the
seepage problems could be solved by employing the techniques of the electrical
analogy, the membrane analogy, etc.

The analog solutions are superior to mathematical solution due to their ability to
provide satisfactory results in those cases where the mathematics would fail. In addi-
tion, they are more accurate in comparison with the solution derived through the
graphical methods. In the present state of the developments in the technique of analog
solution, it appears that the analog solution can accommodate sufficient degree of
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heterogeneity of the medium, though they may fail in case of highly heterogeneous
seepage media.

Numerical solutions do not have the above kind of limitations. Even though the
numerical methods offer only approximate solutions, it is possible to achieve realistic
results due to the availability of the high-speed digital computers. Amongst the solu-
tions, those based on the principles of finite differences became most popular since
1940. The finite difference method has the capacity to accommodate complex geo-
metrical boundaries as well as the highest degree of heterogeneity into the analysis. The
finite element method has also this capacity. In addition, Zienkiewicz and Taylor
(1991) states that the finite element method, when applied to the seepage problems, has
the following advantage over the method of finite differences.

(a) The simplicity of dealing with non-homogeneous and anisotropic situations
(Particularly when the direction of anisotropy is variable).

(b) The elements can be graded in shape and size to follow arbitrary boundaries and
to allow for the regions of rapid variation of the flow potential.

(c) Specific gradients are prescribed by the stream boundary conditions which are
introduced naturally and with better accuracy than the finite difference procedures.

(d) Higher order elements can be used to improve accuracy without complicating
boundary conditions, a difficulty always arising with finite difference approxi-
mation of the higher order.

(e) Finally but of considerable importance, in the computer age, standard programs
may be used for assembly and solution.

Kalyani and Gunarate (2009) developed a model to analyze the effects of
steady-state seepage of water based on continuum models. A water pressure gradient is
applied across one two-layer unit to trigger water seepage and the pore water motion is
idealized using Navier–Stokes (NS) equations.

3 Pavement Section and Finite Element Analysis

The two-dimensional finite element method for the analysis of the steady state seepage
fields is performed. The scope of the present work is limited to the seepage fields with
the confined flow boundaries.

Engineering problems are often governed by a large number of parameters and
complexities, which are represented by a set of equations, whereas the source programs
are prepared which on its execution results in a solution to those unknown entities.
Constitutive models represent a mathematical model that describes the behavior of
engineering materials play a significant role in providing reliable results from any
solution procedures. Increasing use and development of computer-based techniques
such as finite difference method, boundary integral equation method, and the finite
element method have enhanced the importance of constitutive models of engineering
materials. The physical behavior of the engineering problem once understood is
established in the form of a mathematical model for solving it quantitatively. The
internal mechanical response of a material can be expressed in terms of stresses and
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Fig. 1. Idealization for seepage analysis
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strains. The constitutive laws which are the outcome of extensive laboratory and field
test are applied herein to define the material behavior.

In the present study, a two-dimensional seepage analysis is performed, wherein the
thickness of the subgrade is 900 mm which is kept constant throughout the analysis and
the lateral extent is assumed to be at 2.5 times the pavement width which represents the
indefinite lateral extent of the soil strata adequately. A system comprising of the
two-layer pavement of total 650 mm thickness comprising of 450 mm base layer and
200 mm of BL resting over soil strata/subgrade is analyzed (Fig. 1). In the present
study, a coarse mesh for idealization comprising of 400 quadrilateral elements and 451
nodes is employed. Lateral extent is assumed to be at 2.5 times the pavement width from
the toe of the base layer (i.e. horizontal extent is taken as 3750 + 9375 = 13,125 mm)
represents the indefinite lateral extent of the soil strata adequately. For the
two-dimensional seepage analysis, the finite element idealization for the pavement is
developed by means of four noded quadrilateral elements (Fig. 1).

It is recognized that the boundary conditions comprise of the prescribed values of
nodal flow potential or nodal discharge (Q). For example, at the nodes lying over the
discharge face of the atmospheric pressure, the values of flow potential are known, but
the values of Q are unknown. On the other hand, at the remaining nodes, inflow being
equal to outflow due to the steady state condition, the values of Q are zero, but the flow
potential values at those nodes are unknown.

In the present case, an algorithm wherein the logical rules including the mathe-
matical expressions representing the solution of the problem in the form of critical
parameters is interlinked to formulate the source program. The developed computer
source program executes the unambiguous orders that are logically interlinked with
mathematical expressions, governing equations along with boundary conditions in
terms of the FORTRAN language coupled with its operations, which interns provides
the results at the critical location. Even though subgrade soils are not elastic and
undergo deformation, depending on the depth of the point considered, the vertical
stresses at certain depth yields the same stresses for both linear and nonlinear theories
(Huang 2008).

The accuracy of the finite element analysis is affirmed by comparing the computed
results with readily available closed-form solution (Tapase and Ranadive 2016).

4 Steady State Seepage Analysis

There is a good deal of similarity between the deformation analysis and the steady state
seepage analysis considered herein. In the steady state seepage analysis, the flow
potential (;) represents the governing parameter. Consequently, in the finite element
seepage analysis, the nodal flow potential (;) play the role analogous to that of the
nodal displacements in the deformation analysis. In a similar manner, the nodal dis-
charge (Q) in the seepage analysis is analogous to that of the nodal forces in the
deformation analysis.

Theoretically, a soil mass subjected to seepage would deform due to the body
forces induced by the seepage. In case of the steady state seepage analysis, absence of
such deformations, (i.e., the soil mass is treated as a rigid porous body) is assumed. As
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a consequence of this, it is assumed that the energy supplied to the soil mass is entirely
dissipated due to the seepage through the mass. This would provide the basis for the
formulation of the set of governing equations.

5 Gradients and Velocities

Let ix and iy be the potential gradients in the ‘x’ and the ‘y’ directions respectively. Let
these gradients be represented through the vector [i] then,

½i� ¼ ix
iy
¼

@;
@x
@;
@y

¼ ½B�½;e� ð1Þ

wherein, (B) matrix is composed of the constant coefficients, hence, throughout the
element the gradients are constant. This is analogues to the plane strain element.

Let, vx and vy be the flow velocities in the x and y directions respectively; then
according to the well known Darcy’s law;

vx ¼ �kxix
vy ¼ �kyiy

ð2Þ

The minus sign in the Eq. 2 is due to the fact that in the positive direction of the
velocities, the flow potential (;) should decrease; hence the gradient in those directions
would be negative. These components of the velocities are represented through a vector
[v], consequently,

½v� ¼ vx
vy

¼ ½c�½i� ¼ �½C�½B�½i� ð3Þ

Like the gradients, the velocities are also constant throughout the element. The
gradients and the velocities for the elements are computed by means of the Eqs. 2 and 3
respectively. The nodal gradients and the nodal velocities are then derived by the
method of direct averaging.

6 Seepage Characteristics

The seepage forces of intensities “px” and “py” per unit volume is acted in ‘x’ and ‘y’
directions respectively; wherein;

px ¼ �cwix
py ¼ �cwiy

ð4Þ
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So that cw is the unit weight of water.
The minus sign in the Eq. 5 is due to the fact that in the positive direction of the

seepage forces, the flow potential (;) decreases, hence the gradients are negative in
those directions.

The vector (P) of the seepage forces, is as defined in the Eq. 5.

½P� ¼ �cw
ix
iy
¼ �cw½i� ¼ �cw½B�½;e� ð5Þ

As (ix, iy) are constant throughout the element, the same is also the case with (px,
px).

For the steady state seepage condition,

½Qe� ¼ ½Se�½;e� ð6Þ

Wherein, [Se] is the element seepage matrix as defined in the Eq. 7

½Se� ¼ D � ½B�T ½c�½B� ð7Þ

and;

½Q� ¼ ½S�½/� ð8Þ

Wherein; [S] is the final seepage matrix, which could be derived by super posi-
tioning of [Se] of all the ‘N’ elements;

7 Boundary Conditions

It is recognized that the boundary conditions comprises of the prescribed values of
nodal flow potential (/) or nodal discharge (Q), for example at the nodes lying over the
discharge face at the atmospheric pressure, the values of flow potential (/) are known,
but the values of nodal discharge (Q) are unknown. On the other hand at the remaining
nodes, in general inflow being equal to outflow due to the steady state condition, the
nodal value of discharge (Q) is zero, but the flow potential (/) values at those nodes are
unknown. It is recognized that the boundary conditions would comprise of the pre-
scribed values of nodal ‘/’ or nodal ‘Q’. For example at the nodes lying over an
equipotential surface or the discharge faces at the discharge faces at the atmospheric
pressure, the values of ‘/’ are known, but the values of / are unknown. on the other
hand at the remaining nodes, in general inflow being equal to outflow due to the steady
state condition,the nodal values of ‘Q’ are Zero, but the ‘/’ values at those node are
unknown. Representing the knowns and the unknowns through the suffixes ‘K’ and ‘u’
respectively, the equation is arranged as given in Eq. 8.
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½SI �
½SII �T

½SII �
½SIII �

½/U �
½/K �

¼ ½QK �
½QU �

Therefore;

½SI �½/u� þ ½SII �½/K � ¼ ½QK �
½SII �½/U � þ ½SIII �½/K � ¼ ½QU �

ð11Þ

From the first part of the Eq. 8, [/u] is obtained and on substituting it in the second
equation [QU] is derived. Thus the unknown nodal (/;Q) gets established with the help
of these the gradients and velocities developed in the medium could be derived.

In the analysis following boundary conditions are employed,

(i) From Fig. 1, the nodes 1, 42, 83, 124, 165, 206, 247, 288, 329, 370, 411 are at
entrance so the values of discharge (Q) are unknown and the values of potential
flow are known which is taken as 100%.

(ii) At the nodes open to atmosphere, where the value of discharge (Q) is unknown,
flow potential/pressure / is taken to be equal to zero.

(iii) At the remaining nodes discharge (Q) is equal to zero and value of flow potential
(/) is unknown.

8 Results and Interpretation

This study illustrates the effectiveness of finite element analysis of two-dimensional
steady-state seepage fields with the confined flow boundaries in considering a practical
design approach for achieving the optimum pavement section subjected to seepage
conditions. In the analysis, it is assumed that the energy supplied to the soil mass is
entirely dissipated due to the seepage through the mass, which provides the basis for
the formulation of the set of governing equations. The solution gives the unknown
nodal discharge (Q) as mentioned in Table 1. It is noticed the discharge (Q) at the
nodes 1, 42, 83, 124, 124, 165, 206, 247, 288, 329, 370 and 411 are positive; this is
because they represent the inflow into the medium. On the other hand, negative dis-
charges indicate outflow from the medium. In the steady state seepage condition,
inflow is equal to outflow; the slight difference between inflow and outflow is due to
the rounding off of the numerical computations at the various stages. Let the 100%
head be equal to 500 mm head of water, with this the percentage nodal values of flow
potential (/) are transformed into the equivalent head of water. A two-dimensional
steady-state seepage analysis with the confined flow boundary is performed, wherein
the deformation due to the soil mass body forces induced by the seepage is assumed to
be absent (i.e. the soil mass is treated as rigid porous). The results pertaining to the
nodes of flow value in percentage and equivalent meter head at nodes are presented in
Table 1.
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9 Conclusions

Based on the work undertaken following are some of the important conclusions which
are directly or indirectly applicable in practice. Considering 100% as head of water for
various trial heights, the percentage nodal values of flow potential are transformed into
the equivalent head of water. The solution gives the unknown nodal discharge. It is
noticed that the discharge at the nodes representing the inflow into the medium is
positive, and is negative for the nodes representing the outflow from the medium. Such

Table 1. Value of unknown nodal discharge

Node number Flow potential (/) Discharge (Q)

1 1.00E+02 1.01E+00
42 1.00E+02 2.01E+00
83 1.00E+02 2.01E+00
124 1.00E+02 2.01E+00
165 1.00E+02 2.01E+00
206 1.00E+02 2.01E+00
247 1.00E+02 2.01E+00
288 1.00E+02 2.01E+00
329 1.00E+02 2.01E+00
370 1.00E+02 2.01E+00
411 1.00E+02 1.01E+00
432 0.00E+00 −1.07E+01
433 0.00E+00 −5.05E+00
434 0.00E+00 −2.15E+00
435 0.00E+00 −1.11E+00
436 0.00E+00 −5.62E−01
437 0.00E+00 −2.89E−01
438 0.00E+00 −1.48E−01
439 0.00E+00 −7.59E−02
440 0.00E+00 −3.89E−02
441 0.00E+00 −2.30E−02
442 0.00E+00 −1.18E−02
443 0.00E+00 −4.21E−03
444 0.00E+00 −1.51E−03
445 0.00E+00 −5.40E−04
446 0.00E+00 −1.93E−04
447 0.00E+00 −6.92E−05
448 0.00E+00 −2.48E−05
449 0.00E+00 −9.01E−06
450 0.00E+00 −3.58E−06
451 0.00E+00 −1.14E−06
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type of analysis proves beneficial for deriving useful design charts/procedures by
correlating the obtained data from analysis with the actual field condition.
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Abstract. All cement concrete undergoes drying shrinkage or volume change
as the concrete ages. The volume change in concrete is very important to the
engineer in the design of a structure. Shrinkage cracks can impact the durability
and safety of the structures. The degree of dry shrinkage is affected by many
factors. This paper investigated three different cement grades (C30, C40, C50)
and three different humidity (30, 60, 95%) at two temperature conditions (10,
25 °C). The dry shrinkage of three cement grades was tested and the results
were measured at 7, 14, 28, and 60 days. Through the analysis of the test results,
it was found that the humidity has the most profound impact on dry shrinkage.
When concrete was subjected to a dry atmosphere, it would lead to a greater
drying shrinkage. Lower temperatures generally produce a decrease in drying
shrinkage because of higher humidity and slower evaporation.

1 Introduction

Dry shrinkage is an inherent characteristic of cement-based concrete which is the
shrinkage of concrete in an unsaturated environment during cement hydration. Drying
shrinkage happens mostly because of the reduction of capillary water by evaporation
and the water in the cement paste. Concrete is in flowing state during placement and in
solid state after hardening. Hardening is a chemical process that produces solid
materials such as calcium silicate. It is also a physical process that is accompanied by
evaporation of water. When the water evaporation rate is greater than the rate of
bleeding, the surface begins to shrink, but it can adapt to the volume change without
cracking because of the plastic state of concrete at this time. After that, the concrete
becomes thicker because cement hydration and the possibility of plastic cracking
increases with the evaporation. After the concrete is set, the drying shrinkage of the
hardened concrete may lead to cracking when the amount of shrinkage is large. The
water loss rate of concrete is related to many factors, such as water glue ratio, total
amount of gelation material, dosage of mineral admixture, temperature and humidity,
etc. Ruimin Xiao, Xiong Zhang and Jialin Le have studied that water glue ratio is less
affected in the early stage of concrete drying shrinkage and there is a critical value in
the later stage. When water glue ratio exceeds concrete critical value, the relationship
between the drying shrinkage and the water gel ratio was not obvious. When water glue
ratio is below concrete critical value, the concrete drying shrinkage increased with the
water glue ratio increase in the later stage. The total amount of gelled material has little
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effect on the early drying shrinkage of concrete, and the shrinkage value increases with
the total amount of gelled material increase [1]. Now concrete is generally mixed with
mineral admixtures. For high performance concrete, mineral admixtures are necessary.
Different mineral admixture is studied by Kang Bai, Hongfa Yu, etc. the influence of
different dosage on drying shrinkage of concrete, the drying shrinkage development
within 7 day is rapid, 7–60 day drying shrinkage speed slow, stabilized after 60 day,
and they put forward the measure of using expansive agent to reduce drying shrinkage
[2]. The effect of temperature and humidity on the shrinkage of concrete is studied in
this paper.

2 Determination of Concrete Shrinkage Test Method

There are many concrete shrinkage tests in the world. In China alone, there are China
national standard GB/T50082-2009, China Ministry of Communications Standard
JTJ270-98 and the China power industry standard DL/T5120-2001. Many international
institutions have provided concrete shrinkage deformation test standards, such as
ASTM, the European EN, the British BS, Japan JIS. There are differences among the
test methods. For example, GB/T50082-2009 included both contact and non-contact
methods. The contact method included a concrete shrinkage measuring device and the
non-contact method comprised a non-contact concrete shrinkage deformation tester.
ASTM C157 and British EN utilized gauge for measuring shrinkage. European EN
uses contact sensors to measure shrinkage [3].

The non-contact method of GB/T50082-2009 (China national standard) is mainly
testing the shrinkage rate of concrete for the first 3 days [4, 5]. In contrast, the contact
method is mainly measuring the dry shrinkage of concrete after 3 days. Thus, the
contact method was selected and employed in the study.

3 Preparation of Concrete Specimens

Concrete strength and workability (typically reflected in slump) are the two main
controlling parameters in China. The cement grades included in the study are C30, C40
and C50. The slump was controlled at 200 ± 20 mm.

The selected materials were tested to comply with the China national and industry
standards.

The specimens were prepared according to the mixing design given in Table 1.

Table 1. Mixing design

Strength Cement Mineral
powder

Fly
ash

Sand 5–10
gravel

10–20
gravel

Water Water-reducing
agent

C30 220 80 80 735 165 937 175 8.4
C40 275 80 80 678 166 941 170 9.6
C50 330 80 80 650 166 941 160 12.3
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The size of the shrinkage test specimen/prism was 100 mm � 100 mm � 515
mm. Six sets of specimens were prepared and tested under different temperatures and
humidity.

4 Testing

In order to ensure the accuracy and reliability of the test results, the temperatures were
controlled at between 0 and 25 °C with accuracy of ±1 °C and humidity was con-
trolled at between 30 and 95% with accuracy ±1%. Three different concrete grades
were investigated: (1) C30, (2) C40, and (3) C50. Six specimens were prepared for each
concrete grade. Test variables included 2 temperatures (10 and 25 °C) and 3 humidity
(30, 60, and 95%).

5 Results and Analysis

The specimens were cured for 3 days in a standard curing environment. Then, they
were taken out for 4 h at a controlled temperature of 20 ± 2 °C. Measurements were
made to determine their initial lengths. The position and direction of specimens on the
contraction should be consistent at all times. The corresponding direction was indicated
on the specimen. Test specimens/prisms were placed in the corresponding wet and dry
box. When the curing was completed, the length of test specimen was measured, and
the concrete shrinkage rate was calculated using Eq. 1:

est ¼ L0 � Ltð Þ=Lb ð1Þ

where est—the contraction rate of concrete at test age t, and t is the time when the
concrete was stirred with water; L0—initial reading of specimen length, mm; Lt—the
length of the specimen at age t, mm; Lb—the length of the concrete specimen (ex-
cluding the protruding part of the side head) minus two of the head was buried in the
depth [5].

The test results of shrinkage rates for different curing ages and humidity at curing
temperature of 10 are shown in Tables 2, 3, 4 and Figs. 1, 2, 3.

Table 2. Shrinkage rate at 30% humidity

Grade Age
7 days 14 days 28 days 60 days

C30 389 530 815 860
C40 352 552 870 904
C50 322 578 850 887

Units 10−6
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Through the analyses of the test results, it was found that shrinkage rate increased
with decreasing humidity. It means the shrinkage rate was smaller under higher
humidity. This phenomenon was more pronounce for high strength grade than the low
strength grade concrete. As expected, the shrinkage rate slowed down after 28 days of
curing.

The decrease of the humidity of the concrete itself was the result of the chemical
reaction. After the concrete was harden, the volume shrinkage caused by the hydration
of the cementitious material was expressed in macroscopic volume shrinkage. In the
early stage, there was sufficient internal moisture, so the internal humidity was close to
100%. With time, the rate of hydration decreases and the humidity of concrete
decreases as well. When the internal humidity of concrete began to fall, it would cause

Table 3. Shrinkage rate at 60% humidity

Strength grade Age
7 days 14 days 28 days 60 days

C30 91 167 318 382
C40 122 190 325 400
C50 145 210 340 421

Units 10−6

Table 4. Shrinkage rate at 95% humidity

Strength grade Age
7 days 14 days 28 days 60 days

C30 65 87 115 130
C40 109 126 150 168
C50 115 132 160 179

Units 10−6
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the macroscopic shrinkage of concrete, which was controlled by the chemical shrinkage
before the internal humidity drops. Therefore, the early shrinkage of concrete was
closely related to the change of internal humidity. The internal humidity was reduced
because the hydration reaction consumes water. When decrease of humidity in concrete
was due to the dissipation of water diffusion, it is called drying shrinkage. Therefore,
the change of the internal humidity of concrete was the main driving force of early
shrinkage [6].

The test results of shrinkage rate for different cement grade and humidity at curing
temperature of 25 °C are shown in Tables 5, 6, 7 and Figs. 4, 5, 6.

In view of the aforementioned test results, it was found that the shrinkage rate of
concrete increases with increasing ambient temperature. When the temperature was
high, the first 7 days chemical reaction rate was faster, and it lead to higher shrinkage
rates. The early shrinkage would be expected under high temperature and low humidity
environment. Chemical reactions and hydration rates reduced with age and so as
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Table 5. Shrinkage rate at 30% humidity

Grade Age
7 days 14 days 28 days 60 days

C30 430 610 1040 1130
C40 406 545 970 1052
C50 378 523 916 976

Units 10−6

Table 6. Shrinkage rate at 60% humidity

Grade Age
7 days 14 days 28 days 60 days

C30 127 240 512 564
C40 162 276 524 603
C50 180 302 550 638

Units 10−6

Table 7. Shrinkage rate at 95% humidity

Grade Age
7 days 14 days 28 days 60 days

C30 78 94 120 133
C40 124 138 160 175
C50 138 155 178 193

Units 10−6
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shrinkage rate. Shrinkage rate for the first 7 days was higher than those from 7th to 60th
days. When the temperature was low, the concrete chemical reaction and the wet
exchange rate would be slow. It led to lower early concrete shrinkage rate [5].

The shrinkage of concrete is affected by the relative humidity of the environment.
The higher shrinkage rate was associated with lower relative humidity. For C30 con-
crete at 25 °C, when the relative humidity reduced from 95 to 30%, the dry shrinkage
value increased from 133 � 10−6 to 1130 � 10−6. For C50 concrete, the dry shrinkage
value raised from 193 � 10−6 to 976 � 10−6. It was confirmed in this study that the
relationship between dry shrinkage and environmental relative humidity cannot be
described by a simple linear relation [7].

When humidity was less than 60%, and the water dissipation rate of concrete was
higher. In early life of concrete, when there was insufficient humidity, it would cause
the water in the concrete to evaporate massively. It would impact hydration of cement
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due to loss of water. The dry shrinkage led to development of tensile stress in low
strength state and caused cracks on the concrete surface. The durability index such as
strength and impermeability of concrete would be adversely affected. Therefore, con-
crete curing immediately after placement was very important to ensure sufficient
moisture during hydration as it would ultimately affect the performance of concrete [7].

6 Conclusions

Drying shrinkage happens mostly because of the reduction of capillary water by
evaporation and the water in the cement paste. Effects of humidity, temperature, and
cement grade on dry shrinkage were investigated in this study. It was found that
humidity has the most profound effects on concrete dry shrinkage. To minimize
shrinkage crack and improve concrete durability, the curing immediately after place-
ment for the first 7 days was very important to ensure sufficient moisture during cement
hydration. It is advisable to keep humidity higher than 60% such that the shrinkage of
concrete can be minimized.
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Abstract. Maintenance engineers have a problem because of the great quantity
of data they must consider when evaluating kilometres of roads and because
road roughness data measured with IRI (or possibly PCI) cannot be considered
in isolation from other data such as Construction and Workmanship; Mix and
Structural Design; Traffic; Climate (during and after construction). Incorporating
these five datapoints into a single conventional graph would require a graph in
five dimensions and such a graph would lose much of the benefits that a graph is
meant to give (i.e. speed of data comprehension and readability). The Chernoff
Face Method (CFM) is an iconic visualization technique used to code multi-
variate data to simplify two-dimensional line drawings of faces so as to create a
representation of the data that is more intuitively comprehensible to humans.
The theory behind CFM is that humans have a special sensitivity to details in a
facial representation that they do not have with data representations such as
conventional graphic displays (e.g. line and bar graphs). The objective is to find
an optimum balance between the volume of the data represented and the
comprehensibility of the data. In particular, humans can discern eye size and
eyebrows slant in faces with finer distinctions than they would be able to
intuitively understand when reading another graph. This promises to be a means
of displaying fine grained data for analysis by mapping data points to possible
display variables such as: eye size, face shape, eyebrows slant angle (inward,
outward, neutral). In order to map the IRI, construction, design, traffic and
climate data to the CFM, a Multi-Criteria Analysis (MCA) model was used to
determine the optimal number for the scale for each data category. The total
number of Chernoff Faces for this problem was found to be 243, so that all five
categories of data could be represented. Using CFM in conjunction with this
data allows better evaluation of pavement distress.

Keywords: Chernoff face � International roughness index � Traffic level
Climate zone � Structural design � Material & construction � Multi-criteria
analysis

© Springer International Publishing AG, part of Springer Nature 2019
K. Zhang et al. (eds.), Testing and Characterization of Asphalt Materials
and Pavement Structures, Sustainable Civil Infrastructures,
https://doi.org/10.1007/978-3-319-95789-0_13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95789-0_13&amp;domain=pdf


1 Introduction

Planners and maintenance engineers are often confronted by the problem of how to
understand and analyze large quantities of data. In the domain of roadwork, the data is
relatively simple, pertaining to qualities such as road surface roughness, traffic levels,
climatic zones, structural design and materials and construction. While these five basic
qualities are relatively uncomplicated, if they are defined, for example, every 200 ms
over many kilometres of roads, the data describing these small variations become
overwhelming. The problem is worsened if, for each of those data-points, the engineer
must either assign or read a number that represents the actual real world condition.
Keeping this all in active human memory is an almost impossible task.

1.1 Benefits and Limits of Measuring Factors in Pavement Distress

Among the various things affecting pavement quality (and therefore ride quality)
pavement distress is considered to be the most important (REF). This distress plays a
cumulative role in long-term and incremental degradation caused by traffic and the
environment, but this distress can be accurately measured with the International
Roughness Index (IRI) (Von Quintus et al. 2001). Presently, to simplify this data, it is
often indicated in terms of the short, word descriptions of the IRI where road surfaces
are graded and referred to in general terms such as “smooth”, “rough”, and “very
rough” (as in Table 1, row 1) in order to help planners remember the basic quality of a
road. Pavement evaluation methods, such as the IRI and the Pavement Condition
Index, PCI, the standard alternative to IRI, are already very sophisticated in terms of
data collection but the data these methods collect are hard to communicate to engineers
and planners. This project uses IRI because it is one the most common ranking systems
for pavement surface smoothness and therefore ride quality (Shafizadeh and Mannering
2003). Note that the present proposal is not for a new means of measuring pavement
distress but simply a method to communicate pavement condition findings that have
already been recorded with IRI (or possibly PCI) alongside contributing factors
influencing the results collected by the IRI to engineers in a more intuitive way.

Beyond this consideration, the IRI (or PCI) data on their own is not entirely
sufficient to communicate everything that an engineer needs in planning maintenance;
it would be much more useful to have the IRI data displayed alongside corresponding
contributory data (e.g. climate data). This is because the distress from traffic and the
environmental factors depends greatly on several factors. Following Adlinge and Gupta
(2013) the factors under consideration in the present research are: Pavement Roughness
(IRI); Construction and Workmanship; Mix and Structural Design; Traffic; Climate
(during and after construction). A better understanding of how these factors interact
would help predict the change in the road rating and the changes in the performance of
the pavement (Haider and Chatti 2009). For example, with empirical data collected in
Virginia, New Jersey, and Maryland, Zhou and Wang (2009) created a predictive
model for IRI. The results of this model were then compared with similar models
helping them to identify qualities that indicated pavement distress. These were eval-
uated in terms of standard criteria for the progression of roughness in pavement over
time. Not all pavement distresses have an equal effect on future performance and they
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therefore affected the reliability of these predictive models (Wang et al. 2007). Smith
and Tighe (2004) used the Long Term Pavement Performance (LTPP) index to research
what affected the development of pavement roughness and reported that regional
environmental factors and asphalt design had the greatest influence on pavement
quality.

Several research papers have summarized factors contributing to ride quality but
they are limited because there are many obstacles to empirical data representation
(Haider and Chatti 2009). This seemingly simple detail is important in the study of
pavement deterioration, particularly when trying to correlate such things as environ-
mental effects with pavement quality changes over time. As such, systems like IRI and

Table 1. The levels of quality for each pavement condition factor (Visintine et al. 2015)

Factors types Status Description

1 Pavement roughness
IRI

Good
(= “smooth”)

IRI < 8 m/km

Fair
(= “rough”)

8 � IRI � 4 m/km

Poor
(= “very
rough”)

IRI > 4 m/km

2 Materials and quality Good Material meets specifications
Fair Material does not always meet

specifications
Poor Material often does not meet specifications

3 Construction and
workmanship

Good All work meets specifications
Fair Work does not always meet specifications
Poor Most work does not meet specifications

4 Mix and structural
design and
specifications

Match
design

Meets specifications

Fair Mix and/or structural design
recommendations does not met structural
considered

Does not met No mix and/or structural design
recommendations

5 Traffic level Low volume Fewer than 5000 vehicles per lane per day
Medium
volume

From 5000 to 20,000 vehicles per lane per
day

High volume Over 20,000 vehicles per lane per day
6 Climate zone problems None No weather problems during or right after

construction
Few Some weather problems during or right after

construction
Yes Significant weather problems during or

right after construction
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PCI are not, on their own, sufficient to communicate all the details that may be
important in judging road quality, and planning maintenance.

1.2 Problems with Graphs and Data Representation

In order to detect patterns, clusters of effects and even outlying data points in a dataset,
researchers have often used graphical representations. These help people see trends that
are not obvious without such graphical representations or “graphs”. In such graphs, a
balance must be found between data volume and practical means of displaying the data.
Nonetheless, indicating more details, in terms of numerical values, as conveyed in a
standard graph (bar, line graph, etc.), is hard to remember and is generally considered
to be unworkable. Furthermore, a standard graph starts to become hard to read beyond
two dimensions (x, y), starting with a graph including three dimensions (x, y, z) and it
becomes time consuming to read when there are more dimensions than this, losing
many of the advantages of having a graph in the first place. Nonetheless, when
engineers are examining many kilometres of roads and must make decisions as to the
priority of what to repair sooner and what to repair later, they need more than just two
data points; for example, understanding the structural design of a segment of the road
can help in those repair decisions. Again, this problem is multiplied by the amount of
data represented, i.e. kilometres of roads described every 200 m.

1.3 The Chernoff Face Method (CFM)

One innovative idea was published by Herman Chernoff, a statistician, as “The Use of
Faces to Represent to Points in K-Dimensional Space Graphically,” in 1973 in the
Journal of the American Statistical Association (Chernoff 1973). His idea was to
exploit the human brain’s greater sensitivity to human faces in order to represent
complex multivariate data and to assimilate it with other such data at the same time. As
described in his 1973 paper, he encoded such multivariate data in the features of
simplified human faces; the faces generated by this technique are now known as
Chernoff faces and here as the Chernoff Face Method (CFM). In Fig. 2, several of these
variables are assigned to a facial trait; from this, a face is generated for each case. In
practical terms, Chernoff faces are two-dimensional images, often line drawings, each
containing very specific features. Each detail of these facial features can be correlated
to features in a dataset. Chernoff faces have been applied to visualization problems in
areas such as intelligence analysis, information retrieval and data mining (Chernoff
1973) and using Chernoff faces may allow engineers to represent large datasets in a
way that is intuitively accessible for people.

In order to take advantage of the human brain’s natural capacities for recognition of
various facial features, the options in the Chernoff faces have to be limited to stay
within a range of realistic or semi-realistic expressions or characteristics. Therefore, the
quantity of features that are adjusted is restricted to that which would make any face
contrast with another. Nonetheless, some characteristics are more noticeable to us than
others. The human capacity to notice small changes in these features can be ordered as
follows: face size; face shape; nose length; mouth location; degree of curves of the
smile, location; eye characteristics such as angles, shape, separation, width; location of
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pupil; width, angle, location of eyebrows. By means of these variables, an engineer can
display and store many of these data in a single facial representation, i.e. as opposed
displaying a data point as a point on a line graph, the engineer displays a Chernoff face
with, for example, five data points within it. Nonetheless, this data could be greater
than five and Kabulov and Tashpulatova (2010) found that, with enhancements such as
hair, beards, and colour, they were able to display up to twenty dimensions in a single
face. Therefore, CFM promises to be a means of displaying fine grained data for
analysis by collecting data points such as: Pavement Roughness (IRI Materials and
Quality); Construction and Workmanship; Mix and Structural Design; Traffic; Climate
(during and after construction) (Adlinge and Gupta 2013). These will be mapped to
display variables such as shape (everything), colour (face, eyes), size (all except face),
spacing (eyes), slant angle (eyebrows, e.g. inward, outward, neutral). See Fig. 1.
Mapping data to CFM promises to assist engineers in their recognition and recall of
prominent features and patterns of data; these simple but powerful visualization tools
can help projects to better understand variations in road pavement quality along the
course of a road (Fig. 2).

As any conventional graph, using CFM helps recognize clusters and single
instances of changes in the quality roads as well as the variables that affect such
changes. For the simulations, five facial features were used to characterize the greatest
variations in the factors proposed by Adlinge and Gupta (2013) (i.e. traffic loads,
environment, pavement thickness, material). These were represented by facial char-
acteristics including: nose width and length; mouth curvature; eyebrow length and
angle. In order to speed processing, the facial variables that were not needed for the
study were set as default values; these included width and shape of eyes and face.

Fig. 1. Examples Chernoff faces
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1.4 Incorporating CFM with Multivariate Data

At this point the benefits with of using CFM in conjunction with IRI seem apparent. If
the project only considers incorporating the IRI into the CFM, it could simply improve
on the standard IRI designations of smooth, rough, and very rough. Initially this was
the approach and, for the purposes of integrating the IRI into a broader scale, this study
did the following equivalences: Good (= “smooth”) IRI < 8 m/km; Fair (= “rough”)
8 � IRI � 4 m/km; Poor (= “very rough”) IRI > 4 m/km. In order to evaluate the
overall quality of the pavement, this study determined a scale based on common
representations of pavement conditions. For practical purposes, this study initially
chose a ten-point scale, following the scale discussed in the PASER Asphalt Roads
Manual (Walker et al. 2002) where 10 is excellent and 1 is failed; see Table 2.

Each step of the PASER scale, as shown in Table 2 (adopted from the PASER
manual), gives detailed criteria relating to the road’s condition and whether or not it
needs repair. 10 indicates a new construction; 9 is a “like new recent overly; 8 is a
recent seal coat or new cold mix that requires little or no maintenance; 7 shows first
signs of aging; 6 shows signs of aging and the road life could be extended with the seal
coat; 5 indicates surface aging but with sound structural conditions; 4 has significant
aging and would benefit from 2 inches or more of structural overlay; 3 needs patching
and repair before a major overlay; 2 indicates severe deterioration and a need for
reconstruction with extensive base repair; 1 indicates a failed pavement with a need for
total reconstruction (from the PASER evaluation in Table 2). As such, the PASER
scale in Table 2 is a practical needs-based evaluation scale. Details of the points
proposed by Adlinge and Gupta (2013) follow.

1.4.1 Structural Design
Al-Suleiman and Shiyab (2003) used roughness data to build a model that estimated the
length of the service life of existing roads in Dubai. They created two regression

Fig. 2. Facial variations
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Table 2. Pavement rating condition [based on the PASER scale (Walker et al. 2002)]

Surface
rating

Visible distress Photo surface distress General condition

10 Excellent None New construction

9 Excellent None Recent overlay. Like
new

8 Very good All cracks sealed or
tight (open less than
¼″)

Recent sealcoat or new
cold mix. Little or no
maintenance required

7 Good Very slight or no
raveling, surface shows
some traffic wear

First signs of aging.
Maintain with routine
crack filling

6 Good Sight to moderate
flushing or polishing.
Occasional patching in
good condition

Shows signs of aging.
Sound structural
condition. Could
extend life with
sealcoat

5 Fair Moderate to severe
raveling (loss of fine
and coarse aggregate).
Extensive to severe
flushing or polishing.
Some patching or edge
wedging in good
condition

Surface aging. Sound
structural condition.
Needs sealcoat or thin
non-structural overlay
(less than 2″)

4 Fair Severe surface
raveling. Multiple
longitudinal and
transverse cracking
with slight raveling.
Longitudinal cracking
in wheel path

Significant aging and
first signs of need for
strengthening. Would
benefit from a
structural overlay (2″ or
more)

3 Poor Closely spaced
longitudinal and
transverse cracks often
showing raveling and
crack erosion. Patches
in fair to poor
condition. Moderate
rutting or distortion (1″
or 2″ deep)

Needs patching and
repair prior to major
overlay. Milling and
removal of
deterioration extends
the life of overlay

(continued)
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simulations that proved to be statistically significant and that successfully estimated
how much service life remained in a slower high traffic lane and an express traffic lane.
Hall et al. (2003) studied how control sections compared with test sections of the road
with regards to long-term roughness, cracking and rutting. With Canadian LTPP data
Raymond et al. (2002) analyzed the progress of pavement roughness in the first eight
years of the lifespan of a new road construction. Their findings indicated that overlay
thickness, location, and preexisting cracking all played sizeable roles in the progression
of pavement roughness. Prior to resurfacing, factors such as overlay thickness, pave-
ment roughness and how much the surface had been prepared all played a statistically
significant effect (95% significance) on the degree of roughness of a newly resurfaced
pavement (Raymond et al. 2003). Perera and Kohn (2006) replicated an earlier study
tracking roughness on resurfaced pavements showing that the IRI of the pavements
depended on the IRI prior to overlay of a new layer, as well as the thickness of the new
overlay. Their conclusions did not find that type of asphalt pavement or milling before
a new overlay was important to the later progression of pavement roughness, i.e. while
a thicker overlay resulted in a surface with a lower IRI (smoother) thickness did not
affect IRIs for sections laid over unbound bases (Rahim et al. 2009).

Within the realm of structural design, moisture is the single greatest cause of
deterioration of an asphalt road, at all levels of construction. Which is to say, it
degrades the surface asphalt level but also the subgrade. Water penetrates the pavement
in three general ways: by way of holes and cracks in the top layers; laterally, through
the subgrade itself; with capillary action from the water table below the road. Moisture
causes particles to be lubricated, which itself causes the interlocking between the
particles to deteriorate and for particle displacement. This causes pavement failure
(Adlinge and Gupta 2013).

Whether or not moisture has entered the subgrade, ultimately, it is these soils of the
subgrade, under the pavement, that support the axle loads. When the subgrade is not
sufficient to support these axle loads, the road again becomes too prone to movement
and this greater movement eventually results in pavement failure. In cases where there
are variations in the subgrade composition that are not or cannot be sufficiently
compacted or otherwise compensated for during the pavement design or construction, it

Table 2. (continued)

Surface
rating

Visible distress Photo surface distress General condition

2 Very poor Alligator cracking
(over 25% of surface).
Severe distortions (over
2″ deep). Extensive
patching in poor
condition. Potholes

Severe deterioration.
Needs reconstruction
with extensive base
repair. Pulverization of
old pavement is
effective

1 Failed Severe distress with
extensive loss of
surface integrity

Failed. Needs total
reconstruction
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can be expected that the pavement will perform poorly or for a shorter time (Adlinge
and Gupta 2013).

1.4.2 Climate Zone
Haider and Chatti (2009) found that another important factor affecting IRI was envi-
ronmental factors. In climates that did not freeze, the greater the variation and degree of
moisture in the subgrade, the greater and the faster the increase in pavement roughness.
In freezing sites, they found a parallel, where freezing and moisture combined to
influence the progression of roughness indices. As might be expected, sites that
experienced high degrees of both moisture and freezing indicated the highest reported
roughness levels (Haider and Chatti 2009). Controlling for subgrade types, thinner
overlays in areas with high levels of moisture and freezing had higher roughness
progression than thicker ones (Tighe 2002). Nonetheless, roughness progression was
the highest in sites with thin overlays, fine subgrade, situated in low-freeze but wet
areas (Tighe et al. 2000). Although the condition of a pavement before overlay has an
important effect on the as-built roughness of a road (Raymond et al. 2003), there is, as
yet, no study of how overlays on concrete or asphalt roads progress in terms of
roughness.

1.4.3 Traffic Levels
The greatest influence on pavement lifespan and performance is traffic. Specifically, the
effects of traffic that play the greatest role in the deterioration of pavement are factors
such as the configuration, loading magnitude, and load repetitions by vehicles, par-
ticularly heavy trucks (Pais et al. 2013). Every axle load contributes to this deterio-
ration and the standard single-axle load is defined as 80 KN (E80). This defines the
deterioration of the road per axle per pass. As such, an asphalt pavement is planned for
a given quantity of standard axle loads (i.e. E80s) before it falls below the service level
for which it was designed (Adlinge and Gupta 2013).

1.4.4 Quality of Construction
Pavement is directly affected by material quality, moisture levels (during and after
construction), degree of compaction, and correct final layer thickness. Due to the
critical nature of these factors, skilled design, construction, and quality control
inspection crews are very important for road construction. Table 1, shows the levels of
quality for each factor for pavement (Visintine et al 2015).

2 Results

The initial project idea was that the PASER-inspired ten-point scale should be sufficient
to determine the factors influencing pavement quality mentioned above. These data
were then graded according to whether they are good, fair, or poor except in the case of
Traffic, where they were graded as: low volume, medium volume, high volume. These
data were then going to be mapped to the CFM to provide a better understanding of the
existing pavement quality so engineers could make better predictions about what is
happening below the pavement surface. An initial Table 1, was created to show the
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qualities from the IRI as they had been ranked with Traffic Level, Climate Zone,
Structural Design, and Material & Construction on a ten-point scale derived from the
PASER Manual scale, where 1 = Failed and 10 = Excellent.

Nonetheless, because the project has as an objective the representation of multi-
variate data, it soon became clear that the dataset would be much too large and
therefore unworkable. If many of the variables (e.g. IRI, structural design) were
assigned a ten-point scale, the output would give us an outcome of 105 faces. This is
clearly not a satisfactory result.

2.1 Multi-criteria Analysis Model

With the project objective of displaying both the IRI data and the data representing
these last four areas (structural design, climate zone, traffic levels and quality of
construction) a reduced scale for each of these had to be determined. These new scales
were chosen based on output from a Multi-Criteria Analysis model (MCA). MCA is a
way to make an informed choice when there are many small data points that might
otherwise be too complex to navigate and hard to get an actionable outcome. Therefore
the MCA is set up so that many small choices are made between two variables and this
is repeated until a final outcome is determined.

Using MCA, the final scale is comprised of 243 faces. Following the logic that a
viewer can easily discern between three states of a feature, there are only three states to
each feature. For example, with the mouth, a poor road surface is mapped to a frowning
mouth; an adequate road surface is mapped to a neutral mouth (shown with a flat line);
an excellent road surface is mapped to a smiling mouth.

The mappings, e.g. of IRI to Mouth, and Traffic Level to Nose, are somewhat
arbitrary; because IRI is the determining scale that gives us an overall idea of the

Fig. 3. Example of shapes to each feature according to the factors in Table 3
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quality of the road surface, it is mapped to the mouth, on the assumption that a mouth
gives the most obvious impression of an emotional state, i.e. it would make little
intuitive sense to have a bad road surface and a happy expression on the mouth, as it is
shows in Fig. 3.

Figure 4 shows a GIS-generated map with the Chernoff Faces superimposed on it,
that indicate the road quality alongside the other data points from Table 3. The image
in Figs. 3 and 4 is an example of the standard output of the CFM and could be easily
distributed to planners and maintenance engineers making decisions as to what repairs
to schedule.

3 Discussion

Evaluating the condition of pavement surfaces is complicated in many ways. In this
paper, there were initial ten levels in the scale to reflect the condition of the pavement
surface, represented in Table 2. This table shows the initial choices for this project with
all the levels and the pavement rating based on the ten-point scale discussed in the
“PASER Asphalt Roads Manual” (Walker et al. 2002). For example, with a rating of 9–
10, no maintenance is needed; with a rating of 8, little or no maintenance is needed;
with a ratings 6–7, routine maintenance is needed; with a rating of 5, preservative
treatments are needed; with a rating of 3–4, structural improvements and levelling are
needed; with a rating from 1 to 2, reconstruction is needed.

These two systems, the PASER scale and the CFM, have been represented in a new
scale, called here the CFPSC, the Chernoff Faces Surface Pavement Condition scale,
illustrated in Table 3. The five categories, seen as column designations, represent the
data variables with Chernoff faces. These can then be correlated to the pavement rating

Fig. 4. Examples of Chernoff faces showing the factors affecting the surface pavement condition
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conditions, seen as rows, and then correlated with the found levels of pavement
deterioration.

As explained in the Results, if the PASER scale were directly implemented into a
Chernoff Face Method, there would be as many as 105 face icons. These are clearly too
many options for the practical effects that are needed for a successful implementation of
the Chernoff Face Method. Therefore, the 10-point scale seen in Table 2 was reduced
to three levels for each of the five categories as shown in Table 3, using a
Multi-Criteria Analysis model (MCA).

This new scale takes the numerical and the word values from Table 2 and gives
new designations in Table 3; these new designations are much simpler but still capture
the information required. The Table 2 values of 10, 9, 8 indicate that the pavement
condition is “excellent” or “very good”; these are simplified in Table 3 and coded as
“green/5/good” (where the number corresponds to the value needed for the MCA). The
same equivalences are made from Table 2 where grades 7, 6, 5 are indicated in Table 3
as “yellow/3/fair”. In the final equivalence from Tables 2 to 3, Table 2 grades 4, 3, 2, 1
is indicated in Table 3 as “red/1/poor”. (This conversion process relates to the present
project only and would not be entered into for the end user, because it is unnecessary
and possibly confusing).

The final Table 3 ratings are determined according to the need for maintenance or
repair. Where roads coded “green/5/good” are in good condition and need little to no
maintenance. Roads coded “yellow/3/fair” show some surface aging and may benefit
from some non-structural maintenance. Roads coded “red/1/poor” require more work,
ranging from structural overlay to total reconstruction. These, in turn, indicate the ride
quality of the pavement surface.

Figure 3 clearly shows the features of Chernoff faces related to the pavement
surface. As indicated above, the variations in faces have been determined, in part, using
a Multi-Criteria Analysis model (MCA), using excel. The MCA determined that 243
faces are sufficient to show all the conditions discussed in Table 3. Figure 4 was
generated with the Geographic Information System software (GIS), although other
software could also be used. To prepare to output an image, such as in Fig. 4, the 243
faces need to be input into the GIS; in Fig. 4, the road was divided into 200 m
segments; according to the condition of the road, the GIS maps the correct Chernoff
face to each stretch of road.

4 Summary and Conclusions and Further Research

Pavement rating is an important part of an agency’s approach to evaluating road
performance. This paper determines how the Chernoff faces help engineers to evaluate
the performance of pavement according to many factors, such as pavement condition,
construction quality, quality of materials, traffic, and climate. The results clearly show
that the deviations from good conditions can have a dramatic effect on the acceptable
service life of the pavement, where pavement roughness as determined by the IRI. This
new technique will avoid the problem of conflating general pavement quality of a large
area of pavement with the quality of a small area contained within the greater pavement
surface area.
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The challenge for the project now is to determine the best output values for the
various shapes and details of the faces so that they represent data points that can be
easily read in the field. For example, if the CFPSC (The Chernoff Faces Surface
Pavement Condition Scale) relies too much on colour, it may prove difficult to read
with a black and white printout; likewise, if it relies too much on size, the data may
prove to be harder to judge quickly on a low quality computer screen or printout.
Therefore, these variations are being tested and considered with care.

It is clear that the Chernoff Faces Surface Pavement Condition scale (CFPSC), once
fine tuned, is superior to crude descriptions such as good, fair, or poor condition.
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Abstract. In this study, ten sections of different composite pavement structures
in southern China were tested. Study in fields included distress survey, char-
acteristic of reflective cracks with drilled core, and Falling Weight Deflec-
tometer (FWD) testing. The Top-down crack was found, and the thick overlay
and SMA pavement was found to be favorable to control the reflective cracks.

1 Introduction

Composite pavement, commonly consisting of asphalt concrete (AC) overlay and
Portland cement concrete (PCC), is the main type of pavement used in expressway in
southern China. Reflective cracking is one of the major distresses in AC overlays on
jointed cement concrete pavements (JCCP), which is without rebar dowel in all joints.
The basic mechanism for reflective cracking in the overlay is strain concentration at the
bottom and the vertical horizontal movements of the underlying PCC (Portland Cement
Concrete) slab at the cracks/joints in the existing pavement (An et al. 2014). Li et al.
(2011) analyzed the fatigue damage characteristics, cracking mechanism and crack
propagation of asphalt overlay on JCCP under vehicle loading, using the theories of
damage mechanics, fracture mechanics and simulation method; and indicating that the
asphalt concrete overlay subjected to partial loading on the joints is prone to fatigue
cracking under repeated load due to overlay being under tensile stress. Zeng et al.
(2013) analyzed the tensile and shear stresses by modeling the AC overlay on con-
tinuously reinforced concrete pavement (CRCP) by using the finite element software,
under symmetric and eccentric loading. Chen et al. (2007) analyzed the stress intensity
factors of AC overlay on CRCP using the general finite element code ABAQUS.

The study demonstrates the field test results (Du et al. 2016), and analyses the
mechanism of reflective cracking.

2 AC Overlays

The JCCP of ten tested sections located in the Expressway of Liuzhou to Nanning
Express way were constructed in 1999, with the thickness of 26 cm and design flexural
strength of 5 MPa, and the AC layers were overlaid between 2005 and 2010. The
half-width pavement of the expressway was composed of two lanes, and the inner lane
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is constrained to light vehicles, while the outer lane for heavy trucks. The overlays are
composed of AC-13, SMA-13, stress absorbing layer and geotextile. Table 1 shows the
ovarlay structures of ten sections.

In August 2016 site test was conducted to evaluate the structural strength of ten
composite pavements (Du et al. 2016). Site work in fields included pavement distress

Table 1. Overlay structure of the ten tested sections

Section number Time in
service
(year)

Length
(km)

Aspahlt overlay structures Overlay
thickness
(mm)

1 11 1.5 4 cm AC-13 modified asphalt
mixture + 5.5 cm natural asphalt
AC-25 + 2 cm Asphalt sand stress
absorbing layer

115

2 1.5 4 cm AC-13 modified asphalt
mixture + 5 cm AC-25 modified
asphalt mixture + 2.5 cm Strata stress
absorbing layer

115

3 2 4 cm AC-13 SBS modified asphalt
concrete +5.5 cm AC-25 SBS
modified asphalt concrete + 1.5 cm
Asphalt sand stress absorbing layer

110

4 1.5 3 cm SMA-13 modified asphalt
mixture + 5 cm AC-25 modified
asphalt mixture + Geotextile +1.5 cm
Asphalt sand stress absorbing layer

95

5 1.5 4 cm SMA-13 modified asphalt
mixture +6 cm AC-25 modified
asphalt mixture + Geotextile +1.5 cm
Asphalt sand stress absorbing layer

115

6 10 2 3.5 cm SMA-13 modified asphalt
mixture +8.3 cm AC-25 modified
asphalt mixture + Geotextile +1.5 cm
Asphalt sand stress absorbing layer

131

7 5 3.5 cm SMA-13 lake-asphalt modified
asphalt mixture +7 cm AC-25 lake
asphalt modified asphalt
mixture + Geotextile +1.5 cm Asphalt
sand stress absorbing layer

120

8 5 3.5 cm SMA-13 SBS modified asphalt
mixture +7 cm AC-25 SBS modified
asphalt concrete + Geotextile +1.5 cm
SBS modified asphalt sand stress
absorbing layer

120

(continued)
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survey, feature description of reflective crack features by drilling core bridging the
visible reflective cracks, detecting the deflections of joints between two slabs using the
Falling Weight Deflectometer, laboratory experiments were performed to test the
bitumen content, voids content and aggregate gradation of AC layer using the drilled
cylinder cores.

3 Pavement Condition

The technical report (Du et al. 2016) shows that typical distresses of overlays are
reflective cracking, block cracking, rutting and pitting. The distress of the asphalt
overleys surveyed in the year of 2007, 2008, 2009 (Du et al. 2016), respectively, are
analysed and listed in Table 2. It is seen that the overlays of Sections-9 and 10 had no
other distress except ruts. The density of distress is defined to characterize pavement
performance, and correlated to deflection and overlay type on. Density of distress is
calculated below (Table 3):

The density of distress = 100� ðthe area of the cracking + area of patch

+ area of block crackingÞ=the area of the pavement

Where, the area of the cracking = quantity � 3.75 m � 5 m (The 5 m is the
influence width of the crack); the area of patching = the actual area of patching; the
area of block cracking = 2� the actual area of patching (2 is the influence factor
because the disease repair needs to milling one of the lanes of the pavement)

The AC overlays of sections 1, 2 and 3, whose pavement structures are composed
of AC-13 SBS modified asphalt concrete upper layer, AC-25 natural asphalt concrete

Table 1. (continued)

Section number Time in
service
(year)

Length
(km)

Aspahlt overlay structures Overlay
thickness
(mm)

9 5 2 4 cm SMA-13 SBS modified asphalt
mixture +SBS modified asphalt
tack-coat (2 kg/m2) + 6 cm AC-20
high modulus asphalt concrete +3 cm
AC-10 SBS modified asphalt
concrete + Tack coat (SBS modified
asphalt-2 kg/m2)

130

10 12.4 4 cm AR-AC-13 + Tack coat (asphalt
rubber-2.2 kg/m2) + 6 cm
AR-AC-20 + Tack coat (asphalt
rubber -0.4 kg/m2) +2 cm
AR-AC-10 + Tack coat (asphalt
rubber-0.4 kg/m2)

120
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or SBS modified asphalt concrete subsurface, and the bottom layer of stress absorbing
layer, have been in service for 11 years, to the testing date. It is seen that distress
densities of the three sections are higher than that of other sections. The main distresses
surveyed in 2016 are transverse reflective cracks, and block cracks.

Table 2. Distresses of eight sections of overlays

Site number Distress types Unit Date of survey The density
of distress
of 2016 (%)

2007 2008 2009 2016

1 Pit slot Quantity 6 10 16 / 34.2
Transverse cracking Quantity 4 17 28 20
Patching m2 0 0 0 413
Block cracking m2/quantity 0 22.5/3 97/17 0

2 Pit slot Quantity 9 10 15 0 74.0
Transverse cracking Quantity 2 16 33 24
Patching m2 0 0 0 970
Block cracking m2/quantity 0 117/15 379/68 28/7

3 Pit slot Quantity 2 2 9 0 52.0
Transverse cracking Quantity 0 5 10 3
Patching m 0 0 0 490
Longitudinal cracking m 0 0 0 11
Block cracking m2/quantity 0 0.15/1 3.2/1 28/4

4 Pit slot Quantity 2 2 8 0 3.3
Transverse cracking Quantity 0 0 0 10
Patching m 0 0 0 0
Longitudinal cracking m 0 0 0 6
Block cracking m2/quantity 0 0 0 0

5 Pit slot Quantity 2 2 8 0 6.7
Transverse cracking Quantity 0 0 0 24

6 Pit slot Quantity 0 0 0 0 4.6
Transverse cracking Quantity 0 0 0 46
Patching m 0 0 0 0
Longitudinal cracking m 0 0 0 6
Block cracking m2/quantity 0 0 0 0

7 Pit slot Quantity 0 0 0 0 2.7
Transverse cracking Quantity 0 0 0 11

8 Pit slot Quantity 0 0 0 0 3.5
Transverse cracking Quantity 0 0 0 7
Longitudinal cracking m 0 0 0 6
Block cracking m2/quantity 0 0 0 0
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Sections 4, 5, 6, 7 and 8, whose overlay structures are composed of SMA-13 SBS
modified asphalt mixture, AC-25 SBS modified asphalt concrete, geotextile and stress
absorbing layer, with thickness of 9.5–13.1 cm, have been open to traffic for 10 years,
to the testing date, suffering lower density of distress than sections 1, 2 and 3.

The field distress survey result indicated that the overlay with the upper layer of
AC-13 SBS modified asphalt concrete suffered much larger amount of block cracking
than the overlay with the upper layer of SMA-13 SBS modified asphalt mixture. It
means that the upper layer of AC-13 had experienced fatigue failure, while the upper
layer of SMA-13 had not.

4 Reflective Crack Feature

Core drilling was carried out to feature the reflective cracking. Some of the cores
bridging the visible reflective cracks, while the other bridging the invisible joints
identified from the slab side, were dilled down to the surface of concrete slab, and the
thickness of cores were measured. The observation focused on identifying whether the
reflective crack is Top-Down or not. The reflective crack is classified into two groups
based on the scaling damage: low scaling crack and high scaling crack.

All the cores were tested in laboratory for further investigation. The laboratory
work included the void content, bitumen content and aggregate gradation.

It is seen from Table 4 that all the reflective cracks were wide at the top and narrow
at the bottom, and no breakage occurred in the geotextile and stress absorbing layer,
indicating that the reflective cracks of Guangxi province whose whether is hot and
humid, initiate from the top down to bottom (Figs. 5 and 6).

Table 3. The average thickness of overlay measured from the cores

Site number Number of cores Average thickness (mm) Design thickness value (mm)

1 5 120 115
2 4 106 115
3 3 102 110
4 5 101 95
5 5 102 115
6 3 130 131
7 4 111 120
8 4 118 130
9 4 130 120
10 5 121 120
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Fig. 1. Low-scaling transverse reflective crack

Fig. 2. The location of slab joint

Fig. 3. High-scaling transverse reflective crack
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Fig. 4. The location of slab joint

Fig. 5. Low-scaling block crack

Fig. 6. The location of slab joint
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5 Deflection Test Using FWD

Deflections of slab ends of joints and cracks were tested using FWD to evaluate the
load transfer coefficient of the old PCC (Du et al. 2016). Only the outer lane was tested.
Load transfer coefficient dje is calculated using the equation below:

dje ¼ du=dl � 100

where, du is the deflection at unloaded slab end of the joint; while dl is that at loaded
slab end of the joint.

Deflections were randomly tested for the overlays with no visible reflective cracks.
The representative deflection X 0 is evaluated by:

X
0 ¼ �Xþ S

ta
ffiffiffiffi

N
p

where, �X—the average of deflection of the section; S—standard deviation; taffiffiffi
N

p —the

coefficient of assurance.
Comparison with the sections 1, 2 and 3 (Table 4) show that at the same or similar

pavement structure, there is a certain correlation between deflection and the density of
distress of the section. From the section 3 (Table 5) and section 4 (Table 6).

Analysis on the Tables 4, 5, 6, 7, 8 and 9 indicates that the SMA overlay has much
lower density of distress than the AC overlay with the similar deflection.

Table 4. Characteristics of the reflective cracks

Core location Number
of cores

Characteristics of the cracks

Low-scaling transverse
reflective crack (Fig. 1)

7 Obvious cracks can be seen on the upper layer. The
cracks were wide at the top and narrow at the
bottom. The cores were corresponded to the slab
joints (Fig. 2)

High-scaling transverse
reflective crack (Fig. 3)

5 Obvious cracks can be seen on the upper layer and
middle layer of the cores except the stress
absorbing layer. The cracks were wide at the top
and narrow at the bottom. The cores were
corresponded to the slab joints (Fig. 4)

Low-scaling block crack 3 Obvious cracks can be seen on the upper layer of
the cores. The cracks were wide at the top and
narrow at the bottom. The cores were corresponded
to the slab joint

Slab joint 5 No cracks were observed in the overlay in all cores
Low-scaling longitudinal
reflective crack

1 Obvious cracks can be seen on the upper layer. The
cracks were wide at the top and narrow at the
bottom
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Table 5. Distress density of 2016 and the deflection test results

Site
number

The density of distress
of 2016 (%)

Test lane and location The representative
deflections (0.01 mm)

1 34.2 Outer lane, tested at
random location

11.3

2 74 Outer lane, tested at
random location

14.2

3 52 Outer lane, tested in slab
joint

11.8

Outer lane, tested in the
middle of slab

7.1

4 3.3 Outer lane, tested in slab
joint

10.9

5 6.7 Outer lane, tested in slab
joint/crack

18.5

6 4.6 Outer lane, tested in slab
joint

9.2

Outer lane, tested in the
middle of slab

7.9

7 2.7 Outer lane, tested
randomly

7.2

8 3.5 Outer lane, tested
randomly

7.2

9 0 Outer lane, tested
randomly

9

Table 6. Deflections and load transfer coefficients of joints/crack of section 3

Location Lane tested dl (0.01 mm) du (0.01 mm) dje
1 Outer lane 11.48 1.3 11.3
2 Outer lane 9.03 3.4 37.7
3 Outer lane 12.25 6.4 52.2
4 Outer lane 5.6 3.9 69.6
5 Outer lane 13.09 5.8 44.3
6 Outer lane 8.4 3.2 38.1
7 Outer lane 6.79 1.9 28.0
8 Outer lane 11.13 5.1 45.8
9 Outer lane 7.07 4.5 63.6
10 Outer lane 14.98 4.5 30.0
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Table 9 shows that section 6 with low deflections and high joint load transfer
coefficients had no cracks, whereas section 5 (Table 8) with high deflection and joint
load transfer coefficient suffered from severe transverse cracking.

Table 7. Deflections and load transfer coefficients of joints/crack of section 4

Number Lane tested dl (0.01 mm) du (0.01 mm) dje
1 Outer lane 7.56 4.4 58.2
2 Outer lane 8.16 3.6 44.1
4 Outer lane 9.9 3.3 33.3
5 Outer lane 8.94 4.5 50.3
6 Outer lane 11.7 4.5 38.5
7 Outer lane 9.6 4.4 45.8
8 Outer lane 9.72 4.2 43.2
9 Outer lane 11.4 4.1 36.0
10 Outer lane 10.14 3.5 34.5
11 Outer lane 10.08 3.5 34.7
12 Outer lane 12 7.8 65.0
13 Outer lane 10.86 5.6 51.6
14 Outer lane 12.42 4.3 34.6

Table 8. Deflections and load transfer coefficients of joints/crack of section 5

Number Lane tested dl (0.01 mm) du (0.01 mm) dje
1 Outer lane 11.925 6.1 51.15
2 Outer lane 12.375 4.9 39.60
3 Outer lane 16.575 6.3 38.01
3 Outer lane 18.6 8.4 45.16
5 Outer lane 19.8 5.7 28.79
6 Outer lane 15.9 3.6 22.64

Table 9. Deflections and load transfer coefficients of joints of section 6 (no cracks)

Location Lane tested dl (0.01 mm) du (0.01 mm) dje
1 Outer lane 7.67 5.4 70
2 Outer lane 9.425 6.6 70
3 Outer lane 7.605 5.7 75
4 Outer lane 9.1 7.5 82
5 Outer lane 8.45 5 59
6 Outer lane 8.37 6.7 80
7 Outer lane 7.28 4.9 67
8 Outer lane 8.255 6.7 81
9 Outer lane 8.515 6.2 73
10 Outer lane 11.23 9.9 88
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6 Mechanism of Reflective Cracking

As presented previously the SMA overlay had much lower density of distress than the
AC overlay, indicating that the performance of the overlay mainly depended on upper
layer.

Figure 7 shows that the geotextile had moved upward, indicating that the overlay
suffered from the high shear deformation induced by the poor joint load transfer
coefficient, and thus resulting in that the top of the overlay suffered high tensile stress,
leading to Top-Down cracking.

7 Conclusions

The conclusions are summarizes below:

(1) All the reflective cracks are Top-Down Cracking. The mechanism for this is the
poor of the load transfer coefficient of joints.

(2) The SMA asphalt mixture top layer performed much better than AC top layer, and
thus should be adopted as the top layer of the asphalt overlay to delay the
reflective cracking.

(3) Prior to overlaying the asphalt layer the load transfer efficiency of joints of
existing concrete pavements should be improved to delay the reflective cracking.

Acknowledgements. The work was supported by the Guangxi Transportation Science and
Technology Fund Project of China (Grant Nos. GNGKJGC2014-010), the Nanning City Science
and Technology Fund Project of Guangxi, China (Grant Nos. 20171002-2).

Fig. 7. The geotextile had moved upward
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Abstract. Blading maintenance of gravel roads is important to ensure that the
functional performance of the road is optimal and that vehicle operating costs
are minimized. In order to optimize the blading cycles a simple, low-cost system
is required to monitor the functional performance of the road and inform the
blading need. A method is described where functional performance monitoring
of gravel roads can be done at a regular frequency at no additional cost to the
road owner. The effect of blading maintenance decisions taken based on the use
of this system on a small gravel road network is illustrated. The optimization
lead to less blading requirements as only the sections where functional perfor-
mance was inadequate was maintained, and in the long term the condition of the
road improved through regular appropriate blading.

Keywords: Gravel road blading � Functional performance � Optimization

1 Introduction

Roads (similar to all infrastructure) deteriorate with time and use and is thus in constant
need of maintenance to ensure optimal functional condition (Jordaan 2013). Blading
maintenance of gravel roads is one of the engineering options to ensure that the
functional performance of the road is optimal and that vehicle operating costs are
minimized. In order to optimize the blading cycles a system is required to monitor the
functional performance of the road and inform the blading need. This system should
preferably be low cost and simple to operate as the budgets available for such main-
tenance is typically low, and the condition needs to be monitored frequency due to the
relatively quick deterioration in the functional performance of these roads through
factors such as corrugation development.

A method is described where the monitoring of functional performance of gravel
roads is conducted at a regular frequency and no additional cost to the road owner,
using an innovative Response Type Road Roughness Measurement System
(RTRRMS). The effect of blading maintenance decisions taken based on the use of this
system on a small gravel road network is illustrated. The optimization lead to less
blading requirements as only the sections where functional performance is inadequate
are maintained, and in the long term the condition of the road improved through regular
appropriate blading.
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2 Background to Road Maintenance and Roughness

2.1 Road Maintenance

Road maintenance is the process where the condition of a road needs to be monitored at
regular intervals, and this condition data are used to make decisions regarding the
required maintenance. The condition monitoring can include aspects such as the visual
condition, functional condition and structural condition of the road (SADC 2003;
SAPEM 2014). One of the functional condition aspects is the riding quality of the road.
The level of riding quality (or road roughness) is directly linked to road safety, user
perception and road user costs on the road (Heggie 1995; Sayers and Karamihas 1998).

In order to manage the maintenance of roads, minimum standards are set for the
condition level of the various condition parameters on a road. In South Africa, the
current guideline for riding quality of gravel roads indicates a minimum riding quality
of 7 m/km on such roads (Henderson and Van Zyl 2017).

2.2 Riding Quality

The riding quality of a road can be monitored using two main types of monitoring
(Jooste 1997) which are Response Type Road Roughness Measurements (RTRRM)
and Profilometric Type (PT) measurements. Each of these approaches have distinct
advantages and limitations, with RTRRM Systems (RTRRMS) using the calibrated
response of a vehicle travelling over the road to indicate the roughness level while
profilometric methods uses a laser-based measurement of the profile of the road surface
that is mathematically analyzed using the Quarter-Car model to calculate the rough-
ness. Both systems provide a roughness level in terms of the International Roughness
Index (IRI). Which provides a mathematical indication of the physical response of a
standardized vehicle to the road profile. The typical IRI scale runs from 0 m/km
(perfect surface) to 20 m/km (impassable).

In general, the profilometric approach is more modern and sophisticated, and
provides more consistent data. However, the approach requires significantly more
expensive equipment and in-depth understanding and monitoring of the measured data,
and the system can typically not be used on unpaved or gravel roads due to the dust
generated during traveling on the road. The RTRRMS requires a calibrated vehicle that
travels at a constant speed with a constant mass to ensure that the response of the
vehicle to the road condition is not affected by external factors (Jooste 1997). Newer
telematics-based RTRRMS uses algorithms that incorporate a range of speeds and
vehicle types in the determination of the riding quality (Wessels and Steyn 2016).

3 Experiment and Methodology

This paper describes a process that was developed for the management of gravel road
condition for a major agricultural business in the northern part of South Africa (Steyn
and Coetzer 2015). The process required regular monitoring of the road condition as
the deterioration of the road riding quality has a direct influence on the quality of the
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agricultural produce transported over the road system (Pretorius and Steyn 2016;
Pretorius 2017).

The measurement system consisted of measuring the vertical accelerations on a
Light Delivery Vehicle (LDV) on specific gravel routes before and after grading the
route. Data were collected at 15 intervals over a period of 7 months. During this period
the road was graded three times. The data analysis focuses on the comparison between
the vertical acceleration data as measured using the LDV. All measurements were
conducted traveling in the same direction on the route. Vehicle speed was kept constant
by monitoring GPS-based speed and keeping the speed to 40 ± 5 km/h during any run.

An accelerometers was rigidly installed on the tow-bar of the LDV (Fig. 1), and the
route was monitored using a calibrated GPS. The accelerometer data were collected at a
frequency of 50 Hz and the focus was on the vertical accelerations. Collected accel-
eration data were analyzed through a set of algorithms to determine the Coefficient of
Variation (CoV) of the vertical acceleration data that was then converted to Half-car
Roughness Index (HRI) values using a set of calibration equations that were developed
for the specific vehicle and vehicle conditions. Riding quality data were averaged over
250 m sections as these are deemed the shortest practical section lengths for
grader-based road maintenance. The final data consisted of the locations and calculated
riding quality over the length of the road at the selected intervals.

4 Data Analysis

In the data analysis attention was focused on the repeatability between measurement
runs (vehicle location), and the measured acceleration response of the vehicles.

Fig. 1. Accelerometer rigidly attached to LDV tow bar
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4.1 Vehicle Location

Vehicles traveling on a gravel route typically wander (i.e. travel on different wheel
paths across the width of the road) across the road depending on the location of the
smoothest ride on the road. A driver will typically try to select a route on the gravel
road that prevents interaction with anomalies such as protruding rocks and corruga-
tions. The actual routes followed by the LDV was analyzed by comparing the
GPS-based location data over the length of the route. The typical accuracy of the GPS
used was ±4 m.

Analysis of the scatter in wheel tracks followed for the various runs on the road
(shown for a unique short section in Fig. 2) indicates relative close spacing between the
runs, with analysis of these wander data indicating that wander ranged between 1.9 and
6.7 m with an average of 4.0 m. If it is assumed that the average is due to GPS location
issues and not physical wandering of the LDV, then the width of the wander ranges
between an average of 0.0 and 2.4 m and thus the tires can be running on a totally
different wheel track for the different measurements if care is not taken in the mea-
surements. An experienced driver was appointed to conduct the measurements and this
brought the wander to less than 0.5 m between runs.

4.2 Riding Quality—Acceleration Response

Analysis of all the vertical accelerations measured on the route at the intervals indicated
generates the data in Fig. 3. It can be seen from the data that the Coefficient of
Variation (CoV) of vertical acceleration (indicative of HRI) increases after grading the
road (with use of the road by a range of vehicles), and then improves again after the
next grading. In one instance a heavy rainfall caused relatively quick deterioration of

Fig. 2. Indication of wheel tracks followed for different runs during road maintenance
measurements
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the riding quality due to use of the road under very wet conditions. After ultimate
rehabilitation of the road (which included major improvement in materials and con-
struction options) the road condition remained good for a number of runs. Some of the
variation in the data is attributable to vehicle wandering.

4.3 Practical Application

In order for the data in the road maintenance analysis to be of practical value, a
management value needs to be defined that can be used to monitor the change in the
condition of the route until a certain trigger value is reached, at which stage grading of
the route is recommended. In this regard the terminal riding quality value of 7 m/km
(Henderson and Van Zyl 2017) is used in the current application of the process for the
road owner. Regular measurement are conducted on the selected roads and a grading
recommendation developed (Fig. 4) where only the sections with riding quality values
more than the trigger value of 7 m/km are recommended to be maintained.

The grading recommendation consists of a short report highlighting the sections of
the road that has higher than terminal riding quality and are thus in need of grading.
Application of this process has saved the road owner between 40 and 60% of grading
costs, as only sections that are worse than minimum riding quality are actually graded.
A current process is focusing on the translation of the riding quality changes to the
expected damage to transported tomatoes based on a set of relationships developed
between the riding quality of the road and the effect on shelf-life of the tomatoes
(Pretorius 2017). This provides a direct management tool to the agricultural company
in terms that are applicable to the specific agricultural environment.

Fig. 3. Typical vertical acceleration data
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5 Conclusions

Based on the data collected in the project and discussed in this paper, the following
conclusions are drawn:

• It is possible to measure the riding quality (and change in riding quality) of a gravel
road consistently using a calibrated RTRRMS;

• The measured riding quality data can be used to monitor the effect of maintenance
actions on the gravel road, and

• The measured riding quality data can be converted to a management tool for the
road user that provides a direct understanding of the effect of the road condition on
the economic operations on the road.
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