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A Framework for Selecting Safety
Treatments for Rural Roads

R. K. T. K. Ranawaka , H. R. Pasindu , and T. W. K. I. M. Dias

Abstract Road safety is a vital element of the road’s overall function, which is
often neglected in decision-making for road maintenance management. As a result,
the safety issues, especially in rural roads, remain without funding to implement the
necessary countermeasures. One constraint faced by local authorities is the lack of
analysis tools to select appropriate safety treatments within the available budget. This
study presents a methodology to logically determine the safety treatment criteria for
a selected road to increase the safety performance at project level. The decisions
regarding the safety treatments are taken based on a linear programming model
which optimizes the safety performance of the selected road. Cumulative Safety
Index (CSI) represents the safety performance of the road, which is determined based
on the prevailing issues on that road. The model comprises the objective function
by which maximizes the safety performance of the selected road concerning the
number of prevailing safety issue types. This model is used to identify the optimal
safety treatment scheme for the road chosen, ensuring prevailing safety issues of
the road are effectively addressed. The objective function consists of the Initial CSI
of the selected road and the safety improvement after treating relevant issue type
coupledwith a binary decision variable. Thismodel can also be considered an input to
road asset management systems where multi-objective optimization (MOO) models
maximize the network pavement condition and maximize overall network safety
performance.

Keywords Safety treatments · Linear optimization · Rural roads · Project level

R. K. T. K. Ranawaka (B) · H. R. Pasindu
University of Moratuwa, Moratuwa, Sri Lanka
e-mail: 188102d@uom.lk

T. W. K. I. M. Dias
General Sir John Kotelawala Defence University, Colombo, Sri Lanka

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. R. Pasindu et al. (eds.), Road and Airfield Pavement Technology, Lecture Notes
in Civil Engineering 193, https://doi.org/10.1007/978-3-030-87379-0_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87379-0_1&domain=pdf
http://orcid.org/0000-0001-6677-0305
http://orcid.org/0000-0002-2612-3143
http://orcid.org/0000-0003-2503-5720
mailto:188102d@uom.lk
https://doi.org/10.1007/978-3-030-87379-0_1


4 R. K. T. K. Ranawaka et al.

1 Introduction

Roads with poor safety performance are the key factors that indicate how unsafe
the road users are in the infrastructure system of a country. Especially in developing
countries, this situation has worsened due to improper road maintenance strategies.
An unsafe infrastructure system also contributes to the increase of operational costs
of the system. The above scenario occurs mainly due to the negligence of relevant
authorities, caused by not having a proper framework to guide them towards an
adequate road safety management consideration.

Although various public awareness programs, advocacy programs, driver training
programs, etc., are carried out tomake society aware of road safety, it can still be seen
that the accidents trends have not been decreased worldwide. In a situation where
the United Nations have announced the second decade of action for road safety, it
clearly shows that the required reduction of the world’s number of accidents has not
been achieved.

A road accident can result from various causal factors related to roadway char-
acteristics such as geometric issues, pavement issues, lack of road signage and
markings, improper road management, etc. Based on the mentality, reaction speeds,
fatigue, negligence, and other psychological factors, the human body is constantly
exposed to commit an error. But, if the prevailing safety conditions of the road can
reduce the risk caused by human error, it can decrease the probability of a crash
occurring. That is identified as the concept behind forgiving roads [1]. Forgiving
road is a road that will forgive the driver if he has committed a driving error, rather
than punishing the driver for his or her mistake. Forgiving roads are achieved by
proper road maintenance and proper safety management [2]. On the other hand,
using an adequate safety management system is required to achieve cost-optimized
decision-making criteria [3]. Especially in developing countries, due to the prob-
lems related to budget allocation, obtaining safety treatment decisions have become
a serious consideration [4].

The literature review shows that various approaches have been developed to incor-
porate road safety into pavement management systems and pavement conditions as
multi-objective optimization models. As per the suggestion of the Federal Highway
Administration, using Pavement Management Systems (PMS) is required to achieve
cost-optimized decision-making for road maintenance [3]. Various methodologies
have been developed considering pavement management optimization techniques.
Linear programming, integer linear programming, dynamic programming, and
heuristics can be identified as the powerful mathematical programming techniques
used in pavement management optimization models [5, 6]. Previous studies have
shown that linear programming is an ideal mathematical programming technique to
deal with day-to-day problems rather than other programming techniques.

Road safety analysis has now become a primary concern than ever. Therefore,
an essential requirement has been raised to incorporate safety modelling techniques
in pavement management techniques [7]. Recent studies show that researchers have
focused on incorporating risk assessment in M&R budget allocations rather than
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traditional PMSs [8]. Highway SafetyManual (HSM) always encourages researchers
and road agencies to develop state-specific safety performance evaluation method-
ologies and incorporate them in funding schemes [9]. The primary reason for that
is that the ground conditions where the existing methods have been developed may
not always correspond to another country’s ground conditions. Therefore, this study
proposes a novel approach to improve the safety performance of rural roads based on
a linear programming approach. Improvement of the safety performance is measured
by the reduction of the Cumulative Safety Index (CSI) [10] after treating each type of
safety issue. The improvement of safety performance coupled with a binary decision
variable is used in the objective function, which minimizes the CSI of the respective
project after applying the relevant safety treatment strategies.

2 Literature Review

Safety issues prevailing in rural low-volume roads are different from the safety issues
prevailing in the urban context. Especially in developing countries like Sri Lanka,
the allocation of funding for safety improvements in rural areas are significantly
lower when compared to the urban context. Table 1 analyzes safety issues related to
roadway characteristics in rural and low-volume roads as they have been considered
in different studies.

The three major road safety countermeasures applied in road safety management
can be categorized as follows [15]:

• Engineering countermeasures: These are the measures that involve roadway treat-
ments. They vary from installing warning signs, implementing traffic calming
measures to road re-alignments.

• Enforcement countermeasures.

Table 1 Safety issues in rural low-volume roads

Safety issue Addressed in

[11] [12] [13] [14]

Lack of roadside space
√ √ √ √

Issues at curve alignments
√ √

Signalized intersections
√ √ √

Entrance from by roads
√ √

Roadside edges
√

Pavement marking
√ √ √

Roadway issues
√ √ √

Roadside slopes and edges
√

Pedestrian facilities
√

Improper signage
√
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Table 2 Accident reduction
percentages by different
countermeasures

Countermeasure Accident reduction (%)

Installation of general warning signs 25

Upgrading of roadway delineation 15

Installation of the no-passing zone
through delineation

40

Lighting of at grade intersections
(overall)

30

Lighting of at grade intersections
(night)

50

Installation of right-turning lanes 35

Installation of rumble strips 25

Improvement of road surface 25

Installation of crash barrier (fatal
accidents)

65

Sight distance improvements 30

Improvement of horizontal
alignment

40

Construct grade-separated
interchange

55

• Education countermeasures.

Table 2 illustrates typical accident reduction percentages from engineering
countermeasures [15].

A pavement management system is an effective tool when cost-effective decisions
must be taken [3]. To guide the respective user towards a logical conclusion, different
approaches can be used. Specialized algorithms, logistics regressions, manual rules,
and linear programming are frequently used to obtain proper analytical solutions [6].

One of the significant drawbacks in current safety treatment selection processes
is the lack of knowledge on the effectiveness of available treatment types or treating
each safety issue. It is essential to identify the point of the crashes and use that
information on the treatment selection process [16]. Although there are studies that
consider the effect of treatment types, they do not provide a comparative analysis of
the methodological problem’s effectiveness.

Highway Safety Manual has developed Safety Performance Functions to predict
crashes in rural road segments as follows [17]:

Nspf = AADT × L × 365 × 106 × e−0.312 (1)

where,
Nspf—Predicted number of annual crashes.
L—Lane width.
AADT—Annual Average Daily Traffic.
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The following model developed by Sharma and Landge [18] predicts vehicle
crashes in Indian rural highways.

Accident/year/km = 2.913 + (0.326 ∗ AD) − (0.478 ∗ SW) − (0.173LW) (2)

where,
AD—Access density.
SW—Shoulder width.
LW—Lane width.
These models always indicate proper engineering judgments are essential to get

the maximum benefits of the statistical tools [18].
Sandamal et al. [4] have developed a multi-objective optimization model to

incorporate pavement condition and safety performance in pavement management
systems. The objective function of the model is to maximize the pavement condi-
tion and maximize safety performance. Pavement condition and safety performance
are evaluated by the International roughness index and Cumulative Safety Index,
respectively [4]. The objective functions are as follows.

Condition (Q);

Minimize Q F1) =
[∑

k=1
n

∑
r=1,m

(Qrk .Lk .Xrk)
]
/L (3)

Safety Performance (S);

Minimize S F2) =
[∑

k=1,n

∑
s=1,p

(CSIsk .Lk .Ysk)
]
/L (4)

Constraints;
Budget (B);

B ≥
∑

k=1,n

∑
r=1,m

(Crk .Lk .Xrk) +
∑

k=1,n

∑
s=1,p

(Csk .Lk .Ysk)

where,
Q—Average network IRI value.
S—Average cumulative safety index of the network.
CSIsk—Cumulative safety index after applying the safety improvement strategy

‘s’ in road section ‘k.‘
CSIi—Safety index for the issue type ‘i’ for a given road section ‘k.‘
Qrk—IRI of road section ‘k’ after applying the operation ‘r’ in m/km.
Lk—The length of road section ‘k’ in km.
Xrk—The decision variable (if operation ‘r’ is applied to road section ‘k’ then Xrk

= 1 and operation ‘r’ is not used to road section ‘k’ then Xrk = 0).
Ysk—The element in sth row and kth column of matrix Y= [Ysk]p× n εMwhere

Ysk is the binary decision variable subjected to constrains.
L—The total length of the road network.
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B—The total budget available for the financial year.
Crk—The cost per km for applying operation ‘r’ to road section ‘k’.
Csk—The cost per km for using safety improvement strategy ‘s’ to road section

‘k’.
n—The number of road sections in the network.
m—The number of maintenance operations used for road section ‘k’.
p—The number of safety improvement strategies used for road section ‘k’.
Pasindu et al. [10] developed a multi-objective optimization model to incorporate

safety performance and pavement condition in a pavementmanagement system.They
have used the stochastic random-based evolutionary computation technique, Genetic
Algorithm (GA) is used to find the optimization problem. The chromosome element
consists of three mutually exclusive pavement maintenance and safety improve-
ment strategies in the proposed method. The optimum solution has been generated
considering the Pareto Front developed from the available solution schemes [10].
Augeri et al. [19] have used average safety improvement and six other objective
functions in their pavement management system model. The safety improvement
for a given section has been calculated considering the traffic impact factor (TI),
expected number of accidents (AC), and crash modification factor (CMF), as shown
below.

F3(xi.u) = {
∑

1,n

∑
u=1,s

[
(
∑

y=1,t
ACi .CMFi.u.y).xi.u

]
/L.t} (5)

F3(xi.u)—Average safety improvement during the planning period.
ACi—The expected number of accidents on-site ‘i’.
CMFi.u.y—Crash modification factor associated with the maintenance strategy

‘u’ on the section ‘i’ in the year ‘y’.
xi.u—The decision variable (if operation ‘u’ is applied to road section ‘i’ then

xi.u = 1 and operation ‘u’ is not applied to road section ‘i’ then xi.u = 0).
L—Total length of the road network.
t—Analysis period in years.
When considering the research related to pavement management systems in

the recent past, many studies have been carried out on pavement management
optimization techniques [20]. Linear programming, integer linear programming,
dynamic programming, and heuristics can be identified as the powerful mathematical
programming techniques used in pavement management optimization models.

Researchers can apply the mixed integer programming (MIP) technique when a
solution space consists of discrete and continuous variables tofind complexproblems.
Decisions variables are constrained to be integer values in a mixed integer program-
ming problem [21–23]. With the issues involved in isolated or invisible variables,
MIP performswell [24]. But integer linear programming has not been identified as an
ideal tool to deal with problems exposed to combinatorial explosions [25]. Although
many engineers prefer MIP over linear programming to make decisions on available
solutions, MIP is not considered to be not very useful to provide solutions for the
challenges in day-to-day problems [26].



A Framework for Selecting Safety Treatments for Rural Roads 9

A linear programming model provides solutions by maximizing a linear objective
alongwith one ormore constraints. Linear programmingmodels have been developed
to produce optimal maintenance and rehabilitation strategies [6, 27].

Correira [6] has developed a linear programmingmodel: Themulti-year pavement
maintenance problem. The objective function of the model is to maximize the overall
network condition over the planning horizon.

T∑
t=1

S∑
s=1

L∑
l=1

Ztsl xl (6)

Xtsr =
⎧⎨
⎩
1,

i f maintenance alternative r is selected
f or segment s in year t;

0, otherwise,

Ztsl =
{
1, i f at year t the segment s is in condition l;
0, otherwise,

Ytslr =
⎧⎨
⎩
1,

i f maintenance alternative r is selected f or
segment s which is in condition l in year t;

0, otherwise,

whereas in this study, the safety performance of a given road is maximized according
to a given budget. The majority of the optimization models have been developed,
considering the budget as the major constraint.

The budget allocation can be provided in twoways. One way is to allocate a single
budget period or allocate a multi-period improvement budget [16]. Mahalel [16] has
proposed a problem formulation that gives a budget for a single period.

Minimize

⎡
⎣

N∑
i=1

Ni∑
j=1

bi j Xi j +
K∑

k=1

nk∑
j=1

BkjYk j

⎤
⎦ (7)

where,
bij—number of accidents at location i after execution of project j.
Bki—number of accidents along road stretch k after execution of project j.
N, k—number of black spots and road stretches, respectively.
Xij, Yki—integer O-1 decision variables indicating whether project j related to

“black spot” or road stretch is executed.
Following are the constraints used in the model.

• The total sum spent on improving “black spots” or road stretch is smaller than the
entire budget available.

• Authorities can select only one improvement level at each location.
• The exact location will not be improved twice, once a “black spot” and once a

part of a road stretch.
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One of the significant differences between the model proposed by Mahalel [16]
and the model presented in this study is that if a particular location consists of more
than one safety issue, they will be improved if the Linear Programmingmodel selects
them.Whereas in the model proposed by [16], there is a constraint not to adopt more
than one improvement level for a single location.

3 Methodology

One of the prime objectives of the road governing agencies/ authorities is to ensure
that the road provides a safe, comfortable, and efficient travel experience for the road
users. When it comes to ensuring a safe trip, it is their responsibility to implement
comprehensive road safety strategies as they help to reduce the crash occurrence of
the considered road. When developing such techniques, there should be a proper
guideline or a management system to guide the agencies/authorities towards opti-
mizing the safety performance of the road they govern, according to the budgetary
constraints. Therefore, the approach should indicate the estimated safety perfor-
mance improvement in a crash reduction after adopting the selected safety treatment
measures. Suppose a separate budget can be allocated to improve the safety perfor-
mance of the road. In that case, a linear programming model will favor optimizing
the safety performance based on the available resources.

This study proposes a linear programming model to determine the types of safety
issues prioritized for a given project. Let us consider a roadR,with its safety treatment
scheme planned for a given year. In this considered road, there may be several safety
issues requiring treatment to improve the safety performance of that road. There may
be an annual monetary budget that can restrict the repairs tomanage these treatments.
When there is such a budgetary limitation, it is not possible to treat all the safety
issues that require treatment. So budgetary limitations can be a crucial factor to
restrict possible treatment schemes, and there should be a proper framework to guide
the decision-makers on this.

The methodology is developed considering several working principles as follows.

• There should be a quantitative approach to evaluate the safety performance of the
selected road

• In the selected road, there should beprevailing safety issues that require a treatment
• Each treatment has a defined cost to implement
• The treatment will contribute to improving the safety performance of that selected

road
• The available budget should be less than the cost to implement all the required

treatments.

Therefore, the objective function should be to improve the safety performance of
the road considering the budget constraint. Prevailing safety issues on the road and
the safety issues that need to be treated can be identified by conducting a road safety
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audit with a multi-disciplinary team. The number of treatment schemes that can be
implemented is not considered as a constraint here.

The methodology can be summarized in Table 3.

3.1 Evaluation of Safety Performance

In the process of scheduling the treatment schemes, it is necessary to define the
performance indicators. The indicator should have the capability of measuring the
safety performance of the road at a given time.

“Existing data on accidents and exposure can be used in terms of microscopic
control of safety. There does not seem to exist a deterministic relationship between
conditions at a location and its annual number of crashes.” [16].

When considering the safety evaluation models and approaches discussed in the
literature review, there are two significant limitations for not using those models
in the Sri Lankan context for rural roads. One limitation is the lack of crash data
for rural low-volume roads, and the other is the lack of traffic data. These can be
identified in most developing countries. Therefore, an alternative safety evaluation
model is required, which can overcome the limitations mentioned above. Also, the
social and economic environment where those models have been developed cannot
be adopted with the social and economic environment status in developing countries.
The methodology used in this study does not directly rely on crash data and traffic
data. This approach is carried out based on on-time field inspections, overcoming
the limitations raised with the models discussed under the literature review.

Safety performance is evaluated by the cumulative safety index developed by
[10] in this study. The cumulative safety index (CSI) has been validated as a reason-
able approach to evaluate the safety performance of a given road considering the

Table 3 Summary of the
methodology

Objective Improving the safety
performance of the selected road

Required data and indicators Safety Performance indicator
Safety Performance model
Prevailing safety issues
Available budget

Constraints Minimum safety performance
level
Allocated budget for the road

Results Safety treatment plan
Estimated cost
Safety performance
improvement
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equivalent property damage only factor (EPDO). TheCSI has been developed consid-
ering the crash factors: exposure, probability, and consequence of ten different safety
issues.

1. Improper signage and lane marking at intersections
2. Improper signage and lane marking at access roads
3. Limited roadside space availability
4. Issues at horizontal and vertical curves
5. Inadequate pedestrian facilities near schools, town areas
6. Issues at rail crossings
7. Excessive pavement edge drop-offs
8. Roadside vertical drops—steep roadside slope
9. Unprotected bridges and culverts
10. Open drains.

These safety issues are following the safety issues identified by [4, 28].
CSI was then calculated as proposed by [10] as in (8) and (9)

CSIk=
I∑
1

N∑
0

(SIin)k (8)

CSIi=
K∑
1

N∑
0

(SInk)i (9)

where,
CSIk = Cumulative safety index for road k.
CSIi = Cumulative safety index for road safety issue i.
SIink = safety index for the nth occurrence of the ith safety issue in road k.
I = Number of road safety issue types.
N = Number of occurrences for each type of safety issue.
K = Number of roads in the network.

3.2 Formulation of the Linear Programming Model

When there is a list of locations that poses a safety risk for the travel of a particular
road, it becomes necessary to identify and determine the safety issues that need safety
treatments. Ideally, the decision-makers would like to know the effectiveness of each
safety issue treatment on the safety performance of the road and use that information
in the budget allocation process. The essential thing in this process is obtaining clear
information on the safety improvement capability of treating each safety issue type.

The objective function in this study is defined to minimize the CSI after the
execution of safety improvements. The linear model is developed to suggest the
safety issues that need to be prioritized to improve the project’s safety performance,
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considering the available budget. The total amount spent on improving the safety
performance is always smaller than the total available amount. The budget allocation
can be carried out considering two period types; single period improvement and
multi-period improvement budgets. In this study, a single period budget allocation
is adapted. The variables needed to adapt a multi-period improvement budget may
associate with a high level of uncertainty. Variables such as inflation, discount rate,
traffic growth rate, accident growth rate, etc., include them.

This solution can be used to allocate several different safety treatments for a given
project. As per the budget availability, any road is not limited to select only one issue
to get treated. The proposed mathematical model maximizes the objective function
that corresponds to the overall project condition.

3.2.1 Scope of the Model

Improvement of the roads’ safety performance is measured by the reduction of the
CSI after the treatments are applied. That is governed by the available treatment types
and their CSI reduction capability based on the existing ground conditions. Based on
the condition of each safety treatment strategy’s prevailing safety issue and adapt-
ability at the desired location, the quantified amount of safety improvement depends.
This model guides us to select the safety issues that require the treatment, not to
choose the treatment type for each location. The advantage of using this approach to
determine the safety improvement is, the methodology depends on on-field inspec-
tions. Limitations prevailing in developing countries such as lack of crash data, lack
of traffic data are overcome by this approach. An auditor can adopt the guidelines
provided by Pasindu et al. [10] and determine the existing safety performance and
safety improvement in terms of CSI.

The basis for the operation of the model is the estimation of the effectiveness of
selected road safety countermeasures. Estimation of CSI’s efficacy provides a clear
indication of crash reduction since CSI is validated as a viable approach for safety
evaluation in EPDO [10].

Indexes

Xi ∈ {1, 2 . . . . . . .I } = index f or the sa f ety issue types

Model Parameters

Imp(Xi ) : Improvement accounted when the

issue type Xi is treated in a given road

CSIi = I ni tial CSI of the road

CSIz = Minimum CSI allowed f or a given road
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B = Available budget

Ci = Cost to treat the selected sa f ety issue Xi

Decision Variable

Ui =
⎧
⎨
⎩
1,

i f the sa f ety issue type Xi

is selected to be treated in the selected road
0, Otherwise

Objective Function.
Minimize

CSIi −
I∑

i=1

Imp(Xi )xUi (10)

Subjected to

10∑
i=1

CiUi ≤ B (11)

CSIz > 50 (12)

The objective function expresses the overall safety condition of the selected road
at the project level. Ui is in the binary form, which tells the decision-maker to
select or not to select the particular safety issue type for treatments to improve the
safety performance of the road. Meanwhile, Xi represents the safety performance
improvement adjacent to each safety issue after treating is undergone.

The set of constraints guides the decision-maker whether that road requires treat-
ment at any place and guides the decision-maker to select issue types to treat based
on the available budget. Constraints do not guide the decision-maker to choose only
one issue type to get treated.

4 Illustrative Example

Below presented is an illustrative example to provide a better understanding of the
developed linear programming model.

Two individual projects are considered in this illustrative example. They have
initial safety performance of 302 and 601 based on the Cumulative Safety Index
considered in this study. It is assumed that treatments are carried out at the same time
when the budget is allocated.
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The model selects the most feasible overall treatment plan based on the safety
performance improvement and cost. This example uses a smaller budget than the
total cost to treat all the safety issue types prevailing on each road. Cost estimations
for the proposed treatment schemes were selected based on the findings of [10, 29]
and based on the knowledge of local construction practices.

Table 4 summarizes the issue types alongwith possible implementation strategies.

Table 4 Road safety issues and possible treatments

Issue type Safety issue Possible safety treatments

1 Lack of signage, road markings at
intersections

Sight distance improvement
Lane marking
Installing warning signs
Providing pedestrian facilities
Removing roadside objects

2 Poor visibility at access roads Sight distance improvement
Lane marking
Installing warning signs
Removing roadside objects

3 Limited roadside space availability Clearing roadside vegetation
Removing roadside objects

4 Road alignment, Sight distance issues,
and Lack of warning signs at curves

Sight distance improvement
Installing warning signs
Removing roadside objects
Geometrical improvements
Improving side friction
Superelevation improvement

5 Inadequate pedestrian facilities near
Schools, Town areas

Sight distance improvement
Installing warning signs
Removing roadside objects
Providing pedestrian facilities

6 Issues at railroad crossings Sight distance improvement
Providing rail crossing hardware and
warning system

7 Roadside vertical drops—Unprotected
steep roadside slope

Installing guardrails
Geometrical improvements
Installing warning signs
Measures to increase the distance
between the road edge and slope
Increasing lane/shoulder width (if
applicable)

8 Unprotected bridges and culverts Installing warning signs
Increasing lane/shoulder width (if
applicable)
Installing guardrails

9 Open drains Providing drain covers

10 Excessive pavement edge drop offs Pavement edge correction



16 R. K. T. K. Ranawaka et al.

The summary of the treatment schemes proposed by the model is presented below
in Tables 5, 6, 7 and 8. It contains details about the initial CSI and final CSI of the
issue types, percentage improved if the treatment is applied for each issue type, cost
of treating each issue type, and the decision provided by the model along with the
safety performance improvement.

Figure 1 demonstrates the reduction of CSI according to different budget levels
on both roads.

Future Avenues Related to the Model
Further, one of the benefits of this approach is that it is possible to carry out

sensitivity analyses in future endeavors. Carrying out sensitivity analysis is very
important since budget allocation problems may be exposed to uncertainties. The
costs used in the model are sometimes estimated values. The safety performance
improvementsmay be approximated sometimes, and the available budget is subjected
to changes.

This model was initially developed considering a single–period budget allocation.
But the model can be further calibrated as it adopts the uncertainties raised when
considering a multi-period budget allocation such as inflation, discount rate, traffic
growth rate, accident growth rate.

Also, this model addresses the roadway conditions, social and environmental
parameters related to rural low-volume roads in developing countries. Therefore, the
model can be further calibrated as it addresses the parameters mentioned above of
developed countries and/or urban environments.

Table 5 Initial Conditions of Road 1

Road 1

Initial CSI 601 Total Cost $34,780

Issue Type 1 2 3 4 5 6 7 8 9 10

Initial CSI of issue 60 133 34 30 47 0 256 8 16 17

Imp (Xi) 18 53 10 12 14 0 77 3 5 7

Cost ($ ‘1000) 5.2 1.5 0.5 0.6 4 0 18.2 1.5 1.08 2.2

Table 6 Treatment schemes for Road 1

Budget ($) Issues to be treated Final CSI

0 None 601

5000 2,3,4,10 519

10,000 2,3,4,5,9,10 500

15,000 1,2,3,4,5,8,9 486

20,000 1,2,3,4,5,8,9,10 479

25,000 2,3,4,5,7 435

30,000 1,2,3,4,5,7 417
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Table 7 Initial Conditions of Road 2

Road 2

Initial CSI 302 Total Cost $18,680

Issue Type 1 2 3 4 5 6 7 8 9 10

Initial CSI of issue 54 81 12 54 32 8 8 27 8 18

Imp (Xi) 5.2 0.9 0.55 1.2 2 0.6 4.55 1.5 1.08 1.1

Cost ($‘1000) 5.2 1.5 0.5 0.6 4 0 18.2 1.5 1.08 2.2

Table 8 Treatment schemes for road 2

Budget Issues to be treated Final CSI

0 None 302

$5000 2,3,4,6,8 217

10,000 2,3,4,5,6,8,9,10 196

15,000 1,2,3,4,5,6,8,9,10 180
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Fig. 1 Reduction of CSI according to different budget levels

5 Conclusion

The literature indicated that there had been only a small amount of effort to develop
safety performance optimization methodologies. Yet, multi-objective optimization
models have been developed considering both safety performance and pavement
condition, where both the strategies have been given equal priority. It might provide
beneficial results in terms of monetary conditions. But, being in a situation where
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the whole world is looking to halve the traffic deaths and injuries by the end of
this decade, those multi-objective models will not end up being favorable in terms
of safety performance. Therefore, a safety performance optimization technique is
required, which will operate under a given budget.

This paper presents a novel approach to guide the decision makers on selecting
required safety treatment criteria for a selected road. The decision-making criteria
are based on solving a linear programming model. The objective function improves
the safety performance of a selected project limited to the allocated budget. In this
study, the safety performance of the road is evaluated by the Cumulative Safety Index
(CSI), which is calculated based on the risk parameters of prevailing safety issues of
the selected road. CSI is a mathematical rating that varies within a numerical scale
of 1–5. Another novelty of this methodology is, this methodology focuses on safety
issues of a road more precisely, rather than in network-level models.

The model guides the decision-maker on selecting/ not selecting an issue type
to be treated based on the available budget and reducing safety performance. That
is achieved by the binary decision variable included in the objective function and
existing CSI of the road and improvement of CSI. The model’s major constraint
is that the cost to treat all the prevailing safety issues should be greater than the
total available budget. Validation of the model was included in the paper using an
illustrative example. The illustrative example consisted of two different roads that
have two different safety performance levels. A comparison between the models
presented in the literature and our model is not shown since the required data and
performance conditions are not equal.

This methodology solves the administrative problems prevailing in developing
countries on safety management of roads, such as lack of accident data, traffic data,
black spots, etc. Since this methodology is based on field inspections, this approach
can be easily adapted in developing countries with the contribution of a skilled multi-
disciplinary team. The findings of this model can be incorporated into pavement
management systems to develop strategies to maintain the overall performance of
pavements.
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Analysis of Skidding Potential and Safe
Vehicle Speeds on Wet Horizontal
Pavement Curves

Jia Peng, L. Chu, and T. F. Fwa

Abstract Skidding on wet horizontal pavement curves is a major traffic safety
concern. Themaximum safe driving speed against skidding is an important threshold
for safe driving. However, because of the complex tire-pavement-fluid interaction
mechanism and the large number of variables involved (including curve geometric
parameters, pavement surface properties, properties of tire in motion, and water
film thickness), currently there is no practical working procedure that allows pave-
ment engineers to determine the maximum safe driving speed on a horizontal curve
under a given wet weather condition. This paper presents a finite element model to
predict the maximum safe driving speed on a wet curved roadway section based on
solid mechanics and hydrodynamics. The numerical simulation model was devel-
oped and validated against experimental skid resistance values on slip angles from
0° to 90°. Based on skidding analysis, the maximum safe driving speed on a hori-
zontal curve is derived by comparing the available tire-pavement frictional resistance
and the required friction to prevent skidding caused by the centrifugal force of the
vehicle concerned. An illustrative case study is presented to compare the calculated
maximum safe vehicle speed with AASHTO design speed. The analysis presented
suggested that the proposed approach offers a useful tool to calculate maximum safe
speeds on in-service pavement curves for safe driving.

Keywords Vehicle skidding potential · Horizontal pavement curve · Safe vehicle
speed · Finite element model · Skid resistance

1 Introduction

Horizontal curves are accident-prone sections in a road network. According to the
Fatality Analysis Reporting System (FARS) database, approximately 25% of all fatal
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highway crashes occurred along horizontal curve sections, and the average crash rate
for horizontal curves is about three times that of other types of highway segments [1,
2]. In addition, the vast majority of these crashes on horizontal curves are roadway
departures [3]. The main reason contributing to this type of crash is vehicle skidding,
due to decreased available friction and increased friction demand when vehicles
negotiate a horizontal curve [4]. Speed limits posted on highways would serve as
a safety instruction against vehicle skidding on horizontal curves. However, these
speed limits can ensure safe driving on dry pavements, they may not be adequate
for wet and polished pavements. This is because the tire-pavement skid resistance
on a pavement decreases rapidly as water film thickness increases and pavement
macrotexture deteriorates under traffic polishing actions [5–7].

In this paper, the maximum safe driving speed is defined as the critical speed
at which a vehicle is about to skid on a horizontal pavement curve, and skidding
potential is defined as the difference between vehicle speed and the maximum safe
speed against skidding. The determination of skidding potential and safe vehicle
speed can be made using skid resistance values obtained from experimental studies,
empirical relationship or numerical model. However, because of the complex tire-
pavement-fluid interaction mechanism and the large number of variables involved
(including curve geometric parameters, pavement surface properties, tire character-
istics in motion, and water film thickness), currently there is no practical working
procedure that allows pavement engineers to determine the maximum safe driving
speed on a horizontal curve under a given wet weather condition.

This study proposes a computer-based procedure for skidding potential analysis
and calculation of maximum safe driving speeds on wet horizontal pavement curves.
The procedure comprises (i) finite element simulation analysis to calculate the avail-
able tire-pavement friction and (ii) tire skidding potential analysis to determine the
maximum safe driving speed during vehicle cornering maneuver. The finite element
skid resistance simulation model is developed based on solid mechanics and fluid
dynamics, and then validated against skid resistance values over the full range of slip
angle from 0° to 90°. Tire skidding potential analysis is performed by comparing
the available tire-pavement frictional resistance with friction demand caused by the
centrifugal force of the vehicle concerned. A numerical example demonstrates the
application of the model and skidding risk analysis to calculate the maximum safe
driving speeds for horizontal pavement curves under different wet weather condi-
tions. The calculated maximum safe vehicle speeds are compared with AASHTO
design speeds in the corresponding curve geometry characteristics.

2 Past Studies on Skidding Potential and Safe Vehicle
Speeds on Wet Pavement

The complexity of skidding potential and safe vehicle speeds analysis arises from
the dynamic tire-pavement-fluid interaction and the large number of variables
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involved. The interaction mechanisms are governed by solid mechanics and fluid
dynamics theories. The variables involved include pavement, vehicle and environ-
mental factors, such as curve geometric parameters, pavement surface properties,
properties of tire in motion, and water film thickness. Currently, there is no practical
working procedure that allows pavement engineers to determine skidding risk and
safe vehicle speeds on a horizontal curve under a given wet weather condition. So
far, past research studying skidding potential and safe vehicle speed mainly relied on
analysis of pavement skid resistance characteristics. These efforts can be classified
into threemajor categories: (i) Experimental studies, (ii) empirical relationship based
on experimental or observed data, and (iii) computer-based numerical models.

Experimental studies provide direct measurements of skid resistance on wet pave-
ment, and determinate skidding potential andmaximum safe vehicle speeds based on
these data. Full-scale experimental studies were conducted by the National Aeronau-
tics and Space Administration (NASA) and Federal Aviation Administration (FAA)
in the 1960s and 1970s [8–11]. Experimental measurements can provide relatively
accurate results matching those of the actual pavement environment. However, due
to the high cost of the experiments, they are rarely conducted nowadays.

Today, most highway agencies adopt a conservative constant friction in the
geometric design of horizontal curves and the determination of the corresponding
design speeds. These conservative friction values were derived mainly from either
(i) past experience, field observations, experimental data, and accidents records; or
(ii) statistical analysis based on experimental or observed field data. The horizontal
curve geometric dimensions and design speed recommendations made by AASHTO
are examples of this approach [12]. The AASHTO side friction recommendations
were obtained from field studies of past research [13–15].

In recent years, with the rapid development of computer technology, numerical
simulation has emerged as a powerful tool for predicting pavement skid resistance
values under different operating conditions. Based on the theories of solid mechanics
and hydrodynamics, computer-based numerical techniques can simulate dynamic
tire–pavement–fluid interaction and solve for tire–pavement skid resistance as a func-
tion of vehicle operating variables (i.e. pavement surface properties, vehicle speed
and water film thickness). Representative finite element solutions include those by
NUS and Delft University of Technology researchers [16–20]. Similar finite element
solutions have also been obtained by other researchers [21–23]. All these researchers
only dealt with maximum safe vehicle speeds on either straight tangent road sections
or on curved sections involving small slip angles up to 10°.

The skid resistance simulation model for curved pavement sections is more
complex than that for straight pavement sections. This is because the existence of slip
angle results in non-symmetrical tire deformation about its central plane, and non-
symmetrical fluid motion around the tire-pavement contact area. Previous research
by the author has validated the friction coefficients by the simulation model over the
full range of slip angles from 0° to 90° [24]. In this paper, the simulation model was
developed and validated on both straight and curved pavement sections. Tire skid-
ding analysis was performed for the corneringmaneuver of a vehicle to determine the
available tire-pavement skid resistance values and the maximum safe vehicle speeds.



24 J. Peng et al.

3 Development of Finite Element Simulation Model

3.1 Simulation Approach and Technique

The finite element skid resistance model has been developed earlier by the authors
for tires moving on both straight and curved pavement section [16, 24–27]. Based
on these previous research, the simulation model is validated against braking coef-
ficients and lateral force coefficients on straight and curved pavement sections. The
simulation approach consists of the following twomain steps: Building the tiremodel
and simulating the dynamic tire-fluid-pavement interaction process.

In the tire modeling process, tire rubber was represented by Lagrangian element
types in ABAQUS. The tire rubber was considered as hyperelastic material, and
simulated by neo-Hookean strain energy potential [21, 28, 29]. The viscoelastic
properties of rubber materials were characterized by structural damping in the simu-
lation. The radial plies and belts were modeled using surface membrane elements
with embedded rebar layers. These reinforcement materials were modeled as elastic
materials by Young’s modulus and Poisson’s ratio. The rim was assumed to be rigid.
Figure 1 shows the bald-tread tire modeling process. First, 2D finite-element mesh
of tire cross section was developed. Secondly, a partial 3D combination of the tire
inner structure and treadwas formed using rotation option of small angle. Then, a full
3D tire model was generated by making use of the revolving and reflecting features
in ABAQUS. In the development of finite element tire model, mesh convergence
analysis and calibration were performed to ensure the accuracy of tire characteristics
based on measured tire deflections and footprint areas under different static wheel
loads.

In simulating tire-fluid-pavement interaction process, water wasmodeled as Eule-
rian element and represented by the Us-Up equation of state material model, and
pavement was represented as a rigid surface in the analysis [30]. The Eulerian mesh
is typically a simple rectangular grid of elements constructed to extend well beyond

Fig. 1 The diagram of tire modeling process



Analysis of Skidding Potential and Safe Vehicle Speeds on Wet … 25

the Eulerian material boundaries, giving the material space in which to move and
deform. Therefore, it is necessary to set a certain height proportion between the inlet
and void part in building the fluid model process. Generally, the void height propor-
tion should be at least ten times than that of the water inlet mesh, and the height of
the fluid model at different water thicknesses should be chosen by this scale. The
Coupled Eulerian–Lagrangian (CEL) method in ABAQUS was applied to allow the
Eulerian fluid materials to be combined with the traditional nonlinear Lagrangian
tire analyses. The tire-pavement contact algorithm used in the simulation process
were the Coulomb friction model and exponential decay friction model. To reduce
simulation running time, a rolling tire was fixed at a given location, water as well as
rigid pavement was modeled to flow toward the tire in the simulation.

Compared with vehicle movements on straight pavements, cornering movements
cause asymmetric tire deformation (see Fig. 2), and this will need a more accurate
tire model for skid resistance analysis on horizontal curves. The simulation model
on wet straight and curved pavements adopted in this paper are shown in Fig. 3, and

Fig. 2 Diagram of Cross-sectional deformation of the finite element tire model; a symmetrical
deformation of tire moving on straight pavement; b asymmetric deformation as tire cornering
movement

Fig. 3 The finite element skid resistance simulation model; a tire moving on straight pavement
with zero slip angle; b tire moving on curved pavement with a slip angle
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the main difference between them is the presence of slip angle. The slip angle causes
transverse deformation of the tire which increases the difficulty for vehicle steering,
and this deformation leads to the variation of the distribution of skid resistance
values. The finite element skid resistance simulation model involves a large number
of mesh elements with small size, and enough physical running time for stable results
should be ensured during the calculation process. All of these lead to significant
computational costs and time. Therefore, High Performance Computer Cluster is
necessary to analyze the skid resistance problem to improve numeration efficiency.

Tire-pavement frictional characteristics is usually expressed in terms of skid
number (SN). For a tire moving on a pavement at a slip angle, longitudinal skid
resistance SN(x) and lateral skid resistance SN(y) in the x and y directions are
defined as follows:

SN (x) = 100× Fx

Fz
(1)

SN (y) = 100× Fy

Fz
(2)

where Fx and Fy are tire-pavement frictional resistance in x and y directions, Fz the
applied wheel load in the z direction, x the horizontal forward direction coincides
with the plane of the tire, y the direction perpendicular to the plane of the tire, and z
the vertical direction, as shown in Fig. 3.

3.2 Validation of Simulation Model

The validation of the finite element simulation model developed in this study was
made by checking with skid resistance measured in two perpendicular directions,
namely the longitudinal frictional resistance SN(x) and lateral frictional resistance
SN(y). The measured skid resistance values of straight and curved pavements by
Horne and Bergman [10, 31] were adopted for validating the model. The three test
surfaces, test conditions and tires considered in this section were as follows:

• Test Surface 1: Straight section ungrooved asphalt surface;

Tire 1: ASTM bald-tread tire;
Condition 1: (a) skid resistance of surface 1 rated by NASA diagonal braking
car under locked-wheel braking conditions, wet and puddled surface; (b) by
FAASwedish Skiddometer under steady-state peaking braking conditions, wet
surface with 0.02-inch water layer.

• Test Surface 2: 500-ft (152.4m) radius curve section ungrooved concrete surface;

Tire 2: ASTM bald-tread tire;
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Condition 2: Locked wheel braking and peaking braking by General Motors
braking trailer, flooded pavement condition.

• Test Surface 3: “Safety Walk” surface manufactured by the 3 M Company at
Calspan Laboratories, SN40R = 30 (i.e. SN is 30 at a test speed of 40 mph
(65 km/h) with a Specification E501 Standard Rib Tire [32]);

Tire 3: J78-15 tire, vertical load was 6.222 KN and the tire inflation pressure
was 165.5 kPa;
Condition 3: Skid resistance tested in the cornering and braking-in-a-turn
modes; Test speed was 48.3 km/h on a wet surface with a water film thickness
of 0.5 mm.

To validate the model, the SN0 and skid resistance-related surface texture proper-
ties of the test pavement are required. According to measured skid resistance values,
the simulation model can be calibrated using the back-analysis procedure developed
by Fwa and Chu [33]. After the skid resistance calibration, the predicted values of
SN(x) and SN(y) could be calculated for different slip angles and vehicle speeds.

The validation of longitudinal frictional resistance SN(x) was performed against
measured skid resistance values on test straight surface 1 and curved pavement 2. The
results of test surface 1 and2were all derived fromHorne’s study [10], and the tirewas
ASTM smooth standard tire E524 [34]. In order to facilitate the numerical model
verification, test conditions were quantified as input parameters. For test straight
surface 1, test conditions were (a) tire slip ratio of 100% at a water depth of 0.1 in.
(2.54 mm), and (ii) tire slip ratio of 13% at a water layer of 0.02 in. (0.5 mm). For
test curved surface 2, the experimental data were validated by tire moving with a
small slip angle of 4°, tire slip ratio of 100% and 15% at a water depth of 0.2 in
(5 mm). The validation results of test surfaces 1 and 2 are shown in Table 1. It can
be seen from Fig. 4 that only the maximum predicted skid number had a difference
larger than 5 SN units and percentage error larger than 5% in these 16 test cases.
Therefore, the simulation model was able to predict the longitudinal skid resistance
within practically acceptable limits, for either straight or curved pavement sections.

Measured skid resistance values on surface 3 by Bergman was adopted for the
validation of lateral frictional resistance SN(y) [31]. Lateral force coefficients of J78-
15 tire were determined by applying nine slip angles from 1° to 90°. Additionally,
tire slip ratios were 100% and 20% at a wet surface with a water depth of 0.5 mm.
The comparison of experimental and calculated SN(y) values at speed of 48.3 km/h
are presented in Table 2 and Fig. 5. As shown in Table 2, errors for SN(y) at slip
angles of 1°, 4° and 8° for locked wheel, and a slip angle of 1° for 20% slip ratio are
more than 10%. For these four cases, the skid resistance values were all small and
differences were within measurement error margins. Hence, the validation confirms
that the simulation model is able to predict skid resistance of a tire moving on wet
straight and curved pavements.
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Table 1 Comparison of experimental and calculated SN(x) values on test surface 1 and 2

Test
surface

Water film
thickness
(mm)

Slip
ratio
(%)

Test
speed
(km/h)

Skid Number SN(x)

Measured
SNm(x)

Predicted
SNp(x)

Difference
�SN(x)

Error (%)
δSN(x)

Test
surface 1
(straight
section
asphalt
surface)

2.54 100 32 64 63.6 −0.40 −0.62

48 45 45.6 0.60 1.33

64 32 32.4 0.40 1.25

80 22 21.94 −0.06 −0.27

96 13 12.92 −0.08 −0.62

Test
surface 1
(straight
section
asphalt
surface)

0.5 13 32 76 69.14 −6.86 −9.03

48 62 60.93 −1.07 −1.73

64 51 50.7 −0.30 −0.59

80 42 41.63 −0.37 −0.88

96 33 32.49 −0.51 −1.55

Test
surface 2
(curved
section
concrete
surface)

5 100 16 25 24.92 −0.08 −0.32

32 14 14.26 0.26 1.86

48 10 10.47 0.47 4.70

15 16 48 47.80 −0.20 −0.42

32 40 39.78 −0.22 −0.55

48 24 24.58 0.58 2.42

Fig. 4 Comparison of
measured data and model
predicted values of SN(x) on
test surfaces 1 and 2



Analysis of Skidding Potential and Safe Vehicle Speeds on Wet … 29

Table 2 Comparison of experimental and calculated SN(y) values on test surface 3

Slip angle
(°)

Measure data by
Bergman (1977)

Predicted value
by simulation
model

Difference Error (%)

SN(y)L SN(y)S SN(y)L SN(y)S �SN(y)L �SN(y)S δSN(y)L δSN(y)S

1 1.45 6.93 1.06 5.62 −0.39 −1.31 −26.57 −18.90

4 2.89 22.95 3.58 22.7 0.69 −0.25 24.01 −1.09

8 6.17 43.31 6.90 42.28 0.73 −1.03 11.84 −2.38

16 14.02 55.03 14.09 54.66 0.07 −0.37 0.49 −0.67

32 26.63 57.27 27.18 56.14 0.55 −1.13 2.07 −1.97

48 38.76 54.32 39.15 55.66 0.39 1.34 1.01 2.47

60 45.24 55.24 47.52 55.01 2.28 −0.23 5.05 −0.42

72 49.42 53.57 51.16 53.55 1.74 −0.02 3.52 −0.04

90 52.34 51.93 52.71 51.1 0.37 −0.83 0.71 −1.60

Note SN(y)L represents lateral skid number of lockedwheel, SN(y)S is lateral skid number of rolling
wheel with 20% slip ratio, test tire is J78-15, speed is 48.3 km/h, water film thickness is 0.5 mm

Fig. 5 Comparison of
experimental data and model
predicted values of SN(y) on
test surface 3

4 Skidding Potential Analysis and Determination
of Maximum Safe Vehicle Speed

According to Lamm’s third criterion [35], the analysis of skidding potential was
performed by comparing the available friction that the road could provide to a vehicle
under certain conditions, with the friction demand that a vehicle required from the
road when it went around a curve at a designated operating speed. The risk of skid-
ding potential depends on the comparison between friction demand fd and available
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Fig. 6 The force schematic diagram of vehicle traveling on a horizontal curve

friction fa.When fd > fa, skiddingwould occur, when fd < fa, no skiddingwould occur.
The velocity at the intersection point is the critical speed of impending skidding, i.e.
the maximum safe speed against skidding. The skidding potential of a vehicle is
defined as the difference between its speed and the maximum safe speed against
skidding.

Figure 6 is a schematic diagram of vehicle traveling on a horizontal curve. Slip
angle α is the angle between the direction of vehicle velocity and the central plane
of the tire. As a result of the angular movement of the vehicle, there is a transverse
force produced by the centrifugal force acting on the vehicle. This transverse force
has to be resisted by the frictional resistance at the tire-pavement contact in order to
keep the vehicle driving safely within the lane. Skidding will occur if the frictional
resistance is insufficient to resist the transverse force. This transverse force governs
the friction demand that a vehicle requires from the road when it goes around a curve
at a designated operating speed. The formula is as follows:

fd = (
V 2
85

gR
− e)× 100 (3)

where V85 is the 85th percentile speed of the traffic stream, R is the horizontal curve
radius, g is acceleration of gravity, and e is the superelevation rate in fraction.

Compared to the coefficient of friction demand fd, the available tire-pavement fric-
tion fa is determined by the finite element skid resistance simulationmodel developed
in this study. It is defined by Eq. (4).
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fa =
√
SN (x)2 + SN (y)2 (4)

whereα is the slip angle, SN(x) is the longitudinal skid number in thedirectionparallel
to the tire plane, and SN(y) is the lateral skid number in the direction perpendicular
to the tire plane.

5 Example: Calculating Maximum Safe Vehicle Speed
on Horizontal Curves

This section demonstrates the application of the skid resistance simulation model for
calculating the maximum safe vehicle speed on a horizontal pavement curve, and
compares with the horizontal curve design speeds recommended by AASHTO [12].
The AASHTO design recommendation determines the design speeds by assuming
a constant coefficient of tire-pavement friction fa based on experimental data. In
practice, as described in the literature, fa varies with vehicle speed, tire slip angle,
water film thickness and pavement surface properties. With the assumption of a low
constant fa, the AASHTO design speeds are conservative for most cases, but could
be inadequate for some specific cases, such as cases where a pavement surface has
been badly polished and worn by traffic, or where a deep water film thickness exists
on the pavement surface. This part mainly analyzes the effect of water on vehicle
skidding and determines the critical wet pavement condition for safe driving through
performing skidding potential analysis based on fa calculated from the simulation
model.

In this section, the skid resistance state of test pavement surface 1 (ungrooved
asphalt surface) mentioned in the validation process is adopted as a case of skidding
analysis. According to back-calculation results of the skid resistance model, the test
surface 1 tested by Horne [10] has a SN0 value of 80 and SN64 value of 40. The
tire model adopted is ASTM standard smooth tire (E524) [34] with a wheel load of
4800 N and an inflation pressure of 165.5 kPa. The following ranges of variables are
considered:

Values of horizontal curve radius 200, 300, 400 m
Values of superelevation rate 2, 4, 6, 8, 10%
Values of vehicle speed 40, 60, 80,100 km/h
Values of water film thickness 1, 3, 5, 10 mm
Values of slip angle 13°

Values of curve radii and superelevation rates are chosen from the usual range of
AASHTO recommendation [12]. A superelevation rate of 2% is used as a representa-
tive value of normal cross slope, and the highest superelevation rate for highways in
common use is 10%. Four water thicknesses on pavement surface are considered to
represent different rainfall intensities. For tire slip angle, past studies have found that
its magnitudes would vary within a rather narrow range, and usually do not exceed
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13° under normal vehicle driving [36–39]. Hence, the maximum safe vehicle speed
analysis is performed for the slip angle of 13°.

Figure 7 illustrates the skidding analysis for the determination of the maximum
safe vehicle speeds. The solid curves plotted in colors show the variation of available
tire-pavement skid resistance fa with vehicle speed for different water film thick-
nesses. The series of dashed-line curves represent the skid resistance demand fd as a
function of vehicle speeds, pavement curve radii and superelevation rates. The inter-
section point of a solid-line curve and a dashed-line curve defines the maximum safe
vehicle speed for the specified wet pavement condition and curve geometry.

Table 3 presents the contrast between AASHTO design speeds and calculated
maximum safe vehicle speeds for the test pavement surface, different pavement curve
radii, superelevation rates and water film thicknesses. The shaded cells in the table
identify those instances where the AASHTO design speed exceeds the maximum
safe vehicle speed. The result indicates that the AASHTO design speeds are safe
under light to medium rain conditions (i.e. water film thickness is 1 to 3 mm). It also
reveals that design speeds exceed the corresponding safe threshold velocities under
heavy rainfall intensity (i.e. water film thickness of 5 to 10mm). That is to say, lateral
skidding will take place when vehicles driving on badly wetted curved pavement at
AASHTO design speed. These analysis outcomes are consistent with actual crash
investigation. The maximum safe vehicle speeds were calculated by the numerical
simulation of a bald-tread tire, which represents the worst possible condition for
tire completely wearing out. Tire tread patterns can increase the effect of drainage
and maintain good contact between tire and pavement. Therefore, compared with
actual tread tires, this analysis gives the most conservative results and permits more

Fig. 7 Determination of maximum safe vehicle speeds for example problem based on skidding
analysis
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Table 3 Comparison of AASHTO design speeds and calculated maximum safe vehicle speeds

Curve radius
(m)

e (%) AASHTO
design speed
(km/h)

Calculated maximum safe vehicle speed (km/h)

tw = 1 mm tw = 3 mm tw = 5 mm tw = 10 mm

200 2 66 82.94 78.91 74.42 70.18

4 69 84.55 80.52 75.87 71.47

6 73 86.16 82.14 77.33 72.77

8 75 87.78 83.77 78.80 74.08

10 78 89.40 85.41 80.29 75.41

300 2 78 91.93 87.00 80.71 75.00

4 83 94.00 89.07 82.52 76.56

6 85 96.10 91.17 84.39 78.16

8 89 98.26 93.33 86.32 79.81

10 94 100.46 95.54 88.32 81.53

400 2 87 98.68 92.97 85.11 78.16

4 93 101.28 95.52 87.31 79.97

6 96 104.00 98.20 89.65 81.88

8 101 106.88 101.03 92.16 83.90

10 106 109.96 104.06 94.91 86.09

Notes (1) e = superelevation rate, tw = water film thickness on pavement surface. (2) Shaded cells
(Bold values) refer to those cases where the AASHTO design speed exceeds the corresponding
calculated maximum safe vehicle speed

safety margin for vehicle driving on horizontal curves. This example demonstrates
that the skidding potential analysis and maximum safe vehicle speed determination
procedure can be applied to identify high-skidding risk roads andweather conditions.

6 Conclusion

This paper has presented a procedure for the determination of the maximum safe
vehicle speeds on a wet horizontal pavement curve, based on skidding analysis.
A finite element simulation model has been developed to predict the available tire-
pavement friction of awet horizontal pavement curve. The simulationmodelwas vali-
dated against experimental data on straight and curved pavement sections. Compared
with the assumption of constant friction coefficient commonly adopted in practice,
this skid resistance simulation model provides a useful method to predict the avail-
able tire-pavement friction under given tire slip angle, vehicle speed and water film
thickness. Based on skidding potential analysis, the maximum safe vehicle speed for
a given wet–pavement operating condition is determined by comparing the avail-
able tire-pavement friction and friction demand. It offers a potentially useful tool
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for identifying high-skidding risk pavement curves for safety improvement, instead
of the traditional practice of relying on crash data records. This application of skid-
ding analysis has practical significance in traffic safety management of wet hori-
zontal pavement curves, especially those pavement sections that have suffered surface
deterioration under traffic polishing and wearing.
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Asphalt Pavement Texture Level
and Distribution Uniformity Evaluation
Using Three-Dimensional Method

Shihao Dong and Sen Han

Abstract To supplement the research on the evaluation method of asphalt pavement
texture, novel three-dimensional (3D)methods are proposed. First, pavement textures
were measured in laboratory from asphalt mixture specimens using laser texture
scanner (LTS), and the macro-texture and micro-texture were extracted based on
spectrum analysis techniques. Then, macro-texture level evaluation indices f 8mac
and f 9mac together with micro-texture level evaluation indices f 8mic and f 9mic were
proposed based on the gray level co-occurrence matrix (GLCM) method, and the
hyperparameters existing in GLCMwere discussed. Through the correlation analysis
with mean texture depth (MTD) measured by sand patch method (SPM) and friction
coefficient μ measured by walking friction tester (WFT), the optimum pavement
texture level evaluation indices were determined. Additionally, the evaluation index
σ of distribution uniformity of pavement texture (DUPT) was proposed based on the
uniformity of deviations between sub-surfaces and the average surface of pavement
texture. Finally, the correlations of σ with texture profiles were studied. The results
show that f 8mac and f 8mic are the optimum indices for pavement texture level. MTD
has significant correlation with f 8mac, and the correlation coefficient R is 0.9348;
friction coefficient μ has significant correlation with f 8mic, and the R is 0.8030. The
hyperparameters of GLCM selected in this study were proved effective. Moreover,
the effectiveness ofσ is also validated by calibratingwith standard grooved surface. It
can be concluded that the proposed indices in this study are suitable to the evaluation
of pavement texture level and pavement texture distribution.
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1 Introduction

Pavement texture determines factors such as noise emission from the tire-pavement
interface, acoustic comfort inside vehicles, friction between the tire and road, rolling
resistance and tire wear [1–7]. Thus, it is necessary to measure pavement texture and
test its effect on pavement performance and quality [8]. According to the different
wavelengths and amplitudes, pavement texture can be divided into micro-texture,
macro-texture, mega-texture and unevenness [9–11]. Appropriate macro-texture and
micro-texture can improve the pavement surface characteristics and provide good
skid resistance and noise reduction performance for the pavement surface [12], while
the mega-texture and unevenness will cause irregular vibration of the rubber tires
and bumps of vehicle, which should be avoided as much as possible [13].

Comprehensive evaluation of pavement texture is the key to studying pavement
surface characteristics. So far in the literature, ample researches on pavement texture
evaluation have been conducted on three aspects: pavement texture (profile) level,
pavement texture (profile) distribution and the effect of surface profile asymmetry [4,
14, 15]. Generally, the indices proposed based on the two-dimensional (2D) texture
profile are called the 2D evaluation index, and the indices proposed based on the
three-dimensional (3D) pavement texture are called the 3D evaluation index. As
for the evaluation of pavement texture (profile) level, there are many typical 2D
evaluation indices like macro-texture profile level LT X,0.5→32, micro-texture profile
level LT X,0.03→0.5 and mean profile depth (MPD); except for the mean texture depth
(MTD), few indices focus on the evaluation of pavement texture from 3D aspect.
The evaluation of pavement texture distribution is mainly based on texture profile,
and commonly used indices are texture profile level amplitude Amax, characteristic
wavelengthWmax, and characteristic wavelength texture profile level LT X,ch [16, 17].
Pavement density sometimes was measured to evaluate the distribution uniformity of
pavement texture (DUPT) indirectly [18]. Some researchers also used the uniformity
of gray-scale image of pavement texture to evaluate the DUPT by converting gray
level of gray-scale image into corresponding texture depth [19, 20], but there is no
theory to prove its rationality and accuracy. Thereby, the research about 3D evaluation
of DUPT still needs to be further conducted. As for the evaluation of the effect of
texture profile asymmetry, conventional indices like skewness Rsk and shape factor
g were calculated based on texture profile [17, 21], and few researches study the 3D
evaluation method for the effect of texture profile asymmetry.

In summary, the evaluation of pavement texture mainly focuses on 2D evaluation
indices, and the 3D evaluation indices for pavement texture are rarely studied. At
present, the 3D pavement texture is often evaluated by the mean of 2D evaluation
indices calculated based on texture profiles. Utilization of mean to estimate the
overall is vulnerable to extreme value. To supplement 3D evaluation methods and
indices for pavement texture, some investigations proposed indices based on gray
level co-occurrence matrix (GLCM) method [22, 23]. GLCM is a method proposed
by Haralick to analyze the texture characteristics of gray-scale images [24]. There
are 14 feature indicators f 1 ~ f 14 of GLCM which can be used to describe image
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texture characteristics [22, 24, 25]. Among them, researchers found that f 8 and f 9
have significant correlation with MTD, and the correlation coefficients of MTDwith
f 8 and f 9 were both above 0.9 [22, 23]. The Entropy theory was also used as an
3D method to evaluate the pavement texture level [23]. The calculation of GLCM
is determined by several hyperparameters. Even for the same pavement texture,
if different hyperparameters are selected, the calculation results of GLCM will be
different, which is also the reason why the 3D evaluationmethod of pavement texture
level based on GLCM is difficult to be popularized.

The main objective of this study is to provide a novel and practical 3D evalua-
tion method and indices for pavement texture level and distribution. The rest of the
paper is organized as follows. Section 2 at first describes the acquisition method of
pavement texture data. Then, the pretreatment for pavement texture is introduced to
acquire accurate pavement macro-texture and micro-texture. Thereafter, the estab-
lishment procedure of evaluation indices for pavement texture level and the distribu-
tion uniformity of pavement texture are illustrated, and the method for the validation
of proposed indices effectiveness is also introduced. Section 3 presents the effective-
ness analysis of proposed evaluation indices compared with conventional indices.
Finally, in Sect. 4, the conclusion is summarized.

2 Materials and Methods

The 3D pavement texture is often evaluated by the mean of 2D evaluation indices
calculated based on texture profiles today. In this study, the proposed 3D evaluation
indices are compared with the existing 2D evaluation indices, and the effectiveness
of 3D indices is validated by correlation analysis. The analysis program of evaluation
indices is shown in Fig. 1.

The 2D evaluation indices Lmean
T X,0.5→32 and Lmean

T X,0.03→0.5 are calculated relying on
texture profiles, which represent the mean of the texture profile level. Meanwhile, the
3D evaluation indices proposed in this study which are f 8mac, f 9mac, f 8mic and f 9mic
are calculated based on pavement texture, which can evaluate the pavement texture
level. MTD and friction coefficient μ are measured as reference for the correlation
analysis with the evaluation indices mentioned above. For the purpose of evaluating
the DUPT, index σ is proposed and calibrated by standard grooved surface.

2.1 Acquisition of Pavement Texture Data

Four types of asphalt mixture which are asphalt concrete (AC) mixture, stone mastic
asphalt (SMA), porous asphalt (PA) and open graded friction course (OGFC) were
prepared to obtain the pavement texture data. Four nominal maximum sizes of aggre-
gate (NMAS) which are 16, 12.5, 9.5 and 4.75 mm were selected for AC mixture,
while three NMAS except for 4.75 mm were used for SMA, OGFC and PA mixture.
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Texture profile 2D

Texture profile level Texture profile distribution characteristics

Pavement texture

Texture level DUPT

3D
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Friction
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Standard groove surfaceMacro-texture

Micro-texture
f8mac, f9mac

 f8mic, f9mic

GLCM

Spectrum analysis

σ

Fig. 1 Indices analysis program

Therefore, total 13 asphalt mixture specimens with different pavement texture were
formed in this study. The size of formed specimen is 500× 500× 50 mm (Length×
Width × Height). One specimen is divided into 12 rectangular regions by perforated
steel plate, as is shown in Fig. 2. The length and width of the divided rectangular
region is 115 mm and 86 mm respectively. Therefore, total 156 different pavement
textures were obtained in this study, and the pavement texture was measured using
Laser texture scanner (LTS) Model 9400 produced by AMES Engineering, as is
shown in Fig. 2.

(a) Measuring texture data (b) Scanned pavement texture

Fig. 2 Asphalt mixture specimen preparation and texture measurement
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A pavement texture acquired by LTS consists of 146 texture profiles in this study.
The scanned area is 104 × 72.01 mm (Length × Width). In addition, the distance
between two texture profiles is 0.4966 mm, and the distance between two scanning
points in each texture profile is 0.0063 mm. Most notably, the vertical resolution of
LTS used in this study is 0.003 mm.

2.2 Pretreatment of Pavement Texture

Drop-out Removal.Drop-outs are inevitable for laser scanning device, and they are
often detected by LTS automatically. As described in the instruction of LTS Model
9400, the scanning points whose amplitude is equal to 15 mm are regard as drop-
outs [17]. In this study, linear interpolation technique was employed to eliminate the
detected drop-outs.

Tilt Correction. After the drop-out removal of pavement texture, the tilt correction
is needed to acquire the horizontal pavement texture. Generally, it is hard to place
the LTS in real horizontal plane. Moreover, if the texture in sloping pavement needs
to be measured, it is difficult to keep the LTS parallel to the slope, and the texture
tilt will appear. The PC data obtained based on tilted pavement texture is detrimental
to the calculation of indices like MTD and MPD. To obtain the pavement texture
without distortion, a binary linear function representing a 3D plane was fitted, as is
shown in Fig. 3a, and the pavement texture could be corrected by subtracting the
fitted plane, as is shown in Fig. 3b.

Spike Removal. Sometimes drop-outs are not eliminated as much [4], and this can
lead to spikes in the texture profiles, which can seriously bias the calculation of
evaluation indices. Figure 4 shows the procedure for the pavement texture spike
removal in this study. First, based on the tilt corrected pavement texture, pavement
macro-texture and micro-texture were separated using filter processing technique.
Thereafter, the spikes existing in pavement macro-texture and micro-texture were

(a) tilted pavement texture (b) tilt corrected pavement texture

Fitted plane 

Fig. 3 The proposed tilt correction method
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Fig. 4 The procedure of
extracting macro-texture and
micro-texture

Pavement texture

Macro-texutre Micro-texutre

Filter processing

Macro-texture spikes removal Micro-texture spikes removal

Pavement texture 3D evaluation

removed respectively. Based on the pavement texture free of spikes, the pavement
texture 3D evaluation indices were developed.

As for the macro-texture spikes removal, asymmetric generalized Gaussian distri-
bution (AGGD) and False Discovery Rate (FDR) method were used to detect the
spikes, and the linear interpolation was used to remove the detected spikes. The
probability density function of the AGGD is shown in Eq. (1).

p(x) =
{

βP

2αP�(β−1
P )

exp(−(
|xP−μP |

αP
)βP )

βN

2αN�(β−1
N )

exp(−(
|xN−μN |

αN
)βN )

(1)

where β is shape parameter, α = σ

√
�(1/β)

�(3/β)
; σ is the standard deviation; μ is the

average; the subscriptP represents positive texture, andN represents negative texture.
Similar to the three-sigma threshold with normal distribution, bilateral test based on
FDR method was used to detect spikes. Three-sigma threshold is a fixed choice of
threshold which is not appropriate when the PC data is big, while FDR can provide
an adaptive threshold for spikes detection according to the specific PC data [26].
Additionally, specification [4] recommends a method for removing spikes existing
in pavement texture profile. The method claims that if the point zi in texture profile
satisfies Eq. (2), the point zi will be considered as spike.

|zi − zi−1| ≥ α · �x (2)

where α is a constant factor, and α = 3 is recommanded by the specificaiton; �x is
the distance between neighboring two points in one pavement texture profile.

Figure 5 presents one of 156 patches of pavement texture PC data distribution
and corresponding FDR thresholds. Combined with the method recommended in
specification [4], the procedures of the proposed spike removalmethod are elaborated
as follows.
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Positive FDR 

threshold 
Negative FDR 

threshold 

Fig. 5 The AGGD of pavement texture data

(1) The tilt corrected pavement texture PC data were divided into positive texture
and negative texture.

(2) Positive texture and negative texture were used to fit βP and βN of AGGD
respectively.

(3) The p-values of each scanned point was calculated using the determined
AGGD.

(4) The p-values of positive texture points and negative texture points were
reordered in increasing order respectively. For example, a patch of pavement
texture PC data contains n points totally. Positive texture consists of n1 points,
and negative texture consists of n2 points (n1 + n2 = n). The p-values of positive
points should be ordered as pP1 ≤ … ≤ pPi ≤ … ≤ pPn1, and that of negative
points should be ordered as pN1 ≤ … ≤ pNi ≤ … ≤ pNn2.

(5) qP and qN were selected to control the positive and negative FDR threshold,
and the p-values of spikes should satisfy Eq. (3). The corresponding pave-
ment texture of maximum p-values of both positive and negative spikes were
regarded as the FDR thresholds. In this study, qP was recommended to select
from 0.1 ~ 0.3, and qN was recommended to select from 10–6 ~ 10–8. After
spikes were detected, linear interpolation was used to remove spikes.

pi ≤ i

n
q (3)

(6) Equation (2) was used to further detect the spikes, and the detected spikes were
removed by linear interpolation. α = 3 was selected in this study.

As for the micro-texture spikes removal, for the reason that the peak-to-peak
amplitudes range of micro-texture is 0.001 ~ 0.5 mm [4], the scanned points whose
amplitude are out of range−0.25 to 0.25mm in pavement micro-texture are regarded
as spikes, and the spikes are removed by linear interpolation method, as is shown in
Fig. 6.
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Fig. 6 Micro-texture spike
removal

2.3 Three-Dimensional Evaluation Method for Pavement
Texture Level

Gray level co-occurrence matrix (GLCM) of pavement texture. The pavement
texture height data first need to be converted into gray-scale image by Eq. (4) to
calculate the corresponding GLCM.

G(x, y) = f loor(
Z(x, y) − min(Z)

v
) + 1 (4)

where floor (x) represents the downward rounding of x; Z(x, y) is the texture depth
at (x, y); and v is the vertical resolution.

GLCM describes the frequencies or probabilities of the gray level combinations
among thepixel pairswith given spatial relationship in a gray level image [22].GLCM
in frequency can be calculated by Eq. (5), and it in probability can be calculated by
Eq. (6).

N θ
d (i, j) = #

{
[G(x, y),G(x + d cos θ, y + d sin θ)]

: G(x, y) = i,G(x + d cos θ, y + d sin θ) = j

}
(5)

P[(i, j); θ, d] = N θ
d (i, j)∑L

m=1

∑L
n=1 N

θ
d (m, n)

(6)

where N θ
d (i, j) denotes the frequencies of pixel pairs (i, j) occurrence; # is the number

of pixel pairs [G(x, y),G(x + d cos θ, y + d sin θ)];G(x, y) is the value (gray level)
at (x, y) position in the gray-scale image; P[(i, j); θ, d] is the probability of pixel
pairs (i, j) occurrence; θ is the angle between the line connecting the centers of the 2
pixels and the horizontal direction, which is usually taken as 0°, 45°, 90° and 135°;
d is the distance between pixels; L is the maximum gray level of gray-scale image,
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3×3 gray-scale image
L=4 GLCM in probability

=0 ，d=1
GLCM in frequency

=0 ，d=1

Fig. 7 Calculation method of GLCM

1 ≤ i ≤ L; 1 ≤ j ≤ L . The calculation process of GLCM of gray-scale image is
shown in Fig. 7.

The calculation of GLCM is related to θ, d and L. θ and d are the hyperparam-
eters that need to be determined artificially, while L depends on the peak-to-peak
amplitudes range of pavement texture and LTS’s vertical resolution v. Therefore, it
can be concluded that GLCM is determined by hyperparameters θ, d and v. Even for
the same pavement texture, if different hyperparameters are selected, the calculation
results of GLCM will be different, which is also the reason why the 3D evaluation
method of pavement texture level based on GLCM is difficult to be popularized.
Only with the same hyperparameters, the 3D evaluation indices of pavement texture
level based on GLCM are comparable.

According to the wavelength range, the peak-to-peak amplitudes range and the
vertical resolution of LTS scanner, the selection of hyperparameters θ , d and v is
discussed in this study.

When the precision of the LTS is the same both in transverse and longitudinal
directions, the scanning results of pavement texture have rotation invariance in statis-
tics, and the influence of θ on GLCM can be ignored. Due to the higher precision in
longitudinal direction (along 90°) than that in transverse direction in this study, θ is
set to 90°.

There is no unified standard for the determination of hyperparameter d, and d
needs to be determined by specific research objective [22, 27, 28]. For the reason
that the wavelength ranges of pavement macro-texture and micro-texture are 0.5 ~
50mmand 0~ 0.5mm respectively and the horizontal precision of LTS is 0.0063mm,
in this study, d was set to 79 pixels (0.4977 mm) for macro-texture evaluation and 1
pixel (0.0063 mm) for micro-texture evaluation.

The peak-to-peak amplitudes range of macro-texture is 0.1 ~ 20 mm, and that
of micro-texture is 0.001 ~ 0.5 mm [4]. Moreover, considering that the maximum
vertical resolution of LTS used in this study is 0.003 mm, so the hyperparameter v in
Eq. (4) is set to 0.01mm formacro-texture evaluation and 0.003mmformicro-texture
evaluation.
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The Selection of GLCM Indicators. There are 14 feature indicators of GLCM: f 1
~ f 14 [24]. The correlations between these 14 feature quantities and MTD have been
studied, and the f 8 and f 9 feature indicators have been proved that both have good
correlation with MTD [22]. Index f 8 is also called Sum Entropy, which is calculated
by Eq. (7), and index f 9, also known as Entropy, is calculated by Eq. (8) [24].

f8 = −
2L∑
i=2

Px+y(i) log
[Px+y(i)]
2 (7)

f9 = −
L∑

i=1

L∑
j=1

P(i, j) log[P(i, j)]
2 (8)

where Px+y(k) = ∑L
i=1

∑L
j=1 P[(i, j); θ, d], and i + j = k. Based on the above

research results, indices f 8 and f 9 are both applied into macro-texture and micro-
texture level evaluation in this study, which are named as f 8mac, f 9mac and f 8mic, f 9mic
respectively.

2.4 Three-Dimensional Evaluation Index for DUPT

Two asphalt pavement textures with the same texture profile level may have
completely different pavement texture distribution characteristics [2]. In this study,
index σ is proposed to evaluate the DUPT from 3D aspect. DUPT can be regarded as
the uniformity of deviation between pavement texture and its mean plane M . There-
fore, after the pretreatment of pavement texture introduced in Sect. 2.2, the pavement
texture was first divided evenly into four sub-textures A1, A2, A3 and A4 as is shown
in Fig. 8. Then the mean plane Mi of every sub-texture was calculated. The standard
deviations σM of sub-textures were calculated based on Eq. (9). To avoid the effect
of extreme value on calculation, the sub-texture which deviates from M mostly was
removed, and then the standard deviation σM ′ denoting standard deviation of the rest
of sub-textures was recalculated according to Eq. (10). Finally, the harmonic mean
σ was used as DUPT evaluation index and calculated by Eq. (11). The smaller the
σ is, the more uniform the texture distribution is. For completely uniform surface
texture, the σ is equal to 0.

σM = 1

2

√∑4

i=1
(Mi − M)2 (9)

σM ′ =
√
1

3

∑3

i=1
(Mi − M ′)2 (10)
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A1 A2

A3 A4

Fig. 8 Top view of the pavement texture to be measured

σ = 2

σ−1
M + σ−1

M ′
(11)

where M is the mean plane of whole pavement texture; Mi is the mean plane of sub-
texture Ai; M ′ is the mean plane of pavement texture which removes the sub-texture
deviating from M mostly.

2.5 Effectiveness Analysis of 3D Evaluation Indices
for Pavement Texture

Analysis on the Validity of 3D Evaluation Indices for Macro-texture Level. The
correlations of MTDwith f 8mac, f 9mac and 2Dmacro-texture profile level LT X,0.5→32

were studied to verify the effectiveness of f 8mac and f 9mac. To compare the MTD
with other indices more directly, the circular patch of traditional SPM was replaced
with the rectangle patch, as is shown in Fig. 9. The length and width of rectangular
patch was fixed to 115 mm and 86 mm respectively. First, a measuring cylinder was
filled with 40cm3 standard sand. The standard sand was poured to the target region
gradually. Meanwhile, the disk tool was used to spread the standard sand carefully.
As for the corner of rectangle, steel ruler was used to smooth the sand in the corner.
The finial reading V ′ of the rest of standard sand in the measuring cylinder was
recorded, and the MTD of target region can be calculated by Eq. (12).

MTD = (40 − V ′) × 1000

115 × 86
(12)
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Fig. 9 The revised SPM

The frequency spectrumdistribution of pavement texture can represent the relative
distribution of different wavelength textures, and the texture profile shown in octave
band is presented in Fig. 10.

As shown in Fig. 10, the index LT X,0.5→32 represents the texture profile level
whose center wavelength in octave band is within the range of 0.5 ~ 32 mm, and the
included wavelength range is 0.35 ~ 44.50 mm, covering most of the macro-texture
specified by specification [29]. Similarly, 2Dmicro-texture profile level LT X,0.03→0.5

represents the texture profile level whose center wavelength in octave band is within
the range of 0.03 ~ 0.5 mm, and the included wavelength range is 0.02 ~ 0.71 mm,
covering most of the micro-texture specified by specification [29]. LT X,0.5→32 and

Fig. 10 The texture profile shown in octave band
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LT X,0.03→0.5 can be calculated through Eq. (13).

LT X,i→ j = 10 lg(
j∑

m=i

10
LT X,m

10 ) (13)

The complete procedure for the calculation of LT X,0.5→32 could be referred from
specification [29] and literature [14, 17], and the mean of LT X,0.5→32 of 146 texture
profiles named Lmean

T X,0.5→32 were taken as the 2Dmacro-texture profile level evaluation
indices and used in the correlation analysis.

Analysis on the Validity of 3D Evaluation Indices for Micro-texture Level.
The micro-texture of the mixture is usually represented by the friction coefficient
measured at low test speed, as the direct testing of mixture’s micro-texture is diffi-
cult due to the extremely fine texture waves [16]. The walking friction tester (WFT)
(Fig. 11) is used to validate the effectiveness of proposed 3Dmicro-texture evaluation
indices, and the slip ratio is fixed to 10% during the measurement.

WFT is a device to test the tire-pavement friction coefficientμ at low speed, which
is used to represent the micro-texture of the mixture. The WFT has two rear wheels
and a front wheel which is the test wheel. The WFT is equipped with a speed sensor
to measure the test speed and a torque sensor to record the torque of the test wheel.
The details of WFT can be found in study [30].

The correlations of u with f 8mic, f 9mic and LT X,0.03→0.5 were studied to verify
the effectiveness of f 8mic and f 9mic. This paper referred to specification [29] and
literature [14, 17] to calculate LT X,0.03→0.5, and the mean of LT X,0.03→0.5 of 146
texture profiles named Lmean

T X,0.03→0.5 were taken as the 2D micro-texture profile level
evaluation indices and used in the correlation analysis.

Analysis on the Validity of the 3D Evaluation Index for DUPT. In order to verify
the effectiveness of the 3D evaluation index ofDUPT, three kinds of standard grooved

Fig. 11 Walking friction
tester

Specimen

Testing tire
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(a) GS 1 (b) GS 2

(c) GS 3

Fig. 12 Standard GS

surfaces (GS) with the same size as the scanning size of LTS were constructed, as
shown in Fig. 12.

The width and spacing of the standard grooved texture in Fig. 12 are both 5 mm.
The groove depths of GS 1 and GS 2 are both 1 mm and that of GS 3 are 1 mm and
4 mm. According to the uniformity of the grooves on the plane, the order of the GSs
uniformity is (a) > (b) > (c). If σ1 < σ2 < σ3 is obtained by the calculation method
in Sect. 2.4, it means that the proposed index σ for DUPT is effective.

3 Results and Discussion

3.1 Effectiveness Analysis Results of 3D Evaluation Method
for Pavement Texture Level

The effectiveness of proposed 3D evaluation method was evaluated based on 156
different pavement textures. The correlation analysis of MTD with f 8mac, f 9mac, and
Lmean
T X,0.5→32 is shown in Fig. 13a, and the correlation analysis ofμwith f 8mic, f 9mic, and

Lmean
T X,0.03→0.5 is shown in Fig. 13b. Due to the limitation of space, only the calculation

results of pavement texture evaluation indices for 13 pavement textures with different
asphalt types and NMAS are shown in Table 1.
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R=0.7134

R=0.9048

R=0.9348

R=0.8817

R=0.8030

R=0.4043

(a) Correlation between f8mac f9mac

and MTD
(b) Correlation between f8mic f9mic, 

 and 

Fig. 13 Correlation analysis for 3D evaluation indices of pavement texture

Figure 13a shows that Lmean
T X,0.5→32, f 8mac and f 9mac all have significant positive

correlations with MTD, moreover, the correlation coefficients of f 8mac and f 9mac are
larger than that of Lmean

T X,0.5→32. The correlation between f 8mac and MTD is the most
significant, and the correlation coefficient R is 0.9348; the correlation coefficient R
between f 9mac and MTD is 0.8817. These results are consistent with the conclusion
in the literature [22], and also indicate that the proposed indices f 8mac and f 9mac could
characterize the pavement texture better than Lmean

T X,0.5→32. Thus, the indices f 8mac and
f 9mac can be proved effective. Additionally, since Lmean

T X,0.5→32 is the average value of
LT X,0.5→32, it is easily affected by abnormal values, and when the dataset of texture
profiles obtained is small and its distribution is skewed, Lmean

T X,0.5→32 is not capable of
characterizing the 3D pavement texture accurately.

Figure 13b shows that Lmean
T X,0.03→0.5, f 8mic and f 9mic all have significant positive

correlations with μ: the correlation coefficient R between Lmean
T X,0.03→0.5 and μ is

0.7138; the correlation coefficient R between f 8mic and μ is 0.8030; the correlation
coefficient R between f 9mic and μ is 0.4043.

From the results of the correlation analysis, it can be concluded that it is practical
to evaluate pavement texture level using GLCM method, and the hyperparameters
θ, d and v selected for GLCM in this study is reasonable. Moreover, the index f 8
obviously showsmore significant correlation with bothMTD andμ. Therefore, f 8mac
and f 8mic are recommended to be the 3D evaluation indices for pavement texture level.

3.2 Effectiveness Analysis of 3D Evaluation Indices
for DUPT

Figure 14 shows the calculation results ofσ for standardGS1 toGS3 and 13 pavement
textures with different asphalt types and NMAS. It can be seen from Fig. 14 that for
a completely uniform GS1, σ is equal to 0, and the uniformity of the three GSs
is consistent with expectations: σ1 < σ2 < σ3. Therefore, it indicates that the 3D
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Fig. 14 Calculation results
of DUPT

Fig. 15 Special surface
texture

evaluation index of surface structure distribution uniformity proposed in this paper
is effective.

2D evaluation indices evaluate the pavement texture distribution based on the 2D
texture profiles, and they cannot accurately describe the DUPT. For example, as for
the special surface texture shown in Fig. 15, if the distribution is evaluated through
the profiles extracted along the width direction, which is straight line, it can be
concluded that the surface texture is uniformly distributed, but the actual distribution
of the special surface texture is not uniform. Therefore, it is meaningful to propose
3D evaluation indices for DUPT.

4 Conclusions

This paper evaluated the pavement texture level from3Daspect usingGLCMmethod,
and a new method to evaluate the DUPT was also determined relying on the mean
plane of pavement texture. Additionally, the effectiveness of proposed methods was
verified by correlation analysis with existing evaluation indices and standard GS.
The following conclusions could be drawn from this study.
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(1) The proper pretreatment for pavement texture is necessary to calculate accurate
pavement texture indices, and the pretreatment of pavement texture used in this
study is effective for both macro-texture and micro-texture.

(2) The calculation of the GLCM was determined by three hyperparameters: the
angle θ, the distance between pixels d and the vertical resolution v. Only with
the same hyperparameters, the 3D evaluation indices of pavement texture level
based on GLCM are comparable.

(3) θ was recommended to be 90°; d was set to 79 pixels (0.4977 mm) and v
was set to 0.01 mm for macro-texture level evaluation; d was set to 1 pixel
(0.0063 mm) and v is set to 0.003 mm for micro-texture level evaluation; d and
v should be as small as possible for micro-texture level evaluation.

(4) Themacro-texture level evaluation indices f 8mac and f 9mac hadmore significant
correlation with MTD than the existing 2D macro-texture profile level eval-
uation index LT X,0.5→32, and the correlation coefficients R were 0.9348 and
0.9048 respectively. The micro-texture level evaluation indices f 8mic and f 9mic
had significant correlation with pavement friction coefficient μ. Compared
with the existing 2D micro-texture level evaluation index LT X,0.03→0.5, f 8mic
had more significant correlation with μ, whose correlation coefficients R was
0.8030. Due to the significant correlation with MTD and μ, f 8mac and f 8mic
were recommended to be the 3D evaluation indices for pavement texture level.

(5) This paper only conducted a quantitative study on the DUPT and has not yet
conducted a qualitative study. Further research should be conducted to classify
the DUPT qualitatively based on the 3D evaluation indices proposed in this
paper. Additionally, due to the limitation of experimental condition and the
article space, the correlation between the proposed 3D indices and pavement
surface characteristics such as noise and skid resistance will be studied in the
future works.
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7. Šernas O, Zofka A, Vaitkus A, Gražulytė J (2020) The effect of exposed aggregate concrete
gradation on the texture characteristics and durability. Constr Build Mater 261:119921



Asphalt Pavement Texture Level and Distribution Uniformity … 55

8. Liu C, Li J, Gao J, Yuan D, Gao Z, Chen Z (2021) Three-dimensional texture measurement
using deep learning and multi-view pavement images. Measurement 172:108828

9. Puzzo L, Loprencipe G, Tozzo C, D’Andrea A (2017) Three-dimensional survey method of
pavement texture using photographic equipment. Measurement 111:146–157

10. Dong N, Prozzi JA, Ni F (2019) Reconstruction of 3D pavement texture on handling dropouts
and spikes using multiple data processing methods. Sensors 19(2):278

11. Li W, Huyan J, Tighe SL, Shao N-N, Sun Z-Y (2019) An innovative primary surface profile-
based three-dimensional pavement distress data filtering approach for optical instruments and
tilted pavement model-related noise reduction. Road Mater Pavement Des 20(1):132–150

12. Peng J, Chu L, Fwa T (2020) Determination of safe vehicle speeds on wet horizontal pavement
curves. Road Mater Pavement Des 1–13

13. Zhang Z, Luan B, Liu X, Zhang M (2020) Effects of surface texture on tire-pavement noise
and skid resistance in long freeway tunnels: from field investigation to technical practice. Appl
Acoust 160:107120

14. Chen D, Ling C, Wang T, Su Q, Ye A (2018) Prediction of tire-pavement noise of porous
asphalt mixture based on mixture surface texture level and distributions. Constr Build Mater
173:801–810

15. ISO13473-4 (2008) Characterization of pavement texture by use of surface profiles—Part 4:
spectral analysis of texture profiles

16. Chen D (2020) Evaluating asphalt pavement surface texture using 3D digital imaging. Int J
Pavement Eng 21(4):416–427

17. Ren WY (2019) Study on the abrasion characteristic of surface texture and its effect on noise
for asphalt pavements (PhD). Chang’an University (In Chinese)

18. Zhang K, Zhang Z, Luo Y, Huang S (2017) Accurate detection and evaluation method for
aggregate distribution uniformity of asphalt pavement. Constr Build Mater 152:715–730

19. LanZZ (2017)Studyon surface texture structure and anti-skid performance of asphalt pavement
based on digital image technology. Chongqing Jiaotong University, Chongqing

20. Song ZY, Yan GX, Sui YQ, Li FC (2014) Texture structure distribution of asphalt pavement
surface based on digital image processing technology. J Central South Univ (Sci Technol)
45(11):4075–4080

21. Liu Q, Shalaby A (2015) Relating concrete pavement noise and friction to three-dimensional
texture parameters. Int J Pavement Eng 18(5–6):450–458

22. Miao Y, Wang L, Wang X, Gong X (2015) Characterizing asphalt pavement 3-D macrotexture
using features of co-occurrence matrix. Int J Pavement Res Technol

23. Miao Y, Wu J, Hou Y, Wang L, Yu W, Wang S (2019) Study on asphalt pavement surface
texture degradation using 3-D image processing techniques and entropy theory. Entropy 21(2)

24. Haralick RM, Shanmugam K, Dinstein IH (1973) Textural features for image classification.
IEEE Trans Syst Man Cybernet SMC-3(6):610–621

25. Jain S, Gruteser M (2019) Recognizing Textures with Mobile Cameras for Pedestrian Safety
Applications. IEEE Trans Mob Comput 18(8):1911–1923

26. Katicha SW, Mogrovejo DE, Flintsch GW, de León Izeppi ED (2015) Adaptive spike removal
method for high-speed pavementmacrotexturemeasurements by controlling the false discovery
rate. Transp Res Rec 2525(1):100–110

27. Clausi DA (2002) An analysis of co-occurrence texture statistics as a function of grey level
quantization. Can J Remote Sens 28(1):45–62

28. EleyanA, Demirel H (2011) Co-occurrencematrix and its statistical features as a new approach
for face recognition. Turkish J Electr Eng Comput Sci 19(1):97–107

29. ISO13473–2 (2002) Characterization of pavement texture by use of surface profiles—Part 2:
terminology and basic requirements related to pavement texture profile analysis

30. Han S, Liu M, Fwa TF (2018) Testing for low-speed skid resistance of road pavements. Road
Mater Pavement Des 1–14



Assessment of Operating Speeds
of Rehabilitated Rural Roads
with Asphalt Surfacing

D. D. S. Wijeratne, M. Dishan, and W. K. Mampearachchi

Abstract In Sri Lanka, rural roads are not explicitly designed on technical require-
ments. So far restoration of rural roadswent throughwithmereConstruction enhance-
ments and appropriate geometric improvements have not been adopted. Itwas discov-
ered that the actual operating speeds can be higher after restoration which is affecting
the safety of road users. Aim of this research is to survey operating speeds, posted
speed limits and to find design operating speeds that expected to be after the reha-
bilitation. The majority of the rural roads in Sri Lanka does not have posted speed
limits indicated by the geometric, road environment and functionality level of the
road. Consequently, the speed decision of the rural road drivers relies upon variety
of different factors. The 85th percentile speed was taken as the operating speed. This
speed was utilized as a basic for recommending rational speed limit. Selected roads
were divided into a few segments; straight and curved. Operating speed on straight
segments were given priority in suggesting rational speed limits. As operating speed
in curves are considerably lower and enforcing lower posted speeds only based on
operating speeds on curves for entire road and would not be practical. The recom-
mended speed limit for all the roads under purview is 50 km/h and this speed limit
will be superseded to a lesser speed limit at a curved segment, dependent on the
operating and design speed. This speed limit should be notified using sign boards
and shall be enforced only for the curve itself.

Keywords Traffic speed management · Rural roads · Horizontal curve · Posted
speed limit

1 Introduction

Rural roads are restored to improve the living standard of people in rural towns and
villages just as significant as urban cities in the country. However, it has been a typical
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practice to restore the roads with simple construction enhancements. A restored
road usually follows the existing road having same horizontal and vertical align-
ments. Geometrical features such as Intersections, Horizontal and vertical curves,
approaches, etc. are more often remain unchanged while road surface and road struc-
tures are improved or reconstructed in rehabilitation. Even though the road surface
and different infrastructure has improved, roads are not geometrically improvised
which leads lower design speeds.

It was observed that road accidents in rural roads have gone up after restoration
occurred. The actual speeds were observed to be altogether more prominent after
rehabilitation than the actual design speeds of those roads. The objective of the
research follows assessment of actual operating speeds, posted speed limits and
design operating speeds that supposed to be after the rehabilitation. Additionally, it
recommends reasonable speed limits dependent on operating speeds (85th percentile
speed) and the design speeds that conform to the existing geometric features in
restored country roads with asphalt surfacing. The Scope of the data collection was
limited to North Western provincial and rural roads in Sri Lanka.

2 Literature Review

Good geometric design means providing the appropriate level of mobility and land
use access for road users while maintaining a high degree of safety. The roadway
design must also be cost effective in today’s financially compelled environment.
While balancing these design decisions, the designer needs to provide consistency
along a roadway alignment to prevent abrupt changes in the alignment that do not
match motorists’ expectations. Speed is used both as a design criterion to promote
this consistency and as a performance measure to evaluate highway and road designs
[1].

Operating Speed is the speed atwhich drivers are observed operating their vehicles
during free flow conditions. The 85th percentile of the distribution of observed speeds
is themost frequently usedmeasure of the operating speed associatedwith a particular
location or geometric feature [2]. There were three main speed measures that were
recorded. This allows for amore detailed interpretation and analysis of issues relating
to the speed in the Speed assessments. The measures include the speed limit, mean
speed with 85th percentile speed as well.

• Speed limit: The sign-posted legal speed limit or, where no speed limit signs are
posted, the speed limit that applies as a matter of law.

• Mean speed: The average speed of vehicles past a nominated point.
• 85th percentile speed: The speed at or below which 85% of all vehicles are

observed to travel under free flowing conditions past a nominated point.

This data can be used to calculate mean speeds and 85th percentile speed and
provide a valuable source of information to help guide any discussion on speed
management needs [3].
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The risk of crash and the probability of serious injury increases with the increased
speed of the traffic. Hence the speed is regarded one of basic factors in traffic crash
injuries. Vulnerable road users such as pedestrians, cyclist and motorcyclists have
a high risk of severe or fatal injury when motor vehicles collide with them. This is
because they are often completely unprotected or, in the case of a motorcyclist, have
very limited protection and the probability that a pedestrian will be killed if hit by a
motor vehicle increases dramatically with speed. The studies from Organization for
Economic Co-operation and Development (OECD) Annual Report, 2006 indicates
that while most vulnerable (unprotected) road users survive if hit by a car travelling
30 km/h, the majority are killed if hit by a car travelling at 50 km/h or more [4].

2.1 Speed and Horizontal Curves

This research is associated with the vehicle speeds moving along horizontal curves.
Hence it is important to discuss about how speed influences a moving vehicle along
a curve, oppose to a vehicle moving along a straight section.

The relationship of travelling speed of a vehicle moving along a bend can be
derived by analysis of the forces acting on the vehicle as it moves around a curve.
Assuming the radius in constant, it can be expressed in Eq. (1).

(0.01e + f)/(1 − 0.01ef) = v2/gR (1)

where;

e = rate of roadway superelevation
f = side-friction factor
v = vehicle speed ft/s (m/s)
g = gravitational constant, 32.2 ft/s2 (9.81 m/s2)
R = curve radius, ft, (m).

The value of ‘ef’ (in the equation denominator) is always small, so the 1 − 0.01
ef terms is approximately equal to 1.0. As such, a simplified curve formula can be
used for highway design and this equation can be further developed to accommodate
common speed units as Eq. (2) [5].

0.01e + f = V2/127R (2)

where;
V = velocity, km/h.
Research and experience have established limiting values for e and f. Use of the

maximum ‘e’ and ‘f’ value in the formula permits determination of minimum curve
radii for various design speeds. The limiting value of the side friction factor, f, at
which the tires begin to skid, may be as high as 0.6 or higher. In design, engineers
use only a portion of the side friction a driver begins to feel uncomfortable and react
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instinctively to avoid higher speed. Empirical studies have determined that such f-
values range from about 0.17 at 20 mph (30 km/h) to 0.08 and 80 mph (130 km/h)
[5].

3 Selection of Rural Roads for the Study

Following are some of the basic characteristics of NorthWestern Province rural roads
in general,

• Paved or unpaved carriage way
• Low average daily Traffic
• Carriageway width ranges from 3.2 m to 4.2 m
• Shoulder width 0-1 m
• Intensive pedestrian activity in some sections
• Higher number of Horizontal curves per unit length
• Poor traffic control and the lesser enforcement over traffic speed
• Hardly having walkways
• Higher accessibility and land use activities
• Higher roughness
• Majority of road users are residential or regional to the area.

North Western provincial road network mainly Consist of a mix of Asphalt,
Macadam, DBST, Concrete and Gravel roads. 66% of entire road length has become
unsuitable to cater for expanding transportation needs of road users. Most of road
bases had been designed decades ago and are weak hence not suitable for current
traffic demand.

The top speed limits of 70 km/h and 50 km/h are usual speed limits for ordinary
traffic in outside city limit and city limit respectively in arterial roads which are
belong to class A and B.

North western provincial road network includes of 2752 km of road length.
There are two districts, Kurunegala and Puttalam, with road lengths of 1738 km
and 1014 km respectively. For this research, roads with comparatively higher ADT
were concerned. Roads with higher crash rates, specially recently rehabilitated were
considered for the study as well. Table 1 shows the Provincial roads selected for the
speed assessment that covers nearly 50 km of road length. The selected roads are
single lane and with relatively similar lane widths.



Assessment of Operating Speeds of Rehabilitated Rural Roads … 61

Table 1 Selected NW Provincial roads for the speed assessment

No District secretarial division Name of the Road Total Length (km)

1 Kuranagala Rangama—Gonagama 10.25

2 Kuranagala Kawdawaththa—Alakoladeniya 6.3

3 Kuranagala Lakeround—Kudagalgamuwa 8.8

4 Mallawapitiya Thorayaya—Kudakowana 3.46

5 Mallawapitiya Mallawapitiya—Katupitiya 8.4

6 Maspotha Hanhamuna—Dampitiya 6.1

7 Maspotha Pallandeniya—Dikwehera 7.6

Total Length 50.91

4 Methodology

4.1 Segmentation of Road Sections

A road could be subdivided into number of segments in order to collect speed data.
Initially each road was divided into segments using two simple basic types. Those
were straight segments and curved segments. Following road features were also
considered in categorizing segments of the road under purview.

• Roads having wide verges, good overtaking opportunities, large radii bends, good
visibility, etc.

• Roads which may include some bends and undulations, average quality verges
• Roads which have sharp bends, narrow verges, undulating roads with low forward

visibility
• Higher local activity and ingresses.

Figure 1 shows a road (Thorayaya—Kudakowana in Mallawapitiya divisional
secretariat) that was sub divided into number of straight and curved sections.
Segments 25, 28, 29, 30 were the significant horizontal curved sections while
segments 26 and 27 were recognized as straight segments.

4.2 Data Collection and Analysis

Each selected road was inspected throughout its length and crucial sections that
needed to be assessed were identified. GPS coordinates were taken, and the entire
road was mapped using digitized maps so that all identified sections could be marked
and clearly visualized.

Road section were identified as straight and curves and they were numbered for
identification purpose. Following data were collected for each numbered section.
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Fig. 1 Example segments as in Thorayaya—Kudakowana road

• Geometrical Data

– Section Length or Curved length (Arc Length) depending on the section type
– Angle of change of direction in curved sections (The angle between the tangents

of the curve. This angle is equal to the central angle of the curvature by
geometry)

– Superelevation.

• Speed Data.

Sample size of 50 speed data at specific locations were considered in the study.
Speed data was recorded for both ways of the sections. Usually, a speed radar meter
is used to find instantaneous speed of traffic by law agencies (Sri Lanka Police). For
this research video cameras mounted on tripods were used to find the time periods
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of each vehicle that travelled a constant section length. Data was recorded for each
vehicle type. Speed data was collected during daytime over a week. The data was
collected with resemblance to traffic during the entire year. Speeds were then calcu-
lated for each vehicle and tabulated. The type of vehicle is not considered in this
research as average speed data does not vary considerably in rural roads. However,
in some curved sections, where the sight distances were lesser, maximum appli-
cable segment that could be covered plus adjacent road section were considered in
measuring speed data. Maximum super elevations of curved sections were measured
using an Engineer’s Level Instrument. Technically, the maximum super elevation is
attained at the middle of the curve. Average value was calculated by taking several
readings in the curved location.

• First, all the speed data were tabulated from smallest to largest for all vehicles.
• If number of speed data points is n, the actual frequency of each data point is 1/n.
• Speed distribution curve can be constructed by plotting actual frequency against

speed data.

Figure 2 illustrate the cumulative speed distribution curve for station 26 at
Thorayaya–Kudakowana road. Using the speed distribution curve, 85th percentile
value was found. For the road section 26, the 85th percentile speed of the section is
56.5 km/h, which means 85% drivers of the sample travelled at a speed of 56.5 km/h
or below.

The mean and the standard deviation speed of the sample section are 45.24 km/h
and 10.7 km/h respectively if the speed data sample follows a normal distribution
within one standard deviation of themean, or in other words in the range of 10.7 km/h
to the left (i.e. 34.54 km/h) and 10.7 km/h to the right (i.e. 55.94 km/h), almost 70%
of travelling speeds are within these limits. Almost 70% of drivers travelling this
section were in between 34.54 and 55.94 km/h speeds.

85thpercentile 
speed is 56.5km/h 

Fig. 2 Cumulative speed distribution curve for station 26
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4.3 Calculation of Available Design Speeds of Curved
Sections

As opposed to the actual speeds collected for a curved section, operating speed that
supposed to be travelled along the curve based of its geometrical features (or the
available design speed) can be calculated based on the curve radius, available super
elevation and the design friction factor. Relationship among radius of a curve (R),
Length of curve (L) and projected angle at center (θ) can be described as in Eq. (3).

R = L/θ (3)

Safe operating travelling speed along the curve could be calculated using Eq. (2).

0.01e + f = V2/127R

Which is

v = √
(127R(0.01e + f))

where,
v = velocity in km/h.
For station 25 in Thorayaya – Kudakowana road. (See Fig. 1).

L = 42.02 m
θ = 84° = 1.466 radians
R = 42.02/1.466 = 28.66 m
e = 2%
f = 0.15
v = √

(127 × 28.66(0.01 × 2.5 + 0.15)) = 24.23 km/h.

The friction factor was limited to the design friction factor, 0.15 which was below
the upper limit of the actual friction factor. The design f value is corresponding to the
point at which a driver begins to feel uncomfortable and react instinctively to avoid
higher speed [2, 5].

Hence the safe design speedof the above curved section undermeasured geometric
properties was nearly 25 km/h. However, by analysing observed speed data, it was
calculated that theMean speed was 30 km/h and 85th percentile speed was 36.2 km/h
(represents 85% of drivers were travelling equal or below this speed) which were
more than the safe operating speed (i.e. 25 km/h) of the curve.
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5 Results and Discussion

As discussed in Sect. 4, speed data was analysed for each road sections identified.
For each road, there were several sections or speed data collection stations that could
be either a straight section or a curved section.

5.1 Speed Data Analysis at Curved Section

In this study not only speed data analysis was done but safe design speed of a
vehicle that travels along the curve was calculated using curve’s actual geometrical
properties. Hence this gives vital comparison opportunity on each segment of how
traffic actually behaves as opposed to the design speeds of curves.

Comparison of Speeds in Rangama—Gonagama
Speed comparison of curved sections of Rangama—Gonagama road is shown in
Fig. 3. There were five curved sections studied in this road (stations 5, 2, 4, 7, 10.
See Fig. 1). The mean speed of stations 2, 4 and 10 are below the design speed of
those corresponding curves.

In station 2, almost 70% of travelling speeds are lying in between the range 32.09
and 44.89 km/h which the design speed 42 km/h lies within that range. However, the
85th percentile value on this section is 46.0 km/h. This means that 85% of speeds
in the sample are equal or below 46.0 km/h or 15% of the drivers speed more than
46.0 km/h which is not favourable with safe design speed. Same scenario can be
explained with station 4 and 10, (See Table 2).

Comparison of Speeds in Kawdawaththa—Alakoladeniya
Speed comparison of curved sections of Kawdawaththa—Alakoladeniya road is
shown in Fig. 4. In case of station 14 curve, both 85th percentile speed and the

Fig. 3 Comparison of speeds in Rangama—Gonagama
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Table 2 Comparison of design speed with statistical results

Station Mean speed
(km/h)

Std.
deviation
(km/h)

Mean-STD Mean +
STD

Safe design
speed (km/h)

85th
percentile
speed (km/h)

2 38.49 6.4 32.09 44.89 42 46.0

4 40.34 7.3 33.04 47.64 44 49.5

10 39.67 7.35 39.15 42 42 47.2

Fig. 4 Comparison of speeds Kawdawaththa—Alakoladeniya,

mean speed are below the design speed. This was because this section had poor line
of sight due to vegetation and the roadside constructions. Also, the right of way was
limited causing a narrow carriageway. Drivers had chosen lower operating speed due
to these reasonswhen passing this curve. However, it is crucial to investigate this kind
of sections together with crash statistics, since drivers who do not have experience
about the area can encounter traffic conflicts unknowingly.

Comparison of Speeds in Lakeround—Kudagalgamuwa
Speed comparison of curved sections of Lakeround—Kudagalgamuwa road is shown
in Fig. 5.

All the curved sections have similar pattern as discussed in Speed comparison of
curved sections of Rangama—Gonagama road.

Comparison of Speeds in Thorayaya—Kudakowana
Speed comparison of curved sections of Thorayaya—Kudakowana road is shown in
Fig. 6. In sections 28, 29 and 30 the design speed has increased, and this was clearly
because of the increasing curve radius of those bends. However, it is interesting that
mean speed and the 85th percentile speed do not follow the trend of the design speed,
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Fig. 5 Comparison of speeds in Lakeround—Kudagalgamuwa

but they have their own gradually increasing trend. The reason is that sections 28, 29
and 30 were curves with one after another (reverse curves). Even though individual
design speeds are higher, small tangent between the curves do not facilitate for
acceleration of the speed.

Fig. 6 Comparison of speeds in Thorayaya—Kudakowana
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Proposed rational speed limit = 
50 km/h  

Curved section Straight section 

Fig. 7 85th percentile speed of Rangama Gonagama Road

5.2 Speeds in Straight Sections and Curved Sections

Figure 7 shows the 85th percentile speeds in 11number of road stations inRangama—
Gonagama road. First five stations (5, 2, 4, 7 and 10) are curved sectionswhile the rest
are in straight sections. The maximum 85th percentile speed is 62.45 km/h in station
8 which is a straight section. All measured speeds are above 50 km/h. 85th percentile
speeds of all the curved sections are slightly lower than 50 km/h except in station 7.
Hence 50 km/h speed can be assigned as the rational speed limit provided the posted
speed for bends. For an example the maximum speed limit for the bend at station 7
can be assigned as 40 km/h by considering the operating speed (i.e. 85th percentile
speed) and the available design speed of that curve. This speed limit is imposed only
for the curve itself so that the posted speed for the entire road is overridden at that
section.

Similarly, 85th percentile speed calculated for other roads were graphed and
rational speed limits could be estimated graphically as above. Table 3 shows summary
of results and suggested speed limits for the selected roads in the study.

6 Limitations and Conclusion

6.1 Limitations

It is important to discuss about the limitations of this study. The main activity of this
process is speed data collection. An accurate study of operating speeds depends on
unbiased sample of data set. However, vehicle speeds can vary throughout the day
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Table 3 Rational Speed limits proposed

Name of the road Maximum 85th
percentile speed in
straight sections
(km/h)

Minimum 85th
percentile speed in
straight sections
(km/h)

Proposed rational
speed limit (km/h)

Rangama Gonagama 62.45 53.8 50

Kawdawatta—Alakoladeniya 53.8 49.2 50

Lakeround—Kudagalgamuwa 61.2 48.3 50

Thorayaya—Kudakowana 55.7 48.6 50

Mallawapitiya—Katupitiya 60.1 52.3 50

Pallandeniya—Dikwehera 58 55.5 50

Hanhamuna—Dampitiya 55.21 45.4 50

as a function of traffic conditions, volume, traffic flow, weather conditions and other
factors. Vehicle speeds may be significantly higher than the speed limit at nighttime
than of congested peak hour conditions. At nighttime, there is less traffic and there
is no enforcement. However, only daytime speed data was collected in this study.
Hence the study is limited to daytime traffic behavior.

This assessment is based on the speed data of provincial rural roads of North
western province of Sri Lanka. Only several roads from North Western Province
were selected for the assessment due to lack of resources and time restrictions.

6.2 Conclusion

Rational Speed Limits based on operating speeds, promote public safety by helping
drivers choose a reasonable and prudent speed that is appropriate for normal traffic,
and roadway conditions. The recommended rational speed limit for all the roads
under purview is 50 km/h and this speed limit will be overridden to a lower speed
limit (or limits) at curved sections based on the design speed and the 85th percentile
speed of that curves where necessary.

However, 85th percentile speed as a basis of rational speed limit has some limita-
tions since it does not consider formal review of traffic flow, roadway design, crash
information and local development activities.

Due to various reasons discussed above, it has become a mandatory requirement
that provincial or rural roads also need speed limits associated with law enforcement
for the betterment of the public safety. Rational speed limits based on 85% percentile
speed or operating speed will be a good basis as identified in the study.
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Assessment of Present Pavement
Condition Using Machine Learning
Techniques

Madhavendra Sharma and Pradeep Kumar

Abstract Quantification of present pavement condition in terms of an index term
i.e., Pavement Condition Index (PCI) is one of the most important and primary steps
while taking decision related to Maintenance and Rehabilitation of Pavements. PCI
as proposed by ASTM D6433 rates pavement in seven conditions viz. Good, Satis-
factory, Fair, Poor, Very Poor, Serious and Failed. Determination of rating condition
of pavement using distress severity and extent turns out to be tedious process. Hence,
present study investigates application machine learning techniques for assessment
of present pavement condition. Three different algorithms i.e., Logistic Regression,
Naïve Bayes and K-Nearest Neighbor have been tested in the present study using
Long Term Pavement Performance database consisting of over 10,000 datapoints.
The dataset was divided into 7:3 ratio for training and testing phase. Employed
algorithms were tested based on accuracy, precision, recall and f-measure. Logistic
Regression Classifier was found to have highest accuracy of 0.92 among three
classifiers used in the study.

Keywords Pavement condition index · Naïve Bayes · Logistic regression ·
K-nearest neighbor · Pavement condition assessment

1 Introduction

Pavement Management System (PMS) was conceptualized in 1960s to develop
proper coordination in the activities involved in decision making for selecting best
alternative in developing and maintaining pavement infrastructure [1]. Pavement
Condition Assessment (PCA) is a key component of PMS [2, 3]. Pavement Condi-
tion Assessment (PCA) is the process of collecting and processing indicators of
pavement condition. PCA helps the pavement authorities to assess the maintenance
measures needed to prevent accelerated and future distress along with the mainte-
nance and rehabilitation measures to be taken for improving pavement quality [4].
To assess the present pavement condition, different indicators have been proposed
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and used widely. International Roughness Index (IRI), Pavement Condition Rating
(PCR), Present Serviceability Index (PSI) and Pavement Condition Index (PCI) are
some of the indicators accepted worldwide. Considering different aspects of pave-
ment functional condition and structural integrity, these indicators tend to provide a
quantitative measure of present pavement condition [5–7].

1.1 Pavement Condition Index

Pavement Condition Index (PCI) was developed by Shahin et al. [8]. PCI is based
on a 0–100 scale, where 100 corresponds to excellent condition and failed condition
of pavement is denoted by 0. PCI rates the pavement condition in seven different
categories based on distress data. Schematic representation of PCI scale along with
its interpretation is presented in Fig. 1.

The determination of PCI is done after visual inspection of pavement sections
under consideration. The process of determination of PCI using ASTM:D6433 [9]
is itself a tedious task while dealing with a large road network. The tedious task
pertains to obtaining the deduct values from deduct value curves (as shown in Fig. 2)
as per the field evaluation from the deduct value curves. Even using software like
Micro Paver still is time consuming, as the distress data for each section has to be
entered manually [10].

Fig. 1 PCI scale and its
interpretation [9]
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Fig. 2 Typical deduct value curve [9]

With development in computational algorithms in recent times, several alternative
soft computing techniques have been applied for determination of PCI. Such tech-
niques include Artificial Neural Networks (ANN), Fuzzy Inference Systems (FIS),
Genetic Programming (GP), Support Vector Machines (SVM) etc. The underlying
advantage of these techniques are based on the training and prediction capabilities
delivering higher degree of precision. Lately such techniques have also been used in
various civil engineering applications [11–20].

2 Scope

Research conducted in the domain of predicting PCI fromdistress data usingmachine
learning techniques have been usually confined to use of regression techniques and
artificial neural networks (ANN). Consideration of a performance indicator as a real
number (continuous variable) might have resulted in such an approach whereas the
maintenance and rehabilitation (M&R) provided over a certain range of indicator are
same. Hence, despite of PCI being a continuous variable, prediction of PCI category
can be done using classification. Present study is an attempt to test the applica-
bility of Logistic Regression, Naïve Bayes and K-Nearest Neighbor techniques in
predicting the pavement condition. The models for the study were trained based
on dataset obtained from Long Term Pavement Performance (LTPP). The input for
model comprises of distress type, severity and quantity while output consists of PCI
category.
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3 Database Collection and Processing

In the present study, the LTPP dataset was used for development and testing of
PCI models. The selected dataset corresponds to pavement sections having “Asphalt
Concrete” surface and distress data was collected later than 2000. A total of 12,881
data points were obtained corresponding to different sites maintained within LTPP
database.

The dataset thus obtained have distress data for Alligator Cracking, Bleeding,
Block Cracking, Edge Cracking, Longitudinal Cracking, Transverse Cracking,
Patching, Pothole, Shoving and Ravelling for all levels of severity. Pavement Condi-
tion Index (PCI) for this dataset was obtained using PAVER software which was
observed to be laborious and time consuming. Around 30% of the datapoints were
observed to be in Good category. PCI Category wise distribution of cases in the
dataset is presented in Fig. 3.

4 Material and Methods

Classification is a supervised machine learning process that maps input data into
predefined groups or classes [21]. The analysis was done using scikit-learn library
in Python [22]. This section presents a brief description on the three algorithms and
performance measures used in present study. The methodology used in the study is
presented in Fig. 4.
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Fig. 4 Methodology
adopted in the study
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4.1 Logistic Regression

Logistic regression is a linear classifier. The Logistic regression is a special case of
the generalized linearmodel (GLM),which generalizes the ordinary linear regression
by allowing the linear model to be related with a response variable that follows the
exponential family via an appropriate link function [23, 24].

4.2 Naïve Bayes Classifier

Bayes theorem with independence assumption forms basis of Naïve Bayes classifier
to classify objects. A typical assumption is that the continuous values associated with
each class are distributed according to one dimensional normal distribution [25].
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4.3 K-Nearest Neighbor Classifier

K-Nearest Neighbor is a type of instance-based classification method. KNN is bene-
ficial in cases where the sufficient information regarding the underlying distribution
is not available. It works on the principle of minimum distance of instance from
neighboring instances.

4.4 Performance Evaluation of Classifier

The classification performance of the proposed models will be judged based on
confusion matrix using the four fundamental statistical measures i.e., True Positive
(TP), False Positive (FP), True Negative (TN) and False Negative (FN). TP is defined
as the case classified as positive which is observed as positive. FP corresponds to
case where the predicted value is positive whereas it has been observed as negative.
TN and FN are defined as TP and FP, respectively. On the basis of above mentioned
statistical measures, precision and recall is defined; precision is the measure of accu-
racy associated with developed classification rules while recall is the percentage of
examples of a designated class that are correctly predicted [26, 27]. For a multiclass
classification model above mentioned parameters can be defined as per Eqs. (1), (2),
(3) and (4) [28].

PrecisionM =
∑l

i=1
T Pi

T Pi+FPi

l
(1)

RecallM =
∑l

i=1
T Pi

T Pi+FNi

l
(2)

Average Accuracy =
∑l

i=1
T Pi+T Ni

T Pi+T Ni+FPi+FNi

l
(3)

F − measure =
∑l

i=1
2×RecallMi ×PrecisionMi
RecallMi +PrecisionMi

l
(4)

where i represents the considered class and l is the total number of classes.

5 Results and Discussion

This section reports and discusses the results achieved in predicting the category
of PCI using three different algorithms i.e., K-Nearest Neighbor, Naïve Bayes
and Logistic Regression. Determination of optimal architecture for an algorithm is
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governed by a set of hyperparameters affecting behavior of algorithm in a particular
problem. Determination of optimal set of hyperparameters is of significant impor-
tance as it improves performance and reduces overfitting error. Grid Search was used
in the present study for K-Nearest Neighbor and Logistic Regression while Naïve
Bayes does not have any hypermeter to be tuned, hencewas trainedwith default archi-
tecture. A three fold cross validation was also employed to generalize the training
process of classifiers. The dataset was divided in the ratio of 7:3 for training and
testing. Random seed was fixed at zero to have repeatability in the training and
testing set for all three classifiers.

Hyperparameters used in the study to fine tune K-Nearest Neighbor classifier
included number of nearest neighbor and leaf size. Number of neighbor equals the
number of samples created in the algorithm to define metrics of a point from its
centroid. While leaf size governs the speed of construction and query, as well as the
memory required [22]. A total of around 146 iterations was done in the grid search to
determine best hyper parameters. Mean test score, mean train score andmean fit time
for the K-Nearest Neighbor classifier is shown in Fig. 5. Best parameters observed
in grid search were {’leaf_size’: 20, ’n_neighbors’: 1} with best score of 0.7992 for
training. Table 1 shows the precision, recall and F1 score for different categories
of PCI from the trained KNN Classifier. High accuracy of 0.826649 suggests that
trained model can be used for predicting the category of PCI from distress data.
Figure 6 presents the confusion matrix showing the actual and predicted class on the
test data set using the trained KNN model.

Second algorithm used in the study was Naïve Bayes classifier. Naïve Bayes
classifier as trained using scikit learn library doesn’t have any hyperparameters to
fine tune, hence it was trained and tested in the default form in present study. Table
2 presents classification report for the trained Naïve Bayes Classifier model. The
trained model was found to have a good accuracy of 0.710479. The confusion matrix
for the Naïve Bayes classifier model on test dataset is presented in Fig. 7.
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Fig. 5 Train and test accuracy for K-Nearest Neighbor classifier
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Table 1 Classification report
for K-Nearest Neighbor
classifier

Precision Recall F1-Score

Good 0.904628 0.893352 0.898955

Satisfactory 0.751082 0.797701 0.77369

Serious 0.968127 0.981422 0.974729

Very Poor 0.606557 0.510345 0.554307

Fair 0.815657 0.861333 0.837873

Poor 0.699552 0.67679 0.687982

Failed 0.587393 0.59593 0.591631

Accuracy 0.826649

Fig. 6 Confusion matrix for K-Nearest Neighbor classifier

Table 2 Classification report
for Naïve Bayes classifier

Precision Recall F1-Score

Good 0.896853 0.710526 0.79289

Satisfactory 0.809278 0.36092 0.499205

Serious 0.951638 0.98546 0.968254

Very Poor 0.397887 0.77931 0.526807

Fair 0.67366 0.770667 0.718905

Poor 0.460674 0.444685 0.452539

Failed 0.362667 0.395349 0.378303

Accuracy 0.710479



Assessment of Present Pavement Condition Using Machine … 79

Fig. 7 Confusion matrix for Naïve Bayes classifier

Further, Logistic Regression Classifier was used for training. Grid Search was
used for determining optimal hyperparameters of the classifier. Considered parame-
ters in the grid search include regularization constant (C), penalty function and solver.
C denotes inverse of regularization where smaller values of C means higher regu-
larization. Penalty function governs the norm for penalization while solver deals
with the optimization algorithm used in classifier [22]. A total of 119 iterations
were performed by grid search algorithm. The training and testing accuracy with
different iterations in grid search is presented in Fig. 7. Best parameters determined
by grid search for the logistic regression classifierwere {’C’: 1e-05, ’penalty’: ’none’,
’solver’: ’newton-cg’} with best training score of 0.9157. Classification report with
respect to test data for Logistic Regression classifier is presented in Table 3. Figure 8
presents the confusion matrix for the test dataset. As shown in Table 3, highest accu-
racy of 0.92 among the three classifiers was obtained for the Logistic Regression
classifier (Fig. 9).

6 Conclusion

The objective of this studywas to develop a classificationmodel to predict the present
pavement condition based on Pavement Condition Index Category. Three different
classification algorithms were employed in the study for prediction of PCI cate-
gory based on dataset comprising of various types of distresses including, Alligator
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Table 3 Classification report
for Logistic Regression
classifier

Precision Recall F1-Score

Good 0.945792 0.918283 0.931834

Satisfactory 0.903002 0.898851 0.900922

Serious 0.998384 0.998384 0.998384

Very Poor 0.835616 0.841379 0.838488

Fair 0.951482 0.941333 0.946381

Poor 0.789691 0.830803 0.809725

Failed 0.814493 0.81686 0.815675

Accuracy 0.918758
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Fig. 8 Train and test accuracy for Logistic Regression classifier

Cracking, Bleeding, Block Cracking, Edge Cracking, Longitudinal Cracking, Trans-
verse Cracking, Patching, Pothole, Shoving and Ravelling. The three robust classifi-
cation algorithms tried in the study includes K-Nearest Neighbor, Naïve Bayes and
Logistic regression. The major findings of the study are enlisted below:

• All the three-classifier employed in the study for prediction of PCI category
showed reliable prediction with accuracy in excess of 0.71.

• Logistic Regression Classifier with parameters {‘C’: 1e-05, ‘penalty’: ‘none’,
‘solver’: ‘newton-cg’} was found to provide highest accuracy of 0.915 on training
and 0.918 on testing dataset.

• Present pavement condition assessment, being a key component of decision
making in PMS usually is a time-consuming process when dealing with network
level. The proposed classifier model helps in significantly reducing the time
consumed in the process.

Further research is underway to improve the classifier model by considering more
datapoints to increase the incorporated variance. As the proposed model provides the
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Fig. 9 Confusion matrix for Logistic Regression classifier

interpreted category of PCI rather than providing just index value it can be useful for
the field engineers in easy interpretation of pavement condition from quantified data
while saving the tedious effort of determining condition using deduct value curves
manually.

References

1. Ziari H, Maghrebi M, Ayoubinejad J, Waller ST (2016) Prediction of pavement performance:
application of support vector regression with different kernels. Transp Res Rec 2589:135–145.
https://doi.org/10.3141/2589-15

2. Sun L, Gu W (2010) Pavement condition assessment using fuzzy logic theory and analytic
hierarchy process. J Transp Eng 137:648–655. https://doi.org/10.1061/(asce)te.1943-5436.000
0239

3. AASHTO (2012) Pavement management guide. Second. American Association of State
Highway and Transportation Officials

4. Mubaraki M (2014) Third-order polynomial equations of municipal urban low-volume
pavement for the most common distress types. Int J Pavement Eng 15:303–308

5. Shahin MY (2005) Pavement management for airports, roads and parking lots. Springer US
6. Zimmerman KA (1995) Pavement management methodologies to select projects and recom-

mend preservation treatments. Washington DC
7. Sharma M, Kumar P, Suman SK (2019) A review of pavement condition rating models for

flexible pavements. Int Res J Eng Technol 6:2218–2223
8. Shahin MY, Darter MI, Kohn SD (1978) Development of a pavement condition index for roads

and streets

https://doi.org/10.3141/2589-15
https://doi.org/10.1061/(asce)te.1943-5436.0000239


82 M. Sharma and P. Kumar

9. ASTM:D6433-15 (2015) Standard practice for roads and parking lots pavement condition index
surveys

10. Elhadidy AA, El-Badawy SM, Elbeltagi EE (2019) A simplified pavement condition index
regression model for pavement evaluation. Int J Pavement Eng 1–10. https://doi.org/10.1080/
10298436.2019.1633579

11. Sadrossadat E, Heidaripanah A, Osouli S (2016) Prediction of the resilient modulus of flexible
pavement subgrade soils using adaptive neuro-fuzzy inference systems. Constr Build Mater
123:235–247. https://doi.org/10.1016/j.conbuildmat.2016.07.008

12. Koduru HK, Xiao F, Amirkhanian SN, Juang CH (2010) Using fuzzy logic and expert system
approaches in evaluating flexible pavement distress: case study. J Transp Eng 136:149–157.
https://doi.org/10.1061/(asce)0733-947x(2010)136:2(149)

13. Tien Bui D, Moayedi H, Abdullahi MM et al (2019) Prediction of Pullout behavior of belled
piles through various machine learningmodelling techniques. Sensors 19:3678. https://doi.org/
10.3390/s19173678

14. Yadollahi MM, Benli A, Demirboga R (2017) Application of adaptive neuro-fuzzy technique
and regression models to predict the compressive strength of geopolymer composites. Neural
Comput Appl 28:1453–1461. https://doi.org/10.1007/s00521-015-2159-6

15. GandomiAH,AlaviAH,MirzahosseiniMR (2011)Nonlinear genetic-basedmodels for predic-
tion of flow number of asphalt mixtures. J Mater Civ Eng 248–263. https://doi.org/10.1061/
(ASCE)MT.1943-5533.0000154

16. Sollazzo G, Fwa TF, Bosurgi G (2017) An ANN model to correlate roughness and structural
performance in asphalt pavements. Constr Build Mater 134:684–693. https://doi.org/10.1016/
j.conbuildmat.2016.12.186

17. Shahnazari H, Tutunchian MA, Mashayekhi M, Amini AA (2012) Application of soft
computing for prediction of pavement condition index. J Transp Eng 138:1495–1506. https://
doi.org/10.1061/(ASCE)TE.1943-5436.0000454

18. Issa A, Samaneh H, Ghanim M (2021) Predicting pavement condition index using artificial
neural networks approach. Ain Shams Eng J. https://doi.org/10.1016/j.asej.2021.04.033

19. Bashar MZ, Torres-Machi C (2021) Performance of machine learning algorithms in
predicting the pavement international roughness index. Transp Res Rec J Transp Res Board
036119812098617. https://doi.org/10.1177/0361198120986171

20. Kumar R, Suman SK, Prakash G (2021) Evaluation of pavement condition index using artificial
neural network approach. Transp Dev Econ 7:20. https://doi.org/10.1007/s40890-021-00130-7

21. Han J, Kamber M, Pei J (2012) Data mining: concepts and techniques
22. Pedregosa F, Varoquaux G, Gramfort A et al (2011) Scikit-learn: machine learning in Python.

J Mach Learn Res 12:2825–2830
23. Jeong H, Jang Y, Bowman PJ, Masoud N (2018) Classification of motor vehicle crash injury

severity: a hybrid approach for imbalanced data. Accid Anal Prev 120:250–261. https://doi.
org/10.1016/j.aap.2018.08.025

24. NourMK,Naseer A, Alkazemi B, JamilMA (2020) Road traffic accidents injury data analytics.
Int J Adv Comput Sci Appl 11. https://doi.org/10.14569/IJACSA.2020.0111287
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Automatic Pavement Crack Rating
for Network-Level Pavement
Management System

Jun Yew Tan , Teron Nguyen , S. Kapilan, Than Than Nyunt,
Yeow Hoo Lim, and Yin Fong Leong

Abstract Cracking is one of the important distresses that can be used to trigger
pavementmaintenance treatments. Traditional crack rating is commonly based on the
Pavement Condition Index (PCI) approach involving time-consuming visual inspec-
tion andmanual classification processes. The emergence of automatic and high-speed
laser imaging devices significantly improves the efficiency and productivity of pave-
ment crack data collection but it requires suitablemethods and concepts for automatic
crack ratings. This paper discusses the development of an automatic pavement crack
rating using crack data collected from a high speed 3D sensor. Two levels of crack
ratings are proposed: Level 1 provides detailed crack information including cracking
extent, crack types and severity, and Level 2 is a macro-indicator of general/overall
cracking extent on a pavement section of 10 m length. The method and concept were
developed and tested initially for Singapore expressway network under the effort of
the Land Transport Authority (LTA) of Singapore to integrate crack data into the
pavement management system (PMS).

Keywords Pavement crack · LCMS-2 · Automatic classification · Crack rating ·
Pavement management system

1 Introduction

1.1 Background

Pavement is an expensive road infrastructure asset that require suitable maintenance
and rehabilitation to maintain its service life. To manage the road infrastructure,
transportation agencies often use Pavement Management Systems (PMS) to store,
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analyse and visualise large datasets in the network scale. PMSs require accurate and
reliable pavement condition data as critical input in order to evaluate the health of
the pavement network [1, 2]. Surface distresses such as pothole, crack, rutting and
roughness are important parameters that define the health of the pavement network
in a PMS [3, 4].

In Singapore, pavement surface defects or distresses are typically gathered by
teams of inspectors as they drive through the road network at low speed. Surface
defects that require urgent attention such as potholes are marked and work orders
are issued subsequently to carry out rectification works within a stipulated time. As
most of the surface defects are repaired almost immediately, these are not captured
efficiently into the pavement management system.

The emergence of automated equipment (semi or full) offers the opportunity to
significantly improve the productivity and efficiency of pavement surface condition
data collection in the current dynamic road environment [5]. Roads can now be
surveyed at a much faster rate and more thoroughly, and the data is available digitally
for all types of analysis. This has opened up the opportunity to use surface crack data
as additional input to Singapore’s PMS.

This paper discusses the development of an automatic crack rating for asphalt
pavement that is suitable for network-level pavement management systems.

1.2 Crack Rating Systems

Crack rating is one of the key parameters of a wider pavement condition rating
system. There are many pavement condition rating systems used around the world
such as the Pavement Condition Index (PCI), Pavement Serviceability Rating (PSR),
Pavement Condition Rating (PCR), etc.

The Pavement Condition Index (PCI) system is the most widely known pavement
rating system developed by the US Army Corps of Engineers [6]. The PCI system
rates the pavement condition as a range of numerical value between 0 and 100, with
100 representing the best possible condition and 0 representing the worst possible
condition. The PCI system includes 19 types of pavement distresses including non-
crack parameters such as ride quality, rutting, depressions, polished aggregates and
weathering and raveling (see Fig. 1).

1.3 Motivation

A rating system for crack-only data is required for Singapore’s pavement manage-
ment system. The PCI system is the most widely used but it often involves time-
consuming, laborious visual inspection and manual classification processes as some
of the distresses in the PCI system is not suited for fully automatic processing. Studies
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Distress types for asphalt pavements
1. Alligator cracking 11. Low ride quality 
2. Bleeding 12. Patching and 

utility cut patching
3. Block cracking 13. Polished aggre-

gate 
4. Bumps and sags 14. Potholes 
5. Corrugations 15. Rutting 
6. Depressions 16. Shoving 
7. Edge cracking 17. Slippage cracking 
8. Joint reflection 
cracking 

18. Swelling 

9. Lane/shoulder 
drop-off 

19. Weathering and 
raveling 

10. Longitudinal and 
transverse cracking 

Fig. 1 Asphalt pavement distresses considered by the PCI system and the Standard PCI rating scale
[6]

have also shown that manual survey results do not correlate well with automatic
classification and rating [7, 8].

In researching and developing a suitable crack rating system for Singapore condi-
tion, consideration was given to the needs of the operational as well as the manage-
ment level. The operational level requires more detailed information on the crack in
order to carry out the appropriate repair action. On the other hand, the management
level is interested in a simple linear ranking, for example 0–5, that can be quickly
and easily compared from one pavement section to the other. Therefore, the resulting
crack index system must be reliable and able to meet the conflicting needs of both
the management and the operational level.

An automated classification procedure needs to be developed and suited to the
capabilities of the automated survey equipment within the Singapore dynamic road
environment and traffic loading based on the types of crack that commonly occur
here.

2 Approach and Methodology

2.1 Automated Pavement Condition Survey

In recent years, the emergence of advanced image sensor technology allows pavement
condition survey to be carried out automatically and quickly. One advanced system
being used is the Laser Crack Measurement System-2 (LCMS-2) shown in Fig. 2.
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Fig. 2 An LCMS-2 vehicle used in Singapore

The LCMS-2 sensor uses laser line projectors, high speed camera and advanced
optic to acquire high resolution 3D profiles of the lane of a road [9]. This unique 3D
vision technology allows for automatic pavement condition assessment of all types
of asphalt and concrete surfaces. The LCMS-2 acquires both 3D and 2D image data
of the road surface with 1 mm interval over a 4 m lane width in transverse direction
and also 1 mm interval in the longitudinal direction at survey speeds up to 100 km/h
[10].

The LCMS-2 system comes with a processing software, called RoadInspect, that
automatically detects surface distresses. Figure 3 shows a grey-scale image on the
left known as the range image which shows the distance from the sensors to the road
surface corrected to the same reference level. The image on the right is a 3D image
which shows pavement cracks visualized in color-coded overlays. The color coding
is based on a user-defined range of crack width.

The colour coding overlay for the cracks used in this image and all subsequent
3D images is: Green (crack width < 3 mm), Orange (crack width 3-20 mm) and
Red (crack width > 20 mm). The color-coded overlay produced by RoadInspect
software shown in Fig. 3 is useful at micro-level but not suitable for network-level
pavement management system. In order to categorize cracks in a meaningful manner
for pavement management purpose, the crack data from the LCMS-2 needs to be
organized and rated in such a way that is consistent with the pavement management
functions.
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Fig. 3 LCMS-2 rating of cracking width (left) range image and (right) using color overlay

2.2 Classification of Crack Types

The first step in developing a crack rating system is to consider the types of cracks
to be classified and rated. The PCI system classifies six types of cracks for asphalt
pavement, namely alligator cracking, block cracking, edge cracking, joint reflection
cracking, longitudinal and transverse cracking, and slippage cracking [6]. It was
decided that the number of crack types shall be simplified considering factors such
as the frequency of occurrence in Singapore roads and the main causal factor.

Proper classification of crack types is vital in the assessment works. To determine
the types of cracks that most commonly occur in Singapore pavement condition,
distress data of over 300 lane-km of asphalt pavements was collected and studied.
The following observation can be summarized:

(a) Three main classification of cracks can be observed: transverse cracks,
longitudinal cracks, and alligator-type cracks.

(b) The transverse cracks occur mainly as construction joints and the several
different types of transition joints at bridges/flyovers.

(c) Longitudinal cracks are mostly constructions joints/resurfacing of a lane
occurring outside the wheelpath.

(d) Alligator cracks and slippage cracks can be foundmostly within the wheelpath.

Pavement surface distresses can be broadly regarded as either functional or struc-
tural related. Transverse and longitudinal cracks are in-principle functional distress
types that are climate or environmental related, whereas alligator, block and slippage
cracking are structural distress types caused by or associated with traffic loading.
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Fig. 4 Example of high severity structural cracking (slippage crack characterized by crescent
shape) (left) range image and (right) using color overlay

Figure 4 is an example of high severity structural cracking consisting of slippage
cracks characterized by its crescent shape.

2.3 Definition of Wheelpath

Transverse and longitudinal cracks are generally defined based on their angle and
orientation. However, some longitudinal cracks can be load-induced or structurally-
related cracks.

To make a distinction between structural cracks and longitudinal cracks (defined
as functional distress), reference can be made to whether the cracks occur within
the wheelpath or outside the wheelpath. AASHTO R 85-18 [11] defines five zones
across the lane width based on the crack location (see Fig. 5). Zones 1 and 5 are
located outside the wheelpaths, zones 2 and 4 are the wheelpaths and zone 3 is in
between the wheelpaths. The width of zones 1 and 5 can be varied according to the
width of a lane and local requirements. The centre zone width is 750 mm and both
wheelpaths (zones 2 and 4) are 1000 mm.
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Fig. 5 Definition of wheelpath on Singapore roads based on AASHTO R 85-18 [11]

3 Rating Procedure

3.1 Sample Unit

A pavement is rated based on a unit area referred to as sample unit. Sample unit can
be defined based on a length or an area that is logical and consistent with the PMS
functions. In Singapore’s context, a sample unit for crack rating is defined as every
10 m length of a road in order to be consistent with the data interval used in the PMS.

3.2 Rating Process

Two levels of crack rating are proposed, from general to detailed information, to
serve different purposes of the local transport authority (see Fig. 6).

Level 2 crack rating is a macro-indicator of general/overall cracking extent on a
pavement section. This is a management-level index which gives a quick overview
of the general crack health of the road network.

Level 1 crack rating contains detailed crack information including cracking extent,
crack types and severity. This is an operational-level index which can be used for
decision-making when it comes to repair action, scheduling and allocation of budget.
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Fig. 6 Two levels of crack rating indicator and the components of crack data within each level

Table 1 Level 2 crack rating:
thresholds and ranking

Overall extent, E (%) Ranking (0–5) Meaning

E > 25 5 Very Bad

15 < E ≤ 25 4 Bad

10 < E ≤ 15 3 Fair

5 < E ≤ 10 2 Good

0 < E ≤ 5 1 Very Good

E = 0 0 Excellent

3.3 Level 2 Crack Rating

Level 2 crack rating is calculated as the total crack areas over 40 m2 (4 m width ×
10 m length) of the pavement unit section, and regardless of crack types, extent and
severity. Based on the extent (%) of all cracks on a pavement section, the equivalent
rating in a five-scale (0–5) is proposed as shown in Table 1. At crack ranking= 0, the
pavement section is in excellent condition, whereas ranking= 5means the pavement
section is in very bad condition.

3.4 Level 1 Crack Rating

The rating process is shown in a flowchart in Fig. 7. In summary, the rating process
can be organized into the following steps:

Step 1: Determine whether it is functional or structural crack based on the location
of the crack.
Step 2: For functional crack, determine whether it is transverse or longitudinal
crack based on orientation.
Step 3: Determine severity level according to the type of crack.
Step 4: Compute extent of the crack for each severity level.
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Fig. 7 Flowchart of crack rating process

3.4.1 Severity and Extent

The outcome of the rating process should provide the following vital information for
the road agency:

(a) Type of crack (transverse, longitudinal, or structural)
(b) Severity level
(c) Extent.

Severity level refers to how far the cracking has progressed and is often directly
related to the crack width, whereas extent is the amount of road surface area which
is affected. Severity is categorized into three levels: low, medium and high.

The severity for linear cracks such as transverse and longitudinal cracks is defined
by the crackwidth and categorized into low,medium, or high severity level. The range
of crack width for the categories differs from country to country depending on local
specifications and requirements. The following severity levels for transverse and
longitudinal cracks is proposed for Singapore and this can be further refined as more
data is available:
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Fig. 8 Illustration of
severity level for structural
cracks

Severity Level for Transverse land Longitudinal Cracks

Low: average crack width ≤ 3 mm
Medium: 3mm < average crack width ≤ 20 mm
High: average crack width > 20 mm.

Severity level for structural cracking is more complicated as it consists of multiple
interconnecting cracks. The following description is used to define structural cracks
and this is shown graphically in Fig. 8.

Severity Level for Structural Cracks

Low: area of cracks sealed or unsealed with no or a few interconnections
Medium: area of interconnected lightly spalled cracks
High: area of interconnected medium to highly spalled cracks with a well-defined
pattern. Some of the pieces may rock under traffic resulting in potholes.

The extent of a crack, except for transverse crack, is the percentage of surface area
or length that is affected by the crack. The extent for linear cracks (transverse and
longitudinal) is computed using length while the extent for area cracks (structural)
is computed using area.

For transverse crack, the extent is not computed into percentage because there is
no definable limit to the number of transverse cracks that may occur within a sample
unit. The equation for transverse crack is shown in Eq. (1).

ET
u,s =

n∑

i

T (length)s,i (1)

where

ET is the extent for transverse crack (expressed in meter) for sample unit u and
severity level s.
T (length)s,i is the length of the i-th transverse crack with severity s.
n is the total number of transverse cracks with severity s.

For longitudinal crack, the extent is computed as a percentage of longitudinal
crack length to the total length of zones 1, 3 and 5 within a sample unit, as shown by
Eq. (2).
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EL
u,s =

∑n
i L(length)s,i
l1 + l3 + l5

× 100% (2)

where

EL is the extent for longitudinal crack (expressed in percentage) for sample unit
u and severity level s.
L(length)s,i is the length of the i-th longitudinal crack with severity s.
n is the total number of longitudinal cracks with severity s.
l1 + l3 + l5 is the sum of the length of the three functional non-wheelpath zones
(zones 1, 3, and 5) within a sample unit. This shall be equal to 10 m + 10 m +
10 m = 30 m.

For structural crack, the extent is computed as a percentage of total structural crack
area to the total area of zones 2 and 4 within a sample unit, as shown by Eq. (3).

ES
u,s =

∑n
i S(area)s,i
a2 + a4

× 100% (3)

where

ES is the extent for structural crack (expressed in percentage) for sample unit u
and severity level s.
S(area)s,i is the area of the i-th structural crack with severity s.
n is the total number of structural cracks with severity s.
a2 + a4 is the sum of the area of the two wheelpath zones 2 and 4 within a sample
unit. This shall be equal to 10 m2 + 10 m2 = 20 m2.

4 Result and Discussion

For validation purpose, the proposed automated cracking rating was applied to every
10 m of LCMS-2 data collected in Singapore expressway network. After data collec-
tion, crack information was analysed, classified and quantified according to the
flowchart in Fig. 7. Table 2 shows samples of validation carried out for the overall
extent and level 2 crack ranking, ranging from 0 to 5, on the Kranji Expressway.
Medium and high severity structural cracks were seen clearly on pavement surfaces
with ranking 3, 4 and 5. High severity cracks were observed on both wheelpaths of
crack rating 5 along 10 m segments. The calculated crack extent (E in %) and the
appearance of cracking along 10 m length of pavement unit section from RoadIn-
spect output are quite similar. The simplified 5-scale level 2 crack rating can express
pavement crack condition in a relatively linear relationship. Maintenance and reha-
bilitation activities should be planned immediately for those segments with level 2
crack rating from 3 to 5.
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Table 2 Validation samples of overall extent (E%) andLevel 2 crack ranking onKranji Expressway

Ranking: 5 Ranking: 4 Ranking: 3 Ranking: 2 Ranking: 1 Ranking: 0 

E = 47.51 % E = 20.81 % E =12.5 % E = 8.41 % E = 2.55 % E = 0 % 

E = 44.26 % E = 18.88 % E = 14.35 % E = 9.21 % E = 2.10 % E = 0 % 

From level 2, cracks are broken down into structural, longitudinal and transverse
crackswith three severity levels for each crack type. Table 3 lists the examples of both
crack rating levels which are proposed for LTA PMS. Level 2 crack index can be used
as macro-level indicator to quickly tell the cracking extent of a pavement segment.
It should be noted that the severity or “seriousness” of a crack may not be equal
to the “extent”. The crack severity can be different even within the same cracking
index (e.g. index 1, 2, 3, 4 or 5) due to direction and various connectivity levels. For
example, a section with ranking = 1, where cracking extent ranges from 0 to 5%,
may contain transverse or longitudinal cracks at high severity that requires a specific
crack sealing/filling preventive maintenance. Therefore, the simplified crack index at
level 2 can provide an overview of the cracking condition. Further investigation into
level 1 is always recommended for detailed consideration of suitable maintenance
treatments.
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5 Conclusion

The emergence of automatic data collection method for cracking requires reconsid-
eration of pavement condition evaluation which was built conventionally on visual
inspection and manual survey [12]. The usage of 3D imaging sensor in LCMS-2 in
Singapore has resulted in higher data collection efficiency and the opportunity to
utilise crack data as part of LTA PMS.

This study has initially developed an automatic pavement crack rating for network-
level pavement management system by incorporating two levels of crack rating for
different usage purposes. Crack rating should start from general ranking—Level 2
to detailed rating—Level 1 as recommended in recent practices [7]. The proposed
crack rating scales are simple enough to be analyzed in combination with pavement
structural, roughness, and rut depth data for final decision making on pavement
maintenance at network level. Validation of the data sampled from two expressways
have shown promising results. Further study is on-going to validate and improve
proposed methodology based on larger datasets.
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Challenges for the Compaction
and Proving of Granular Fills and Layers
in Airport Pavements

Greg White and Hudson Anstee

Abstract The compaction and proving of granular materials during construction
is fundamentally import to airport pavement design practice. This is particularly
so in countries that make significant use of granular base courses with relatively
thin asphalt surfaces, such as Australia. The compaction of dredged sand fills,
up to 1500 mm deep is also important where airport pavements are constructed
over low bearing capacity marine clays, primarily in areas of reclaimed land. The
large 180 tonne Supercompactor for compacting sand fills is no longer available in
Australia and the 50 tonne Macro rollers for proving granular pavement layers were
downgraded from 1400 to 1000 kPa tyre pressure. Meanwhile, large commercial
aircraft have ever-increasing tyre pressures and wheel loads. This has created a chal-
lenge in the form of a gap between roller capability and aircraft demand. The gap
is relatively minor for the compaction of deep sand fills, but the inability to theo-
retically compare the effect of static rollers with that of vibrating and impact rollers
makes this difficult to quantify. The alternate is an expensive field trial to demon-
strate acceptable sand density at depths to 1500 mm. In contrast, a significant gap
exists for the proving of fine crushed rock layers used in upper base courses under
thin (60–100 mm) asphalt surfaces. This challenge requires rollers with higher tyre
pressure or significantly thicker asphalt surface courses to be adopted, both of which
are expensive.
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1 Introduction

Airport pavements are thick, stiff and expensive structures designed to support the
safe operation of large aircraft traffic loadings [1]. Furthermore, airport pavements
are located in high-risk environments where the cost of disrupting operations to
affect maintenance and rehabilitation is significant. Therefore, airport pavements are
generally designed in a conservative manner, with high specification requirements,
significant quality assurance testing and active verification during construction [2].
One of the important elements of airport pavement design, specification and construc-
tion is the proving of the granular material layers, including deep fills and granular
pavement layers.

Deep fills can include many materials, with hydraulically or mechanically placed
dredged sand over naturally occurring low strength marine clays common where
airports are located in areas of reclaimed land. In Australia this includes Sydney,
Brisbane and Cairns airports. Singapore, Hong Kong and Japanese reclaimed island
airports provide other examples. Because the dredged sand fill is economically placed
in thick layers, and is usually placed years prior to the construction of the pavement,
allowing the underlying marine clay to consolidate, proving the fill prior to pavement
construction is particularly important [3].

Granular pavement layers generally include unbound base and sub-base courses,
commonly comprised of fine crushed rock or uncrushed natural gravel [1]. In some
European countries, full depth asphalt or concrete pavements are preferred, and
the use of granular materials is generally restricted to working platforms [4]. In
contrast, Australia commonly uses crushed rock and natural gravel as the base and
sub-base layers of flexible airport pavements, with only thin (50–60 mm) asphalt [5]
or sprayed seal [6] surfacing. Although these pavement structures are economical to
construct, their performance relies on high quality granular materials and high levels
of compaction during construction. As a result, proving granular pavement layers is
more important in Australia than in jurisdictions that prefer deep or full depth asphalt
pavement options [4].

Proving granular fill and pavement layers during airport pavement construction is
the process of applying a roller load to the layer, at the time of construction, which
will induce stresses throughout the layer that will exceed the stresses expected to be
induced by the design aircraft loadings, when applied to the surface of the pavement
during service [7]. For granular pavement layers, the stresses are higher near the
pavement surface, and therefore larger and heavier proof rollers, with higher tyre
pressures, are required for the uppermost granular pavement materials. In contrast,
granular fills are located underneath the pavement, so the required level of proving
stress is lower, but the thickness of fills is usually much greater than the thickness
of granular pavement layers, so the proving stress must penetrate further, requiring
higher roller wheel loads.

As aircraft increase in weight, wheel load and tyre pressure, heavier and higher
tyre pressure proof rollers are required [8]. Also, some proof rollers have either
been lost, become unserviceable or have had their capacity reduced over time [9].



Challenges for the Compaction and Proving of Granular Fills … 101

Therefore, the ability to prove granular fills and pavement materials has become
more challenging in recent years.

This research defines the challenge associated with proving both granular fills and
granular pavement layers during the construction of typical airport pavements. The
context is focused on Australian airport pavements, but the findings are applicable to
other jurisdictions that also prefer proven granular materials over deep or full depth
asphalt pavements, or concrete pavements, for the construction of runways, taxiways
and parking aprons. Once the challenge is defined, potential solutions are explored
and further work to address this issue is outlined. Demonstrative stress with depth
plots, calculated using the pavement thickness design software known as Airport
Pavement Structural Design System (APSDS), using the method described byWhite
[7], for various aircraft and rollers are presented to illustrate the issues.

2 Granular Fills and Pavement Layers

Granular fills take many forms. The most common is select fill, which typically
has a minimum CBR of 15, placed between the natural subgrade material and the
formal pavement structure [3]. Select fill is usually used to correct the shape of the
natural subgrade so that a generally uniform pavement structure can be built with a
finished pavement surface level that meets the regulated longitudinal and transverse
grades, and the rate of change between grades. Select fill is usually constructed and
compacted in layers up to 300 mm thick and each layer is generally tested for density
and then proof rolled before the next layer is compacted. Consequently, proof rolling
select fill is no more challenging than proof rolling other granular pavement layers
deeper in the pavement.

In contrast, hydraulically or mechanically placed dredged sand fill, which is
commonly used in coastal areas with marine clay subgrades, is usually placed in
a thick layer, up to 1.5 m in depth, and then allowed to drain, while consolidating the
underlying marine clay over many months or years. The sand is usually single sized,
with the majority of particles typically 300–600µm in size [3]. The main use of sand
fills is to protect the soft marine clays from subsequent aircraft loading, to minimise
post-construction differential settlement of the fill, and to provide a working plat-
form for the construction of the formal pavement structure. Because the sand fill is
usually placed in a single, thick, layer, compaction and subsequent density testing
at depth is disruptive and expensive [10]. Therefore, greater reliance is placed on
compacting and proving the whole fill thickness, rather than on proving thin layers.
Consequently, a much larger roller is required, with the capacity to create significant
stresses up to 1.5 m below the surface of the fill.

Regardless of the granular material type, it is important to prove the layer when it
is in its most compactable moisture condition. For select fill and granular materials,
the optimum moisture content-maximum dry density (OMC-MDD) relationship is
well established and compaction and proof rolling is performed when the material
is within 1% of OMC [9].
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In contrast, single sized sands used in thick fills over marine clay do not follow
the OMC-MDD trend that is common in soils, select fill, natural gravel and crushed
rock materials. Rather, single sized sands are most compactable when they are either
completely dry, orwhen they are completely saturated [3]. In practice, it is impossible
to completely dry a thick sandfill. Therefore, sandfills are compacted andproof rolled
in a saturated condition [1]. This requires a bund to be constructed around the area
to be compacted and proven, and water to be pumped into the bunded area until the
water level is above the top of the sand. The compaction and proving processes are
then performed while the water level is continually maintained above the top of the
sand surface. Although the sand must be saturated at the time of compaction and
proving, it is also important that the water can draw-down under gravity, to prevent
a quick-sand effect preventing the sand from densifying.

3 Proof Roller Capacity

It is well established that proving airport pavement granular fills and pavement layers
requires significantly larger rollers than those commonly used in road construction,
and even those used to compact the granular pavement layers in airport pavements.
Consequently, the Australian airport industry has used large, purpose-built rollers
for proof rolling during airport pavement construction. The original rollers were
imported from the USA [7] but similar rollers were later constructed locally. In
recent times, some airport projects have developed bespoke rollers, to address safety
issues and operational inefficiencies, as well as aiming to increase the capacity of
the rollers to prove granular pavement layers. However, a gap has developed and
subsequently increased, between the proof roller capacity and the capacity required
[8].

There are two types of proof roller germane to this issue. The first is known as
the Macro Roller, while the other is known as the Supercompactor.

The Macro Roller (See Fig. 1) has a loaded mass of up to 50 tonnes, which
is distributed on four earthmoving vehicle tyres that were originally inflated to
1400 kPa. The Macro roller was developed for the proving of 150–300 mm thick
granular base and sub-base layers, primarily in flexible airport pavements [7]. The
1400 kPa tyre inflation pressure exceeded the official pressure rating of the tyres but
was conditionally allowed by the tyre manufacturers subject to partial filling with
water, speed limits and loaded standing-time limits [7]. However, around the year
2000, the conditional over-inflation was revoked by the tyre manufacturers, reducing
the tyre inflation pressure to a maximum of 1000 kPa [9]. This created a gap between
the proof roller capacity and the required capacity, for adequately proving the upper
base course layers when the asphalt surface was limited to a thickness of 50–60 mm,
even for the aircraft operating at that time [4].

The Supercompactor (See Fig. 2) is a larger roller with up to 180 tonne loaded
mass, evenly distributed across four wheels, with a tyre inflation pressure up to
1000 kPa [3]. It was intended specifically for the compaction of up to 1.5m thick sand
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Fig. 1 Example 50 tonne Macro roller

Fig. 2 Example 180 tonne Supercompactor

fill layers, most commonly associated with new airport and runway developments,
such as the new runways at Sydney airport, the new Brisbane airport, and the new
Hong Kong airport. There were only two Supercompactors used in Australia, and
one was provided to Hong Kong, but was never returned. The other was used for
development at Perth airport and was then mothballed in Perth.

The Supercompactor is large and in practice, it can only be used on large projects
where the area of fill to be compacted and proven is significant. Because smaller
developments are common at Australian airports, alternates to the Supercompactor
have been considered. The most significant of these alternates was the 15 tonnes
vibrating steel drum roller (See Fig. 3), which was trialled at Sydney airport in the
1960s [3]. The trials concluded that the vibrating roller, which was far more maneu-
verable and convenient in confined areas, was ‘probably’ adequate for compacting
1.5 m of sand fill, but this conclusion was flawed. During all the trial sections, not
one was compacted without the Supercompactor, and therefore the conclusion that
the vibrating roller was ‘probably’ adequate was never conclusive. Despite this, the
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Fig. 3 Example 15 tonne vibrating steel drum roller

15 tonne, vibrating, steel drum roller has generally been used since, commonly in
combination with the Macro Roller, as a replacement to the Supercompactor.

Figure 4 compares the stress with depth of the 180 tonne Supercompactor with
the 50 tonne Macro Roller at 1400 kPa tyre pressure and 1000 kPa tyre pressure. It
is clear that reducing the tyre pressure of the roller reduces the stress induced near
the top of the material being rolled, while the rate of stress dissipation with depth
is similar. Furthermore, the unavailability of the Supercompactor has a significant
impact on the capacity to prove thicknesses exceeding 200 mm, where the Macro
roller stress is much lower than the Supercompactor stress. Although the reduction

Fig. 4 Comparison of stress with depth for Supercompactor and Macro rollers
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in Macro Roller tyre pressure from 1400 to 1000 kPa does not significantly impact
the induced stress at depth, the 50 tonne Macro roller was developed to prove thin
layers of fine crushed rock, typically 150–300 mm, and in the upper 200 mm, the
reduction in the tyre pressure has a significant impact on the capacity of the rollers.

4 Aircraft Developments

While the airport pavement proof rollers have become less available and their capacity
has been reduced by the tyremanufacturers, the aircraft using airport pavements have
continued to evolve and become more damaging to airport pavements [11]. Since the
rollers were developed in the 1950–1960s, aircraft tyre pressures (See Fig. 5) and
individual wheel loads (See Fig. 6) have increased significantly. The rollers were
designed and introduced in response to the aircraft that were contemporary to airport
pavement design in that era, such as the DC8-50 (1959), B727-200 (1960) and B747-
100 (1958). However, since that time, the B747-400 (1988), A340-600 (2002), B777-
300ER (2004), A380-800 (2006), B787-8 (2011), A350-900 (2015) and A350-1000
(2018) have become the common design aircraft for significant airport pavement
infrastructure. These new aircraft have higher tyre pressures and wheel loads and in

A340-600B747-100 
A350-900

Fig. 5 Comparison of stress with depth for Supercompactor and Macro rollers
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B777-300ER

A340-600 

A350-900 

Fig. 6 Comparison of stress with depth for Supercompactor and Macro rollers

some cases, have many more wheels to support the substantially larger aircraft mass
(Table 1).

The estimated stress with depth induced by various aircraft through 1000 mm
of crushed rock is shown in Fig. 7. Although this is not representative of a realistic
pavement, it is clear that the high tyre pressure of theA350-900 is themost demanding
near the top of the pavement, while the highwheel load, which is applied to 12 closely
spaced wheels, associated with the B777-300ER, is critical at depth.

Table 1 Germane aircraft
weights, tyre pressures and
number of main wheels

Aircraft Weight
(tonnes)

Tyre pressure
(kPa)

Number of
wheels

DC8-50 162 1350 8

B727-200 84 1020 4

B747-400 398 1379 16

A340-600 366 1610 12

A380-800 575 1500 20

B777-300ER 352 1525 12

B787-8 228 1572 8

A350-900 269 1660 8

A350-1000 317 1520 12
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Fig. 7 Comparison of stress with depth for large aircraft

The increase in aircraft wheel load and tyre pressure has a similar effect to the
reduction in the roller capacity. As the roller capacity has reduced over time, the
demand that aircraft place on granular pavement materials has increased. These two
trends have combined to create a significant but unquantified challenge for airport
pavements constructed with granular materials.

5 Quantifying the Challenge

To quantify the emerging challenge associated with compacting deep sand fills and
granular crushed rock layers, a typical pavement was designed. The stresses induced
by the B777-300ER and the A350-900 operating on the surface of the pavement
were calculated in APSDS and the levels of stress were compared to those associated
with the currently available rollers. The pavement comprised 100 mm of asphalt on
600 mm of fine crushed rock on 1500 mm of sand fill on CBR 1% subgrade. This
is typical of a new flexible pavement constructed on sand fill over marine clay, such
as the new runway recently constructed at Brisbane airport. The A350-900 induced
higher stress near the pavement surface, while the B777-300ER stress exceeded that
of the A350-900 for depths greater than 800mmbelow the pavement surface (Fig. 8).
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Fig. 8 Comparison of stress with depth for large aircraft

5.1 Sand Fill Compaction

The 50 tonneMacro roller at 1000 kPa induced stress in the sand fill layer that exceeds
theB777-300ERandA350-900 stresses down to 2100mmfrom the pavement surface
(Fig. 9). That is, the use of the Macro roller, even at its reduced tyre pressure, still
proves a 1500 mm thick sand fill, indicating there is no significant gap. However,
the Supercompactor was used to both compact and prove sand fills, so the reduced
ability of the Macro roller, compared to that of the Supercompactor, may still impact
on the achieved density of the sand fill at depth. This is because the Supercompactor
induced stresses approximately seven times higher than the Macro roller at depth
(Fig. 10).

5.2 Base Course Proving

Unlike sand fills, fine crushed rock base course layers do not rely on the Macro roller
for compaction. Rather, the Macro roller is primarily used to prove these granular
pavement layers after they have been compacted with conventional pneumatic tyred
and steel drum vibrating rollers.

When applied to the bottom two sub-layers, the 50 tonneMacro roller at 1000 kPa
tyre pressure adequately proves the underlying 300 mm (two layers) of base course
(Fig. 11). Furthermore, when applied to the third later (from the bottom) it is also
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Fig. 9 Comparison of 50 tonne Macro roller and aircraft stress in sand fill

Fig. 10 Comparison of 50 tonne Macro and Supercompactor stress in sand fill
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Fig. 11 Comparison of
50 tonne Macro roller and
aircraft stress in base course

adequate. However, the uppermost layer of fine crushed rock, placed under 100 mm
of asphalt, can not be adequately proven by the 50 tonne Macro roller at 1000 kPa
tyre pressure, because the A350-900 induced stress at the bottom of the asphalt is
1477 kPa (Fig. 11). Even the B777-300ER induced stress is 1351 kPa, which also
significantly exceeds the 1000 kPa capacity of the Macro roller.

6 Potential Solutions

6.1 Sand Fill Compaction

The reliance on the Supercompactor to compact the sand, as well as prove it, is one
of the reasons the 15 tonne vibrating steel drum roller was used in combination with
the Macro roller, in areas where the Supercompactor was not practical. However, the
analysis performed in APSDS can not take into account the additional densification
of the sand that results from the vibrating nature of the steel drum roller, and therefore
the effect of any roller that uses impact or vibration energy, requires verification by
field trials or the development of new theoretical analysis methods that allow reliable
comparison or the relative effect of static (non-vibrating) and dynamic (vibrating)
roller forces.

Field trials would largely replicate the sand compaction trials from the 1960s
[3] but would focus on rollers other than the Supercompactor. Because measuring
sand density at depths exceeding 600 mm is challenging, a gauge-based approach to
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measuring relative sand density should be considered. However, given the relatively
small size of the gap and the challenge associated with its quantification, a theoretical
approach is preferred, as long as an appropriate method of analysis can be identified.
This could be energy based, or discrete element based, and might include shakedown
theory.

6.2 Base Course Proving

The fine crushed rock challenge is simpler to quantify than the sand fill compaction
challenge, because all the proof rollers are static in nature. However, the gap associ-
ated with the upper base course under relatively thin asphalt surfacing is significant.
This can be overcome by increasing the stress induced at the surface of the layer being
proven, by increasing the roller tyre pressure, because increasing the roller wheel
load will not increase the stress immediately under the tyre. Fitting second-grade or
second-hand aircraft tyres to the Macro roller is the most likely solution. Aircraft
tyres are routinely inflated to 1700 kPa tyre pressure, which would be adequate to
address the current challenge.

The only other option is to reduce the stress at the top of the granular layer by either
reducing the aircraft tyre pressure of increasing the thickness of the asphalt surface
course. Changing large commercial aircraft characteristics is not viable. However,
increasing the thickness of the asphalt surface, to approximately 250 mm, would
reduce the stress at the top of the fine crushed rock to less than 1000 kPa. This is
the approach taken in the USA, where 250 mm is a typical total asphalt thickness
for airport pavements designed for large aircraft [4]. However, the additional cost is
significant and must be compared to the cost of increasing the capacity of the roller.

7 Conclusion

It is concluded that the historical gap between the capability of the heavy rollers
for Australian airport pavement construction, and the aircraft that use the pavement,
has increased over time. This is the result of a combination of aircraft with higher
wheel loads and tyre pressures, and the reduction in the capability of the current
rollers. The gap is relatively minor for the compaction of deep sand fills, but the
inability to theoretically compare the effect of static rollers, to that of vibrating and
impact rollers, makes this difficult to quantify. The alternate is an expensive field
trial to demonstrate acceptable sand density at depths to 1500 mm. In contrast, a
significant gap exists for the proving of fine crushed rock layers used in the upper
base course under thin (60–100 mm) asphalt surfaces. This challenge requires rollers
with a higher tyre pressure, or the use of significantly thicker asphalt surface courses,
both of which are expensive.
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Development of Statistical Deterioration
Model for Low Volume Roads in Indian
Scenario

B. G. Vijay and Raghavendra S. Sanganaikar

Abstract Pavement serviceability is the concept representing the level of service
that pavement structure offers to the road users. International Roughness Index (IRI)
and Present Serviceability index (PSI) are the parameters which are used to represent
the performance of pavement. Road roughness is considered to be themost important
parameter affecting vehicle operating costs which account for a large proportion of
total transport costs. Roughness is concerned with vehicle vibration, operating speed
and wear & tear of the wheels. It affects the road user cost to a significant extent.
Therefore, roughness of the pavement plays the decisive role in exercising the option
of implementing the optimum maintenance and rehabilitation strategies of the road
network at appropriate time. Four study stretches, which include conventional and
treated, each of 400 m long were selected. The pavement distresses are collected,
processed and analysed for developing a deterioration model. Pavement distress viz
cracking, rutting, ravelling, potholes, patching were measured. Rating (both visual
and ride rating) studies were also carried. An attempt ismade to develop International
Roughness Index equation for the selected study stretches. A model is developed
to correlate International Roughness Index (IRI) with different types of pavement
distresses.

Keywords Pavement distress · Multiple linear regression model · IRI · PSI

1 Introduction

Efficient road transportation plays a vital role in the economy of any nation. Road
transport in India, occupies a dominant position in the overall transportation system
of the country due to its advantages like easy availability, flexibility of operation,
door to door service and reliability. India owns the second largest network of roads
in the world, next to USA. Out of the total road network of India, village and other
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roads (Low Traffic Volume Roads) consist of 80% share. Low traffic volume roads
are mainly rural roads in India carrying daily traffic less than 450 Commercial Vehi-
cles per Day (CVPD) The thickness of sub-base layer is around 200 mm and the
total thickness of each layer of base course varies from 100 to 120 mm. Surface
course is usually 20 mm thick premix carpet layer. Low volume roads serve as one
of the key infrastructure work, placed for integrated rural development, which has
become a matter of growing urgency for considerations of social justice, national
integration and economic uplift of the rural areas. The importance of preserving
road network in good condition is widely recognized and therefore, performance
evaluation of the existing roads is an absolute necessity. Performance of flexible
pavements has long been recognized as an important parameter in their design and
maintenance. In order to measure and prepare model for pavement performance, it
is necessary to clearly define the pavement performance. Deterioration of pavement
can be attributed to various factors like age, traffic, environment, material proper-
ties, pavement thickness, strength of pavement as well as subgrade properties which
affect the mechanical characteristics of a pavement. These factors affect the perfor-
mance of the pavement in a complex manner. To understand the mechanism and to
forecast the future condition of pavement, these deterioration models are necessary.
Pavement deterioration model is a mathematical relationship between the pavement
condition and the factors listed above. The pavement deteriorationmodel predicts the
future condition of the pavement, which is helpful in development of Maintenance
ManagementModel orMaintenance Priority Index (MPI). This index is a rating used
to prioritize themaintenance schedule of pavement based on the severity of distresses
and its condition.

2 Literature Review

Hernán de Solminihac et al. [1] studied on relating serviceability results obtained by a
9-member evaluation panel, representing the general public as closely as possible, to
parameters (particularly of roughness)measuredwith instruments on road sections of
asphalt concrete, Portland cement concrete, and asphalt overlay, respectively. Results
show that prediction of serviceability is quite accurate based on roughness evaluation,
while also revealing that, by comparison to studies in more developed countries,
Chileans are seemingly more tolerant, in that they assign a somewhat higher rating
to ride quality. Jorge et al. [2] have developed an incremental Nonlinear Model for
predictingServiceability. Theobjective of this researchwas the development of sound
flexible pavement performance models to be used primarily for the management
of the road infrastructure because accurate prediction of pavement performance is
important for effective management of the infrastructure. Themodel highlights some
of the advantages of relaxing the linear restriction that is usually placed on the
specification form of pavement performance models. Bektas et al. [3] developed a
pavement condition rating system that provides a consistent, unified approach in
rating pavements in Iowa is being proposed. The proposed 100-scale system is based
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on five individual indices such as cracking, ride, rutting, faulting, and friction. The
researchers compared PCI-2 results to PCI results and found that, in general, PCI-2
which is established by combining individual indices with weight factors offers fairly
good correlation to PCI condition results, particularly, for the pavement types where
PCI utilizes distress and roughness data. The poorly related ones are due to the fact
that some of the current PCI is heavily characterized by pavement age with various
other data, such as material property and traffic and is characterized less than PCI-2
by the pavement distress and roughness data. Bin Ab. Latif et al. [4] worked on
developing relationship between International Roughness Index (IRI) and Present
Serviceability Index (PSI). IRI was measured by using the walking profilometer.
PSI data was collected manually. Both IRI and PSI were measured along the 100 m
section of road. This study only focused on the asphaltic pavement. The objectives of
this study were to determine the IRI, PSI and relationship between IRI and PSI. The
statistical analysis which is R2 value was used to evaluate the relationship between
IRI and PSI. From this study, it was found that IRI value increased when PSI value
decreased. While the PSI rating shows the tested road for this study is still in good
condition.

3 Objectives of the Study

• Collection and processing of pavement deterioration data for analysing.
• Analysis and development of suitable pavement deterioration model.
• Evaluation of effect of various pavement distresses on IRI.

4 Data Collection

Data collection is done for analysis from all the considered road stretches. The
structural evaluation and functional evaluation data is collected and is processed for
further studies. The data includes values for 3 cycles.

4.1 Test Stretches for Field Study

For the study, totally 4 road stretches each of length 400 m with different treatment
given. The following criteria were used for the selection of the test stretches.

• The test stretches were straight without horizontal curves and steep gradient.
• The test stretches have fairly uniform riding quality and surface condition

throughout the length of stretch.
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Table 1 Selected test stretches for the present study

Stretch Name of test stretches Type of construction

Section 1 Ganjalaghatta road Conventional

Section 2 Ganjalaghatta road Conventional

Section 3 Rayashettyhalli road Coir treated

Section 4 Rayashettyhalli road Coir treated

• Cross drainage works, over bridge are to be avoided within the selected test
stretches.

The test stretches selected in the present study are shown in Table 1.

4.2 Structural Condition Evaluation

Tables 2, 3, 4, 5, 6 and 7 give the details of Structural condition evaluation for the
stretches mentioned above.

Table 2 Structural condition evaluation of Ganjalaghatta road for cycle-I

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling
area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 18 25 1 0 0 0

2 Section 2 20 13 1 1 0 0

3 Section 3 31 16 1 0 1 0

4 Section 4 23 13 3 0 1 0

Table 3 Structural condition evaluation of Ganjalaghatta road for cycle-II

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling
area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 24 34 10 0 10 0

2 Section 2 39 30 13 5 27 9

3 Section 3 38 28 18 0 13 0

4 Section 4 40 25 16 0 22 0
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Table 4 Structural condition evaluation of Ganjalaghatta road for cycle-III

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling
area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 64 62 30 2 43 20

2 Section 2 77 39 30 11 46 19

3 Section 3 86 42 46 10 39 0

4 Section 4 55 38 35 0 39 0

Table 5 Structural condition evaluation of Rayashettyhalli road for cycle-I

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling
area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 14 15 1 0 1 0

2 Section 2 13 5 0 0 3.5 0

3 Section 3 18 0 2 0 0 0

Table 6 Structural condition evaluation of Rayashettyhalli road for cycle-II

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling
area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 0 42 0 0 0 0

2 Section 2 0 47 0 3 0 0

3 Section 3 20 49 58 0 0 0

Table 7 Structural condition evaluation of Rayashettyhalli road for cycle-III

Sl.
No.

Stretch Rutting
measured in the
middle of the
section (mm)

Cracking of
Bituminous
layer Severity
and area (%)

Pot Holes
(number)

Ravelling
Area (%)

Patching (%
of area of
subsection)

LWP RWP

1 Section 1 9.9 17.0 0.0 1.4 73.1 0.0

2 Section 2 23.0 32.0 0.0 3.0 65.0 0.0

3 Section 3 63.2 82.1 6.0 2.2 99.1 30.0
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4.3 Benkelman Beam Rebound Deflection Studies

Performance of flexible pavements is closely related to the elastic deflection of pave-
ment under the wheel loads. The deformation or elastic deflection under a given load
depends upon subgrade soil type, its moisture content and compaction, the thick-
ness and quality of the pavement courses, drainage conditions, pavement surface
temperature etc.

The deflection survey essentially consists of two operations:

(i) Condition survey for collecting the basic information of the road structure and
based on this, the demarcation of the road into sections of more or less equal
performance; and

(ii) Actual deflection measurements.

Deflection measurements are conducted as per IRC 081-1997 [5].

4.4 Functional Condition Evaluation

4.4.1 Pavement Condition Rating

A rating scale with 0 to 5 points, as adopted on CGRA studies was selected in this
study. The raters were given adequate training regarding assessment of the riding
quality and deciding the rating value in a 5 point rating scale.

Two types of ratings were conducted namely, Visual Rating and Riding Rating.

Visual Rating Technique

The members of the rating panel were trained to walk along the left and right wheel
paths on the selected stretches and condition of the pavements was assessed based
on the visual judgment of surface characteristics (Table 8).

Ride Rating Technique

For the rating by riding technique the raters were taken in test vehicle driven along
the stretches at a speed of 30 kmph and are trained to assess the PSR value according
to comfort condition (Table 9).

The Functional Condition Evaluation details are as given in Tables 10 and 11.
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Table 8 Description of visual rating scale

Sl. No. Description based on visual rating Numerical scale

1 Perfectly even surface Without undulation, Cracking Patching 4–5

2 Slightly uneven Surface with some undulation, no pot holes and
slight cracking

3–4

3 Moderately uneven surface, Visible patching and medium
cracking

2–3

4 Uneven surface with improper patched, potholes medium to
heavy cracking

1–2

5 Uneven surface with different type undulation, badly patched
potholes, heavy cracking

0–1

Table 9 Description of ride rating scale

Sl. No. Description based on ride rating Numerical scale

1 Without discomfort perfect smoothness 4–5

2 Little distortion, fairly smooth riding 3–4

3 Medium distortion fair to uneven riding 2–3

4 Heavy distortion uncomfortable riding 1–2

5 Intolerable, very discomfort in riding 0–1

Table 10 Functional condition evaluation for Ganjalaghatta road

Ganjalaghatta

Stretch PSR values

Cycle I Cycle II Cycle III

VR RR VR RR VR RR

Section 1 4.6 4.6 4.0 4.2 3.5 3.9

Section 2 4.3 4.7 3.9 4.1 3.5 3.8

Section 3 4.6 4.8 4.0 4.0 3.6 3.6

Section 4 4.7 4.8 4.1 4.2 3.4 3.6

Table 11 Functional condition evaluation for Rayashettyhalli road

Rayashettyhalli

Stretch PSR Values

Cycle I Cycle II Cycle III

VR RR VR RR VR RR

Section 1 4.5 4.3 4.0 4.0 3.5 3.7

Section 2 4.6 4.6 3.8 4.0 3.4 3.6

Section 3 4.6 4.5 3.8 3.6 3.5 3.4



120 B. G. Vijay and R. S. Sanganaikar

5 Analysis of Data

5.1 Variation of Individual Distresses for Different Cycles

The variation of individual distresses for all the four sections of Ganjalaghatta Road
stretch is tabulated as under (Table 12; Fig. 1, Table 13; Fig. 2, Table 14; Fig. 3, Table
15; Fig. 4, Table 16; Fig. 5).

Table 12 Variation of rutting for different cycles

Cycle Sub-section No. Section number Rutting measured in the
middle of the section (mm)

1 1 Section 1 18 25

2 1 24 34

3 1 64 62

1 2 Section 2 20 13

2 2 39 30

3 2 77 39

1 3 Section 3 31 16

2 3 38 28

3 3 86 42

1 4 Section 4 23 13

2 4 40 25

3 4 55 38

Fig. 1 Variation of rutting for different cycles
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Table 13 Variation of cracking for different cycles

Cycle Sub-section No. Chainage of sub-section (50 m
length)

Cracking of bituminous layer
severity and area (%)

1 1 Section 1 18

2 1 24

3 1 64

1 2 Section 2 0

2 2 13

3 2 30

1 3 Section 3 1

2 3 18

3 3 46

1 4 Section 4 3

2 4 16

3 4 35
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Fig. 2 Variation of Cracking for different cycles

5.2 Effect of Various Distresses on IRI for Ganjalaghatta
Road Section

See Table 17; Figs. 6, 7, 8 and 9.
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Table 14 Effect of number of pot holes on different cycles

Cycle Sub-section No. Chainage of sub-section (50 m length) Pot holes (number)

1 1 Section 1 0

2 1 0

3 1 2

1 2 Section 2 1

2 2 5

3 2 11

1 3 Section 3 0

2 3 0

3 3 10

1 4 Section 4 0

2 4 0

3 4 0

0

2

4

6

8

10

12

0 1 2 3 4

Po
t H

ol
es

, N
um

be
r

Cycle

Pot_Sec on_1

Pot_Sec on_2

Pot_Sec on_3

Pot_Sec on_4

Fig. 3 Effect of number of pot holes on different cycles

5.3 Multiple Linear Regression Model for IRI

The model developed for IRI is Eq. (1) and their respective model summary and
Anova given in Tables 18 and 19.

IRI = 4.095
√
CRK − 0.465RAV + 0.322PAT (1)

CRK = Cracking
RAV = Ravelling
PAT = Patching
IRI = International Roughness Index.
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Table 15 Effect of ravelling on different cycles

Cycle Sub-section No. Chainage of sub-section (50 m length) Ravelling area (%)

1 1 Section 1 0

2 1 10

3 1 95

1 2 Section 2 0

2 2 27

3 2 90

1 3 Section 3 1

2 3 13

3 3 70

1 4 Section 4 1

2 4 22

3 4 39
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Fig. 4 Effect of ravelling on different cycles

6 Discussions and Conclusions

6.1 Discussions

(i) Quantification of Distresses

a. Rutting has varied linearly between cycles 1, 2, 3 and in case of Section 4,
whereas Rutting, between cycles 1 and 2 has varied a little and variation
is higher between cycle 2 and 3 for Sections 1,2 and 3.

b. Crackinghas a linear variation forSections 2, 3 and4; variationof cracking
is little between cycle 1 and 2 and higher between cycles 2 and 3.
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Table 16 Effect of patching on different cycles

Cycle Sub-section No. Chainage of sub-section (50 m
length)

Patching (% of area of subsection)

1 1 Section 1 0

2 1 0

3 1 20

1 2 Section 2 0

2 2 9

3 2 19

1 3 Section 3 0

2 3 0

3 3 0

1 4 Section 4 0

2 4 0

3 4 0
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Fig. 5 Effect of patching on different cycles

c. Number of potholes has increased linearly for Section 2 and no distresses
are found for all the cycles in case of Section 4. For Sections 1 and 3,
potholes have appeared only after cycle 2.

d. In case of Section 4, variation in ravelling almost linear over 3 cycles, and
for Sections 1, 2 and 3 variation is a little till cycle 2 and higher variation
is observed between cycle 2 and 3.

e. For Section 1, no patching is observed till cycle 2 and patching is observed
after cycle 2. There is a linear variation observed for Section 2. No
patching is observed for Sections 3 and 4 for all cycles.
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Table 17 Data compiled from three cycle reports of TDP

Cycle Sub-section
No.

Cracking of
bituminous
layer severity
and area (%)

Pot holes
(number)

Ravelling area
(%)

Patching (%
of area of
subsection)

IRI

1 1 1 0 0 0 7.124

1 2 1 1 0 0 7.265

1 3 1 0 1 0 7.304

1 4 3 0 1 0 7.47

2 1 10 0 10 0 7.23

2 2 13 5 27 9 7.24

2 3 18 0 13 0 7.74

2 4 16 0 22 0 7.71

3 1 30 2 43 20 7.54

3 2 30 11 46 19 7.61

3 3 46 10 39 0 7.95

3 4 35 0 39 0 7.83

y = 0.0147x + 7.2513
R² = 0.6811
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Fig. 6 Variation of IRI with respect to cracking

(ii) Effect of Distress on IRI

Model has been developed to assess the effect of Distresses on IRI.
The model developed is as given below:

IRI = 4.095
√
CRK − 0.465RAV + 0.322PAT

With R2 value of 0.907.
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y = 0.0233x + 7.4447
R² = 0.1228
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Fig. 7 Variation of IRI with respect to pot holes

y = 0.0095x + 7.31
R² = 0.4114
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Fig. 8 Variation of IRI with respect to ravelling

y = 0.003x2 - 0.056x + 7.5132
R² = 0.0922
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Table 18 Model summary

Regression Statistics

Model Multiple R R Square Adjusted R Square Standard error Observations

10 0.952 0.907 0.776 2.63 12

Table 19 ANOVA

Df Sum of Square Mean Square F Significance F

Regression 3 613.71 204.57 29.56 0.000112

Residual 9 62.29 6.92

Total 12 676.00

(iii) The observations were made, such as repairs and patching shall have high
effect on IRI. The model is to be validated.

6.2 Conclusions

(i) Compared to the previous cycles of testing, the distress values have increased.
This is due to lack of proper maintenance.

(ii) The data collected in previous 3 cycles show abnormality. The significance of
the data variation is to be established. Hence further data collection shall be
made.

(iii) The model shows high dependency on the cracking parameter whereas lowest
dependency on patching.

(iv) The statistical approach used in the present study does not give satisfactory
results in terms of statistical modulus.
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Evaluation of the Structural Condition
of Composite Pavement

Endang Budiman, Bagus Hario Setiadji ,
and Sri Prabandiyani Retno Wardani

Abstract One of the road tolls at the borderline of Jakarta, the capital of Indonesia,
i.e., Tangerang-Merak toll road, was found in a damaged condition in several loca-
tions. The toll’s pavement structure comprises an asphalt layer (blacktopping) over a
concrete slab (or a composite structure). An evaluation is required to find out the last
condition of the pavement to propose the remedy for the problem. An eight-step eval-
uation was conducted systematically in this study, and the 1993 AASHTO method
was the method used to analyze the results. The first step was to conduct traffic
analysis by calculating ADT from toll gate transaction data validated with CCTV
data, while vehicle axle loads were measured by static load surveys to calculate the
vehicle equivalent factor. Another analysis of the pavement’s structural conditionwas
conducted using backcalculation analysis using FWD deflection data to produce the
moduli of subgrade reaction and the elastic modulus of the concrete pavement. The
analysis showed that several locations of the toll road suffered a medium to severe
deterioration as indicated by high deflection values. This fact was also supported
by the findings that the pavement system’s remaining life is 22% on average. Two
recommendations were made by implementing 7.12 in. or 18 cm overlay thickness
on the in-service pavement for road segments with good prediction of moduli, and 2
in. or 5 cm repairing treatment to strengthen the existing pavement may be consid-
ered as planned stage of construction for the rest. Before the overlay and treatments
were conducted, various repairs were taken place on the damaged spots along the
road segment.
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1 Introduction

A toll road is a national-level road that requires strict technical requirements and
has to meet the aspects of safety, security, comfort, and smoothness of traffic. The
toll road is planned to be able to serve long-distance traffic flows with high mobility.
According to the Toll Road Regulatory Agency (BPJT), the aim of toll road construc-
tion is to smoothen traffic in developed areas and improve goods and services distri-
bution services to support economic growth and alleviate the burden on Government
funds through the participation of road users. Therefore, a toll road must have a solid
pavement structure and minimal damage during its service life. A toll road mainte-
nance program is one program that should be carried out periodically to ensure the
pavement is always at its high performance.

One of the toll roads with the highest traffic load at the borderline of Jakarta, the
capital of Indonesia, is Tangerang-Merak toll road. At present, the surface of pave-
ment of this toll road, a composite pavement structure or asphalt concrete (AC) over
jointed plain concrete pavement (JPCP), is in damaged condition due to high traffic
loads, so it can affect vehicles’ travel time and increase the number of accidents. Eval-
uating the existingpavement condition is thefirst and critical process to develop a road
pavement rehabilitation plan. A comprehensive evaluation of pavement conditions
will provide critical input into pavement rehabilitation design. Therefore, research
is needed to evaluate the pavement’s structural conditions, and it was expected to
end up with proposed possible solutions to the problems encountered to enable the
road serving traffic loads up to the planned service life. Especially for toll roads with
the rigid pavement that have been overlaid with asphalt pavement (blacktopping) or
AC/JPCP, there were not many studies that explain how to evaluate this pavement’s
structural conditions [1].

2 Structural Condition of Road Pavement

According to AASHTO [2], the evaluation of the structural and functional condition
of road pavement is the information about the performance of pavement structures
against traffic loads and environmental conditions. The pavement’s structural condi-
tion will experience a decrease in performance due to the repetition of traffic loads,
inadequate drainage systems, high rain intensity, changes in temperature, unstable
subgrade conditions, and poor performance of maintenance works.

An overlay is designed to be applied over the entire surface of the existing pave-
ment to increase the structural or functional capacity significantly. An overlay is used
when restoration techniques are no longer adequate or cost-effective but necessary
before reconstruction is required.

AASHTO [2] illustrates reduced service levels and structural capacity and the
contribution of overlay to return the service level to approaching the previous level
(Fig. 1). When newly built, the pavement structural capacity is denoted as SC0 (or
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Fig. 1 Illustration of the
structural capacity of road
pavement and the
contribution of overlay to
improve the reduced service
level of existing pavement
[2]

initial service capacity for flexible pavement) or D (or initial slab thickness for rigid
pavement) with service level P1. The structural capacity can be expressed as the
equivalent slab thickness (D) as for composite pavements. Over time and loading
(Np), the service level will decrease to P2, and structural capacity is reduced to
SCeff (or Deff ). The overlay is carried out to increase the structural capacity (SCol)
to withstand the predicted traffic load during the design period with the required
structural capacity (SCf ).

Several measurements or surveys are needed to evaluate in-service pavement’s
structural capacity, such as deflection measurement [3, 4] and road condition survey.
A backcalculation procedure is carried out to determine the layer moduli [5], which,
together with the service load prediction (Nf ), is used to calculate the required slab
thickness (Df ).

Besides, a road condition survey is performed to check whether there are deterio-
rations in the existing pavement. The presence of damages could reduce the existing
structural capacity (Deff ). The difference between Df and Deff is the additional
capacity in terms of overlay to maintain or increase the structural capacity of the
composite structure.

3 Results and Discussions

The structural evaluation procedure in this studywas conducted on a composite pave-
ment structure, i.e., AC overlay over the AC/JPCP layers, which can be described
in 8 steps: (a) existing pavement structure overview; (b) traffic analysis; (c) road
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condition survey; (d) deflection testing; (e) coring and material testing; (f) determi-
nation of required pavement thickness (Df ); (g) determination of effective pavement
thickness (Deff ); and (h) determination of thickness overlay (Dol). Some steps were
described in details in the following sections.

3.1 Existing Pavement Structure Overview

The toll road evaluated in this study is Tangerang-Merak toll road at 32.100–36.300
km heading to Tangerang with a total length of 4.2 km (see Fig. 2). The structure of
the road consists of five layers as follows.

1. Asphalt mixture wearing course (AC-WC) layer as blacktopping with a thick-
ness of 10 cm. The thickness came from two times overlay works of 5 cm each
on the top of concrete pavement. AC-WC is a dense-graded asphalt mixture with
12.5 mm-maximum size aggregate. This mixture was designed using Marshall
Method and produced an optimum asphalt content of 5.85% which determined
as the asphalt content required to meet the specification of Asphalt Concrete
Wearing Course (AC-WC) inGeneral specification ofMinistry of PublicWorks,
Republic of Indonesia [6].

Cikupa toll gate Balaraja Timur toll gate 

N 

Tangerang 

Merak 

Km. 36.300 Km. 32.100

Merak 

Fig. 2 Location of road segment evaluated
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2. Concrete pavement surface without reinforcement or Jointed Plain Concrete
Pavement (JPCP), with a thickness of 29 cm and a quality of the concrete fc
37.35 MPa.

3. A 10-cm lean concrete and the quality of concrete fc 10.4 MPa.
4. Class A granular base layer with a thickness of 25 cm has a CBR design value

of 90%.
5. The subgrade on the existing pavement layer has a CBR design value of 6%,

the maximum dry density 2.315 g/cm3 and the optimum water content is 6%.

The rigid pavement of the road was firstly constructed in 1990, and two asphalt-
mixture overlays were conducted in 2005 and 2007. During this period, no detail
historical data regarding the condition of the pavement was found.

3.2 Traffic Load Analysis

Using traffic data in terms of the number of vehicles per day in 2019 in the direction
of Tangerang, the cumulative prediction of 18-kip ESAL (Equivalent Standard Axle
Load) in the design lane during the predicted service life (Nd) is shown in Table 1.

This calculation used the value of theDL (DesignLane) value equals 0.65 (because
it consists of 3 lanes per direction), the service life of 5 years, and a growth factor of
6%.TheVehicleDamageFactor (VDF) formulawas used to calculate the equivalency
factor based on the static scale survey conducted by the Directorate General of
Highway, Ministry of Public Works and Housing.

Table 1 Traffic load analysis (heading to Tangerang)

Group Vehicle/day VDF ESAL in 2019 Cum. ESAL up to 2024

I (Non Bus) 33,063 0.0024 18,826 105,069

I (Small bus) 265 1.8252 114,753 640,445

I (Large bus) 911 3.7796 816,903 4,559,209

II 8713 2.5030 5,236,114 29,223,231

III 3210 16.0490 16,587,421 92,575,905

IV 1173 6.4680 2,318,760 12,941,213

V 1005 16.2430 3,940,346 21,991,432

Total 29,033,124 162,036,505
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3.3 Calculation of Asphalt Concrete and Slab Modulus
Using Backcalculation Procedure

The method of backcalculation procedure used in this research was the closed-form
method. This approach could provide a unique solution by solving the equations. The
accurateness of the results produced by the closed-form method can outperform of
that produced by iterative or database backcalculation methods [7]. This procedure
is used by AASHTO Guide for rehabilitation design of existing AC/PCC structure
[2], by adopting AREA method [8] in determining the layer moduli, as shown in
Eqs. 1–10. All the variables in the equations were expressed in English units. The
conversion to Metrics unit may be possible to be applied once the modulus values
were obtained.

Deflectionmeasurements usingFWDand temperaturemeasurementswere carried
out at each point in the evaluated locations. Temperature, together with some prop-
erties of the asphalt mixture, was used to calculate the elastic modulus of the mix
(EAC) (in psi) using Eq. (1).

log(E AC) = 5.553833+ 0.028829

(
P200

F0.17033

)
−0.33476V v + 0.07037770F,106

+ 0.000005t (1.3+0.49825 log(F))
p P0.5

AC + 0.00189

F1.1
t (1.3+0.49825 log(F))
p P0.5

AC

+ 0.931757

(
1

F0.02774

)
(1)

in which: P200 is percentage of aggregate that passes through sieve # 200; F is load
frequency (Hz); Vv is air voids (%); η70°F,10ˆ6 is absolute viscosity at 70° F, 106 poise;
PAC is asphalt content (%); and tp is AC mix temperature (°F).

Using typical values for the several parameters: F= 18 Hz at duration 25–30 ms,
P200 = 4%, Vv = 5%, η70F,10ˆ6 = 2 poise, PAC = 5%, Eq. (1) can be simplified is as
follows.

log(EAC) = 6.451235− 0.000164671t1.9254p (2)

Deflections from four FWD sensors were selected for backcalculation analysis
using the 1993 AAHTO method to obtain the concrete pavement layer’s elastic
modulus, as follows.

d0compress = −0.0000328+ 121.5006

(
DAC

EAC

)1.0798

(3)

d0J PCP = d0 − d0compress (4)
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ARE AJ PCP = 6

[
1+ 2

(
d12

d0J PCP

)
+ 2

(
d24

d0J PCP

)
+

(
d36

d0J PCP

)]
(5)

λk =
[
ln

( 36−ARE AJ PCP
1812.279133

)
−2.559340

]4.387009

(6)

kd =
(

P

8d0J PCPλ2
k

){
1+

(
1

2π

)
×

[
ln

(
a

2λk

)
+ γ − 1.25

](
a

λk

)2
}

(7)

ks = 0.5kd (8)

EJ PCP = λ4
k

[
12

(
1− μ2

J PCP

)
k
]

D3
J PCP

(9)

Sc = 43, 5

(
EJ PCP

106

)
+ 488, 5 (10)

where: dcompress is a deflection that occurs due to pressure in the AC layer in the
middle of the slab (mils); dAC is layer thickness of asphalt layer (in.); d0, d12, d24,
d36 are deflection at a distance 0, 12, 24, 36 in., respectively from the load (mils);
λk is the radius of the relative stiffness of slab to subgrade (in.); γ is Euler constant;
kd and ks is effective dynamic- and static-k value (pci), respectively; EJPCP is slab
elastic modulus (psi); Sc is the modulus of rupture (psi).

The calculation of the asphalt, slab, and subgrade moduli at each point evaluated
are tabulated in Table 2. The grey-shaded parts of the table indicated that it not
possible to calculate the moduli due to the AREA values greater than 36 (see Eq. 6).

The lack of providing satisfactory results for all segments showed that the
AASHTO procedure has a limitation in practice. This could be contributed using
four or more deflections in AREA method to predict the moduli, i.e., the cumulative
deviations or errors between the corresponding measured and calculated deflections
will increase when unusual pattern of the deflections is found. Therefore, Fwa and
Setiadji [9] proposed the use of any two-deflection combination to overcome this
problem and to produce better prediction of the moduli. The use of only two deflec-
tions in the backcalculation procedurewill minimize the cummulative errors between
the measured and calculated deflections.

In Table 2, the static k-value, which is medium to high, means that the subgrade
bearing capacity is quite good. There is a low E value due to the low pavement-
structure carrying capacity indicated by large deflection measured.
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3.4 Calculation of Overlay Thickness (DOL)

The overlay thickness was calculated as a deviation between effective- and required-
slab thickness, Deff and Df , respectively. The required slab thicknesses (Df ) were
determined using nomograph in the AASTHO method [2]. Several parameters were
determined based on field justification: overall standard deviation (So) = 0.39 l;
reliability (R)= 0.96; drainage coefficient (Cd)= 0.8; load transfer (J)= 2.5; initial
serviceability (po)= 4.5; terminal serviceability= 2.5; while effective static k-value,
slab elastic modulus and modulus of rupture were obtained from Table 2, and the
proposed traffic volume was as calculated in Table 1.

On the other hand, the effective-slab thickness (Deff ) was determined using
Eq. (11) as follows.

Def f =
(
DJ PCP × Fjc × Fdur

) +
[(

DAC

2

)
FAC

]
(11)

in which: Fjc is joint and cracks adjustment factor; Fdur is durability adjustment
factor; FAC is AC quality adjustment factor.

Some adjustments were made for the parameters to calculate Deff , i.e., Fjc was in
between 0.90 and 0.95 (depends on the number of deterioration), while Fdur and FAC

were selected to equal 0.96 to indicate minor PCC and AC distresses, respectively.
Finally, the overlay thickness (Dol) was calculated using the following equations.

Dol = A
(
D f − Def f

)
(12)

A = 2.2233+ 0.0099
(
D f − Def f

)2 − 0.1534
(
D f − Def f

)
(13)

Another interesting parameter that could be calculated besides the overlay thick-
ness is the remaining life (RL) of the pavement structure. According to AASHTO
[2], the remaining life can be determined as a ratio of total traffic to date (Np) to total
traffic to pavement failure (N1.5) (in ESAL) as follows.

RL = 100
[
1− (

Np/N1.5
)]

(14)

Np can be obtained from Table 1, while N1.5 was determined using nomograph in
the AASHTO method [2] with pt = 1.5.

Asmentioned previously, not all thicknesses at points evaluated can be determined
due to there were no moduli resulted from the calculation as the effect of large
AREA values, as shown in Table 2. After carefully examining the calculation, only
ten thicknesses can be produced, as depicted in Table 3.

Table 3 shows that the average remaining life of the pavement of Tangerang-Merak
toll road (heading to Tangerang) is 26%, although the pavement surface visually may
not show severe damage. An overlay of 7.12 in. or 18 cm (maximum thickness in
Table 3) will be applied to the toll road segment STA 32 + 425 to STA 36 + 250.
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Table 3 Calculation of overlay thickness and remaining life

Km Effective pavement
thickness

Df
(in.)

Overlay thick Remaining Life

Fjc Fdur FAC Deff (in.) A DOL (in.) N1,5
(ESAL)

Np
(ESAL)

RL
(%)

32.425 0.90 0.96 0.96 11.75 15.53 1.79 6.75 40.563.280 29.033.124 28

32.600 0.95 0.96 0.96 12.30 16.33 1.77 7.12 35.656.937 29.033.124 19

32.825 0.90 0.96 0.96 11.75 14.66 1.86 5.41 41.770.119 29.033.124 30

33.375 0.95 0.96 0.96 12.30 15.71 1.82 6.19 40.174.614 29.033.124 28

34.025 0.95 0.96 0.96 12.30 16.04 1.79 6.68 39.010.255 29.033.124 26

34.425 0.94 0.96 0.96 12.19 15.13 1.86 5.45 39.328.606 29.033.124 26

34.800 0.90 0.96 0.96 11.75 14.73 1.85 5.52 39.251.934 29.033.124 26

35.025 0.90 0.96 0.96 11.75 14.90 1.84 5.79 38.222.538 29.033.124 24

35.200 0.95 0.96 0.96 12.30 15.32 1.85 5.79 40.014.391 29.033.124 27

36.250 0.9 0.96 0.96 11.75 14.77 1.85 5.58 39.675.227 29.033.124 27

Before the overlay is applied, the damage that occurred has to be repaired first by
proposing different treatments, as shown in Table 4. The treatments selected were
those recommended based on the solutions in AASHTO Guide [2] for rehabilitation
methods other than overlay.

In the case of the overlay thickness and remaining life cannot be evaluated (as
showed by grey-shaded parts in Table 2), a treatment for repairing the damage should
be applied and a minimum thickness of 2 in. or 5 cm for strengthening of existing
pavement structure may be considered as a planned stage of the construction. The
development of a closed-form backcalculation algorithm for composite pavement
requires a lot of work due to different fundamental concept of two systems, i.e.,

Table 4 Proposed treatment
on the damage before
overlying the road

Km Type of distress Proposed treatment

32.425 Raveling Patching

Potholes Shallow patching

32.600 Upheaval at patching Re-patching

32.825 Depression at patching Re-patching

33.375 Depression at patching Re-patching

34.025 Upheaval at patching Re-patching

34.425 Upheaval at patching Re-patching

34.800 Transversal cracking Grouting

35.025 Raveling Patching

Block cracking Shallow patching

35.200 Upheaval Patching

36.250 Block cracking Shallow patching
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flexible and rigid pavements. The use of iterative best-fit trial and error backcalcula-
tion method by simulating the pavement structures into three layers (AC, PCC and
subgrade) could be one proposed solution in practice [10], although the use of the
method in evaluating the composite structure need a careful consideration.

4 Conclusions

This paper evaluated composite pavements’ functional and structural conditions on
the Tangerang-Merak toll road, especially at 32.100–36.300 km. Based on the road
condition survey results, several damages were found on the pavement surface along
the section evaluated. The study indicated high deflection values produced by FWD,
which led to the summary that the pavement was in medium to severely damage at
several locations. Itwas also supported by the remaining life analysis,which showed a
relatively low bearing capacity on those points. A calculation was conducting using
AASHTO 1993 method and proposed two recommendations, that is, an overlay
thickness of 7.12 in. or 18 cm to be implemented for the road sections with good
prediction of moduli using backcalculation analysis, and a minimum thickness of
2 in. or 5 cm of repairing treatment to strengthen the existing pavement may be
considered as planned stage of construction for the rest. All treatments and overlay
were carried out after the damages in the sections were repaired first.
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Experimental Study on MOC Cement
Based Micro Concrete for Repairing
of Wide Cracks in Concrete Pavement
Slabs

Avanish Singh, Rakesh Kumar, and Pankaj Goel

Abstract Cracks of variable width and types can develop due to various factors like
overloading, thermal expansion and contraction, moisture and temperature stresses,
poor construction quality, loss of support underneath the slab, and other similar
causes. Often a combination of these factors contributes to the propagation and
widening of cracks over time resulting in surface roughness if not repaired properly.
Wide crack even requires reconstruction or a full-depth repair. Cracks should be
repaired with a durable material lasting for longer life. To repair these cracks, several
materials and procedures have been developed. The efficiency of these materials and
procedures depends onweather conditions and application efficiency. This study aims
to develop a cost-effective magnesium oxychloride cement-based micro concrete for
a faster repair of wide cracks; 25 mm or more. To simulate the conditions in the
laboratorybeamspecimens cast and tested forflexure strength failurewereused.Then
broken beams were repaired by laboratory-developed MOC cement-based micro
concrete and again tested for flexure strength. It was found that up to about 80%
flexure strength can be restored in one day.

Keywords Micro concrete · Flexure strength · Repair material · Compressive
strength

1 Introduction

Concrete pavements often suffer cracking during their lifetime due to various reasons.
Concrete cracks,when the tensile stress generated due to the physical and/or chemical
processes exceeds its tensile strength. Some of the more typical causes in concrete
pavement cracking include drying shrinkage, chemical reaction, thermal expansion,
poor quality materials, lack of appropriate control joints and overload conditions,
loss of underneath support, and the combinations of the causes that produce flexural,
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Fig. 1 Typical view of
cracked concrete slab

tensile, or shear cracks in concrete. Cracksmaynot affect the appearance only but also
causes the loss of structural integrity and functional characteristics of the pavement
bymaking the surface rough. Repair of deteriorated concrete pavement is essential to
restore structural capacity and assure serviceability and safety of road users (Fig. 1).

The concrete repair material industry shows a rapid development, the cases where
the concrete repair materials that cannot meet their needs are quite common. It is
estimated that almost half of the materials used for concrete repair fails in the appli-
cation site conditions [1]. Repair materials are divided into 4 types: ordinary Portland
cement (OPC)-basedmaterials (cement paste,mortar, and self-compacting concrete),
modified cement-based materials (cement mortars with high aluminum content, with
phosphate, and concrete with fibers), polymer modifiers for OPC based products
(styrene butadiene, acrylic, vinyl acrylic, or other copolymersmodified cement-based
materials), andpure polymers (epoxy resins, polyesters and somepolyurethane-based
systems) [2–4]. Park and Yang [5] reported that OPC mortars developed satisfactory
performance to repair of reinforced concrete structures; however, polymer-modified
mortars provided better mechanical properties of the repaired structural element [6].
The choice of repair materials with poor performance generates a significant spend of
money and it is a big challenge in the civil construction industry [7]. Repair materials
currently in use have serious problems due to generally early-age poor performance
or incompatibility with the substrate or low endurance properties for a long time.

2 Scope of Study

Themain objective of this study is to experiment with the use ofmagnesium oxychlo-
ride cement-based micro concrete to restore the integrity of a cracked slab (crack
width >= 25 mm) under near gravity filling of the crack, emphasizing the physical
characteristics of MOC cement. As a result, the objective of this laboratory work is
to restore structural integrity and increase the flexure strength of cracked concrete
beams by manual filling of MOC-based micro concrete.
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3 Materials and Method

3.1 MOC Based Micro Concrete

To prepare the MOC-based micro concrete magnesium oxide of 85% purity,
magnesium chloride solution, and locally available filler material was used. Two
samples of MOC-based micro concrete were prepared. The detailed characteristics
of MOC-based micro concrete are given in Table 1

Table 1 Properties of MOC
based micro concrete

Characteristics Sample 1 Sample 2

MgO:Sand 1:2 1:3

Concentration of MgCl2 solution 26°Be 26°Be

Pot life

20 °C 140 min 150 min

30 °C 100 min 110 min

40 °C 60 min 65 min

Flow (IS 5512)

5 min 185 mm 190 mm

15 min 175 mm 185 mm

30 min 160 mm 160 mm

Compressive Strength (ASTM C 109)

1 day 48 MPa 30 MPa

3 days 56 MPa 48 MPa

7 days 66 MPa 56 MPa

Flexure Strength (ASTM C 348)

1 day 11 MPa 8 MPa

3 days 15 MPa 10 MPa

7 days 17 MPa 13 MPa

Bond Strength (MDOT)

1 day 3.2 MPa 3.0 MPa

Drying shrinkage (ASTM 490)

7 days 0.038% 0.036%

14 days 0.040% 0.041%

21 days 0.056% 0.054%

Abrasion Resistance (IS 9284) 0.26% 0.32%
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Table 2 Mix details of
substrate concrete

Description M30 M40

Cement (kg) 375 400

20 mm Aggregate (kg) 613 575

10 mm Aggregate (kg) 695 705

Sand (kg) 629 658

Water (kg) 168 160

Super Plasticizer (%) 0.5 0.35

Table 3 Physical properties
of substrate concrete

Test M30 (MPa) M40 (MPa)

Compressive strength (28 days) 34 45

Flexure strength (28 days) 3.8 5.2

3.2 Substrate Concrete

For the substrate concrete two grades of concrete M30 and M40 were prepared and
cured for 28 days.

• Coarse aggregate: Crushed quartzite coarse aggregate of nominal maximum size
of 20 mm (γ = 1580 kg/m3 for the size range 10–20 mm, γ = 1600 kg/m3 for the
size range 4.75–10 mm) was used.

• Fine aggregates: fine aggregate used in the mix was river sand (4.75 mm) size, (γ
= 1640 kg/ m3).

• Cement: OPC 43 grade was used for both M30 and M40 grades.

Themix details and physical properties of the substrate concrete are given in Table
2 and Table 3, respectively.

3.3 Crack Repair by Micro Concrete Filling

If repair is required to restore structural integrity for cracks with surface widths of
25 mm and extending downward from nearly horizontal surfaces, they should be
repaired by micro concrete filling incorporating a long pot-life material. First of all,
the cracked surfaces should be cleaned. Contaminants such as oil, grease, dirt, or
fine particles of concrete prevent bonding and diminish the effectiveness of repairs.
Preferably, contamination should be removed by vacuuming or flushing with water
(water blasting) or other especially effective cleaning solutions (air blasting). Then
MOC based micro concrete should be filled in the crack and compacted by tamping
rod and left in the atmosphere for curing for 24 h (Fig. 2).
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Fig. 2 Repaired broken
beams of substrate concrete

3.4 Compressive Strength of Concrete Cubes

Compressive strength cube specimens with dimensions 150 × 150 × 150 mm were
cast from the concrete mix with and without fibers for the determination of compres-
sive strength at various ages. The cubes were demolded after 24 h of casting and
moist curing. Thereafter the molded specimens were marked for identifications and
kept submerged in curing tanks at room temperature for 28 days.

3.5 Flexure Strength of Concrete Beams

The design of concrete pavement is based on the flexural strength of concrete. The
flexural strength of concrete is determined by the use of beam specimen under 4-
point loading standard test procedure. The beam specimen with the dimension 100
× 100× 500 mmwere cast from concrete mix. The beams were demolded after 24 h
of casting and cured for 28 days.

4 Interpretation of Results

The compressive strength and flexure strength of substrate concrete after 28 days of
curing are presented in Table 3. The broken beams tested for flexure strength were
cut 1 in. from the longer portion to ensure a required gap between the two pieces of
the tested beam. Repaired beams were air-cured for 1 day, 3 days, and 7 days, then
tested for the flexure strength, and the results are presented in Table 4 (Figs. 3 and
4).
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Table 4 Flexure strength of beams after repair

Initial strength (MPa) After repair (Sample1)
(MPa)

After repair (Sample2)
(MPa)

1 day 3 day 7 day 1 day 3 day 7 day

M30 3.8 3.0 3.1 3.1 2.5 2.5 2.6

M40 5.2 3.2 3.5 3.5 2.9 3.0 3.0

Fig. 3 Testing of compressive strength of substrate concrete

Fig. 4 Testing of flexure
strength of substrate concrete
under 4-point loading

5 Observations and Conclusions

Cracking of concrete is a casual process, highly variable, and influenced by numerous
factors. However, the longer the crack, the higher the stress concentrations induced
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Fig. 5 Percentage regain in
flexure strength of M30
grade repaired concrete
beams

by it. Due to the presence of a crack in a structural element, the strength of the struc-
ture will decrease progressively with the increase of the size of the crack. As a result,
the structure will be subject to failure when its strength becomes too low that frac-
ture occurs under normal loading. This experimental study proved that completely
fractured beams and concrete paving slabs can be repaired successfully to restore up
to 80% of their original strength by using MgO-based repair material.

Beams repair by sample 1 (MOC based micro concrete having MgO: Sand is
1:2) shown an appreciable amount of regain in flexure strength. It is also evident
from the results that the flexure strength of repaired beams is almost constant with
the age. For M30 grade 82% and for M40 grade 67% flexure strength was regained
by broken beams. Similarly, beams repair by sample 2 (MOC based micro concrete
having MgO: Sand is 1:3) also shown a considerable amount of regain in flexure
strength. For M30 grade 68% and for M40 grade 58% flexure strength was regained.
Figures 5 and 6 shows the % regain in the flexure strength of M30 and M40 grade
beams repaired byMOC-basedmicro concrete. Figure 7 shows the failure of repaired
beams. It is clear that all the beams are failed in bond. That is why flexure strength
is not increasing with the age.

Thus, the use ofMOC-basedmicro concrete can be a cost-effective solution for the
repair of wide cracks, as it can regain up to 80% flexure strength. It is an economical
alternative for easily available repair materials in themarket such as epoxy-based and
polymer-based. It costs about 10 times cheaper than epoxy-based repair materials.
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Fig. 6 Percentage regain in flexure strength of M40 grade repaired concrete beams

Fig. 7 Typical view of failure in repaired beams of substrate concrete
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Feasibility Study on Pavement Rutting
Evaluation Method Based
on Smartphone

Jin-Xi Zhang, Pei-Rong Wang, Dan-Dan Cao, and Jing-Xiang Zeng

Abstract With the continuous increase of constructions in highway, road mainte-
nance has become more and more important. Thus, it is of great significance to
develop the rapid, intelligent and real-time detection technologies for road surface
conditions. This paper used the self-developed driving data acquisitionAPP to collect
the vibration acceleration data during driving, and carried out the feasibility study on
the evaluation method of pavement rutting using smartphones. Firstly, the collected
vibration acceleration data are de-noised, and the vibration characteristics under
different working conditions are analyzed. Secondly, seven time-domain vibration
acceleration indexes with high correlation with pavement rutting are extracted, and
the dimensions of seven primary indexes are reduced to two independent principal
components by principal component analysis. Finally, the rutting evaluation model
based on convolutional neural network is established and compared with the results
of back propagation neural network and multilayer perceptron neural network. The
results show that the average relative error of the rutting evaluation model based on
the convolutional neural network is 16.6%, which is lower than the other twomodels.
It indicates that the pavement rutting can be evaluated satisfactorily by smartphones.
In addition, this paper divided the evaluation results of rutting into four grades (Excel-
lent, Good, Medium and Poor) and displayed them in different colors on the map.
This study is of great significance to improve the level of intelligent detection of road
rutting and road maintenance management.

Keywords Rutting · Smartphone · Vibration acceleration · Principal component
analysis · Convolutional neural network
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1 Introduction

Rutting is a kind of permanent deformation of asphalt pavement under the combined
action of load and environment factors [1, 2]. In the maintenance and management
of asphalt pavement, pavement rutting is an important technical condition index [3].
Relevant studies [4, 5] show that rutting has become one of the main diseases of
highways, and its harm mainly includes the following aspects:

(1) Rutting may lead to a decrease in road roughness performance and affect
driving comfort;

(2) When driving on the road section with serious rutting, the vehicle steering is
difficult to control, and the operation stability of driving is reduced;

(3) In rainy or snowy days, the road with rutting is easy to accumulate water or
freeze, which lead to vehicle skidding and threaten the driving safety;

(4) Rutting is also the inducement of other pavement diseases. If rutting is not
repaired in time, itmay lead to problems such as pavementwrapping, looseness,
block cracking and water damage.

Therefore, rutting not only affects the ride comfort and safety, but also is closely
related to the vehicle operating cost, tire wear and service life of the road. The
overall development trend of pavement rutting detection technology has experienced
three stages: from traditional manual detection to semi-automatic detection, and
then to fully automatic detection [6]. At present, the widely used automatic detection
technology of pavement rutting mainly includes ultrasonic [7, 8], laser [9] and digital
image [10] detection technology, among which laser detection is more widely used.
Although automated detection can greatly improve detection efficiency and accuracy,
it usually relies on high-cost hardware equipment and skilled professional operators.
In addition, periodic detection is usually used to acquire road conditions, demanding
a lot of manpower and resources.

In recent years, the digital measurement methods have been developed more and
more in road engineering. Rapid measurement of large scale pavement condition
has become a hot topic in pavement condition evaluation and maintenance. With the
development of smartphones, they are equipped with a variety of sensors, and have
the capabilities of efficient information processing and data transmission. For vehicle
drivers andpassengers, devices such as triaxial acceleration sensors, gyroscopes,GPS
and gravity sensors in smartphones can effectively reflect the movement status of the
driver or vehicle duringdriving [11].A large number of vehicle drivers andpassengers
can use their smartphones as important “tools” to obtain big data on road conditions.
This crowdsourced dataset is convenient, extensive coverage, inexpensive, and has
high sampling frequency, making it a suitable source for large-scale road condition
evaluation [12]. Therefore, considering the cost and efficiency, many scholars try to
use smartphones to evaluate and monitor the road condition.

In this paper, a low-costmethod is proposed to evaluate the road rutting in real-time
using smartphone sensors and machine learning algorithms. The paper is organized
as follows. Section 2 introduces the relatedwork. Section 3 gives the details about our



Feasibility Study on Pavement Rutting Evaluation Method … 153

experiment. Section 4 analyzes the vibration characteristics under different working
conditions. Section 5 determines the driving vibration index through correlation anal-
ysis and principal component analysis. Section 6 establishes the rutting evaluation
model. Lastly, Sect. 7 presents the conclusions and future works.

2 Related Work

In the last years, there have been significant progress in using smartphones to assess
and monitor the pavement quality. These devices represent a substantial reduction
in the costs involved to accomplish this task compared to usual equipment such as
laser profilers.

Mohan et al. [13] monitored road and traffic conditions through the Nericell
system. They used the accelerometer, microphone, GSM radio, and/or GPS sensors
in these phones to detect potholes, bumps, braking, and honking. Nericell addressed
several challenges including virtual reorienting the accelerometer on a phone that
is at an arbitrary orientation, and performing honk detection and localization in an
energy efficient manner. Kyriakou et al. [14] presented a study on the detection of
roadway pavement anomalies using smartphone sensors and on-board diagnostic
(OBD-II) devices. The proposed approach also utilized artificial neural network
(ANN) techniques in the analysis, captured a vehicle’s interaction with a roadway
pavement while the vehicle is moving, and utilized the observed interaction patterns
for the detection of potholes in the pavement. Huijun et al. [15] proposed a road
condition detection method based on the Mahalanobis-Taguchi System, which can
be used to distinguish well covers, potholes and speed bumps. Yi et al. [16] proposed
a smartphone-based system to objectively assess bumping caused by road anomalies.
The proposed system included the development of a signal processing heuristic that
relied on the vertical acceleration component to identify road surface conditions such
as potholes and bumps.

Islam et al. [17] collected vehicle acceleration data with an Android-based appli-
cation. In the study, acceleration data were double integrated numerically to obtain
a pavement profile, which was input into the software program ProVAL. The pave-
ment roughness was then calculated. Douangphachanh et al. [18] found that in the
frequency range of 40–50 Hz, the road roughness has a strong relationship with
the vibration amount of each axis of accelerometer and gyroscope. Aleadelat et al.
[19] used smartphones’ 3D accelerometers to collect a vehicle’s vertical acceleration
data. Through the use of various signal processing and pattern recognition techniques,
such as cross correlations,Welch periodograms, and variance analyses, the measured
signals (time series acceleration data) were identified and correlated with the actual
international roughness index (IRI) values. It was found that the variance among the
vertical acceleration measurements was the key feature for classifying the measured
signals.

In previous studies, there exist lots of studies in detecting road bumps and anoma-
lies using mobile sensors, and most of them focused on identifying and locating road
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bump and anomalies. At the same time, there are many researches on the measure-
ment and estimation of pavement roughness. However, there are very few studies that
have directly explored the use of smartphone to estimate rutting of road pavement,
where this study used machine learning to improve the accuracy of the evaluation
results.

3 Driving Experiment

3.1 Experimental Equipment

The data collection equipment of this experiment mainly include an Android smart-
phone (Fig. 1a) installed with the driving data collection APP [20] and a multifunc-
tional road condition detection vehicle (Fig. 1b). The driving data collection APP
was designed and developed by the author and others. The model of the experimental
phone was Huawei Honor 10. The experimental vehicles included Dongfeng Honda
CRV (Fig. 1c) and Kia Freddy (Fig. 1d).

3.2 Experimental Roads

In order to carry out safe driving experiments and obtain effective experimental data,
the driving experiment roads need to have different rutting depth, low traffic volume,
smooth route and dry conditions. This experiment selected three asphalt concrete
roads located in the eastern suburb of Jinan, Shandong Province, China. Table 1
shows the test road conditions.

3.3 Experimental Scheme

The smartphone installed with data acquisition APP was fixed horizontally on the
central armrest box in the front row of the car with transparent tape. The acquisition
frequency was set to 10 Hz. Data such as three-axis vibration acceleration, time,
latitude and longitude, speed during driving process were collected. For the collected
three-axis vibration acceleration, the left and right direction was recorded as the
X axis, the front and rear direction was recorded as the Y axis, and the vertical
direction was recorded as the Z axis. The two vehicles were driven three times on
each experimental road at the speed of 30 km/h, 50 km/h and 70 km/h respectively.
During the experiment, the vehicles were kept as steady as possible. In addition, the
multifunctional road detection vehicle was used to detect the experimental roads to
obtain the corresponding rutting depth data.
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(a) Smartphone with APP (b) Multifunctional road condition detection vehicle 

(c) Dongfeng Honda CRV (d) Kia Freddy

Fig. 1 Experimental equipment

Table 1 Test roads Road name Length (m) Average rutting depth (mm)

Feiyue avenue 1100 5.83

Chunbo road 2000 7.66

Daliu line 300 10.24

The experimental data includes two parts: the data collected by smartphone and
the data of rutting depth. The detection unit length of rut depth was 20 m. To match
the two types of data, the data collected by the smartphone was divided into 20 m
units.
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4 Analysis of Vibration Characteristics Under Different
Working Conditions

4.1 Data Preprocessing

In engineering applications, due to the influences of various internal and external
factors of the system, the data collected by sensors are often mixed with many
unnecessary components [21]. In addition to the vehicle vibration caused by the road
itself, the three-axis vibration acceleration data collected in this paper also contains
the interference signals such as vehicle self-vibration, acceleration sensor itself and
external noise. Therefore, it is necessary to filter the data to eliminate the noise and
interference in the signal. Kalman filter is used to remove noise in this paper. The
filtered data can not only retain the fluctuation trend of the original data, but also
eliminate the burr fluctuation of the original data.

4.2 Analysis of Vibration Characteristics Under Different
Working Conditions

The vibration caused by the same road at different driving speeds and different vehi-
cles also has different characteristics. Note that the positive and negative vibration
acceleration only represents the direction, and has nothing to do with the magnitude.
In order to compare the characteristics of vibration variation under different working
conditions, the mean value of the absolute value of vibration acceleration is selected
as the characteristic index reflecting the driving vibration.

In this paper, according to the scheme in Sect. 3.3, the driving experiments were
carried out under different speeds and vehicles. The mean value of absolute value of
vibration acceleration of some roads under different working conditions are calcu-
lated. Figure 2 shows that the greater the velocity, the greater the vibration accel-
eration, but the trends of vibration variation at different velocities are consistent.
Figure 3 shows the vibration acceleration of Kia Freddy is larger than that of CRV.
This may be due to differences in vehicle suspension systems. However, they have
similar trends. The standard deviation of the absolute value of the vibration accelera-
tion is calculated for comparison, and the results are the same as above. Considering
that it is impossible for vehicles to travel along the exact same path in the experiment,
the experimental speeds also have a certain deviation. Therefore, the fluctuation of
vibration acceleration is inevitable. To sum up, although the magnitude of driving
vibration under different working conditions are different, their variation trends are
highly consistent.

Due to the different suspension systems of different vehicles, this paper mainly
studies the driving vibration data of Dongfeng Honda CRV.
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Fig. 2 Comparison diagram of vibration characteristics of different driving speed

5 Analysis and Extraction of Vibration Characteristic
Index

The vibration generated by vehicles on the road is related to many factors, not only
related to the performance of the vehicle itself, but also more related to the pave-
ment performance. The pavement performance that affects driving vibration includes
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Fig. 3 Comparison diagram of vibration characteristics of different vehicles

roughness, rutting, breakage, etc. Different pavement characteristics have different
effect on driving vibration. Relevant research shows that [20] the road roughness has
a greater impact on the vertical vibration acceleration of driving, while the impact on
the vibration acceleration of other directions is relatively small. Rutting is different
from pavement roughness. Vehicles swing from side to side and bump back and forth
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Table 2 Primary index set

Serial number Index Symbol Serial number Index Symbol

1 X-axis standard
deviation

Xstd 5 X-axis mean Xmean

2 X-axis maximum Xmax 6 Y-axis rms value Yrms

3 X-axis peak-to-peak
value

Xp-p 7 Y-axis mean Ymean

4 X-axis rms value Xrms

on rutted road. In order to establish the evaluation model of pavement rutting, firstly,
the correlation analysis and extraction of driving vibration indexes are carried out.

In order to select the optimal characteristic parameters of the driving vibration
acceleration of the rutting evaluation model. The paper first extracts 18 time-domain
features in three axes, including peak-to-peak value, rms value,maximum,minimum,
mean and standard deviation of the absolute value of acceleration. Then Pearson
correlation test was carried out between 18 vibration indexes and rutting depth.
The first 7 of all significantly related indexes were selected as the primary index
set (Table 2). Table 2 shows the top 5 indexes are vibration acceleration indexes
of X-axis, and the indexes ranked 6–7 are vibration acceleration indexes of Y-axis.
Therefore, pavement rutting mainly affects the vibration acceleration of X-axis, and
also has a certain influence on Y-axis.

The above seven indexes all reflect the vibration characteristics of vehicle.
Through the correlation test of the seven indicators, we found that not only the
indexes in the same axis are highly correlated, but also there is a certain correlation
between the indexes in different axes. When there is a certain correlation between
variables, it will cause the impact of information overlap on the evaluation model. If
it is directly included in the analysis, multi-collinearity may occur, which will affect
the final evaluation results. If only a few indicators are selected for analysis, impor-
tant data information may be lost and incomplete, leading to the reduction of the
generalization performance of the model. In order to determine the final evaluation
index and improve the accuracy and generalization ability of the model, this paper
uses principal component analysis (PCA) to reduce the dimension of the primary
index.

Principal component analysis is a statistical analysis method which converts
multiple variables into a few principal components (comprehensive variables) by
dimensionality reduction technology. It is one of the most important feature extrac-
tion methods. The converted principal components retain the main features of the
original variables as much as possible with as few dimensions as possible. The first
two principal components were extracted by principal component analysis. The two
principal components are computed according to Eqs. (1) and (2).

F1 = 0.442Xstd + 0.463Xmax + 0.380X p−p

+ 0.449Xrms + 0.429Xmean + 0.179Y rms + 0.167Ymean (1)
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F2 = −0.126Xstd − 0.188Xmax − 0.173X p−p

− 0.076Xrms − 0.061Xmean + 0.678Y rms + 0.686Ymean (2)

where F1 is the first principal component, F2 is the second principal component;
X std is the normal normalized value of Xstd, otherwise the same.

6 Rutting Evaluation Model

Artificial neural network is a kind of machine learning technology that realizes arti-
ficial intelligence by simulating the neural network of the human brain. In recent
years, artificial neural network has played a very significant role in pattern recog-
nition, automatic control, signal processing, assistance decision-making and other
aspects. Artificial neural network has the ability of autonomous learning and finding
optimal solutions in data processing. Therefore, it is much simpler and more accu-
rate to use artificial neural network for regression than previous regression processing
methods. In this paper, convolutional neural network is used to establish the rutting
evaluation model and compared with other neural network models.

6.1 Construction of Convolutional Neural Network Model

Convolutional neural network is one of the most classic deep neural network struc-
tures, belonging to feedforward neural network [22, 23]. It can efficiently obtain
useful feature descriptions from data. At present, convolutional neural network
has been widely used in speech recognition, image recognition and classification,
natural language processing and other fields. The construction process of the rutting
evaluation model based on convolutional neural network in this paper is as follows.

(1) Input Characteristic Data

The collected vibration acceleration is processed and calculated by the abovemethod
to obtain F1 and F2. Section 3.2 proved that the greater the speed, the greater the
vibration on the same road. Therefore,F1,F2 and speed are taken as input, and rutting
depth is taken as output. The input vibration characteristics F1 and F2 have different
unit dimensions from the speed. In order to eliminate the differences between the
indicators, the Z-score standardization method is used to process the data, which is
helpful to improve the accuracy of the model. The calculation formula of the Z-score
standardization method is shown in Eq. (3). In this study, a total of 1020 groups of
sample data are obtained, 70% of which are randomly selected as the training set and
30% as the test set.

X = x − μ

σ
(3)
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where x is the original data, X is the standardized data; μ and σ are the mean and
standard deviation of the original data respectively.

(2) Determine Model Structure

The model structure selected in this study is mainly composed of four CNN layers,
one flatten layer and two fully connected layers. The number of convolution kernel
of the four CNN layers is 16, 32, 64 and 128 in turn, and the size of their convolution
kernel is all 3. Their activation functions are all set to ReLU for better gradient
and faster training. The flatten layer converts the two-dimensional vector in the
convolution layer into one-dimensional vector. The number of neurons in the first
fully connected layer is 32, and the activation function is ReLU. The number of
neurons in the second fully connected layer is 1, and the activation function is Linear
activation function. The selected optimizer is AdamOptimizer. The optimal learning
rate is determined to be 0.0004. The loss function adopts the mean square error. The
number of training is set to 1500.

6.2 Results and Analysis

Figure 4 shows the comparison of the rutting depth estimated by the convolutional
neural network model and the measured rutting depth. In Fig. 4, the estimated values
are close to the measured values on the whole. Figure 5 shows the absolute errors of
the rutting depth estimated by the convolutional neural networkmodel,most ofwhich
are less than 1.5 mm. To measure the deviation between the rutting depth estimated
by the convolutional neural networkmodel and themeasured rutting depth. Themean
absolute error (MAE) and the mean relative error (MRE) are selected as indexes to

Fig. 4 Comparison of rutting depth estimated by the convolutional neural network model and
measured rutting depth
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Fig. 5 Absolute errors of rutting depth estimated by the convolutional neural network model

evaluate the accuracy of the model. MAE is 1.14 mm and MRE is 16.6% according
to Eqs. (4) and (5).

MAE = 1

n

n∑

i=1

∣∣∣Xi − X
′
i

∣∣∣ (4)

MRE = 1

n

n∑

i=1

∣∣∣∣∣
Xi − X

′
i

Xi

∣∣∣∣∣ × 100% (5)

where Xi is the measured value of rutting depth, Xi’ is the estimated value of rutting
depth.

In this study, the back propagation neural network (BP-NN) and multi-layer
perceptron Neural Network (MLP-NN) were used as control models to verify the
performance of the convolutional neural network model. Table 3 shows the mean
absolute error and mean relative error of the three models. In Table 3, the mean abso-
lute error and the mean relative error of the convolutional neural network model are
lower than the other two models, and the mean absolute errors of the three models
are less than 1.5 mm, the mean relative errors are less than 20%. Figure 6 shows
the cumulative distribution of the relative errors of the three models. In Fig. 6, the

Table 3 MAE and MRE of
the three models

CNN BP-NN MLP-NN

MAE (mm) 1.14 1.35 1.26

MRE (%) 16.6 17.8 18.4
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Fig. 6 CDF of relative errors of the three models

40% relative error of the three models is less than 10%; while the 70% relative error
of CNN and MLP-NN is less than 20%, and the 60% relative error of BP-NN is
less than 20%. To sum up, it is reliable and feasible to evaluate road rutting through
smartphones.

6.3 Application

In order to show the evaluation results of the convolution neural network rutting
evaluation model more intuitively, this paper used the GPS position information
collected by the driving data acquisition APP to display the evaluation results on the
map. The rutting depth can be divided into four grades according to the Highway
Performance Assessment Standards (JTG 5210–2018). In this paper, the four grades
were represented by different colors on the map. Table 4 shows the grading range of
rutting depth and corresponding colors. We selected some roads in Beijing as the test
objects. Figure 7 displays the rutting evaluation results of these roads on the map.

Table 4 Rutting depth grade Evaluation grade Rutting depth(mm) Color

Excellent ≤10 Green

Good >10, ≤13.33 Yellow

Medium >13.33, ≤16.67 Orange

Poor >16.67 Red
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Fig. 7 Display of rutting evaluation results in the map of Beijing city

Due to the channelization of traffic, the increase of traffic load and traffic volume,
rutting has become a major disease of asphalt pavement and one of the main decisive
factors of pavement maintenance. The results of this study can help the pavement
engineerings conduct a better road maintenance.

7 Conclusions and Future Work

The large variety of sensors in most modern smartphones makes these devices useful
tools to collect a large amount of data in many situations, allowing the emergence
of new systems and applications. This paper studied the feasibility of using smart-
phones to evaluate pavement rutting. First, it was found that the variation trends of
vibration acceleration under different vehicles and speeds are highly similar. Then,
by analyzing the correlation between rutting and vibration acceleration, the first 7
indexes were selected from the 18 time domain indexes of vibration acceleration as
the primary index set. The result showed that rutting mainly affects the vibration
acceleration of x-axis. Next, the principal component analysis was used to transform
the seven indexes into two independent principal components to reduce the interfer-
ence of redundant indexes on the evaluation model. Finally, the rutting evaluation
model based on convolutional neural networkwas established and comparedwith the
models based on BP neural network andMLP neural network. The result showed that
the error of convolution neural network model is the smallest, the MAE is 1.14 mm,
and theMRE is 16.6%. This study proved that the smartphone can be used to evaluate
the road rutting conditions. In order to show the evaluation results of the model more
intuitively, the evaluation results were displayed in different colors on the map.
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The accuracy of the method proposed in this paper is lower than that of the current
automatic detection equipment. In future works, we intend to introduce more vehicle
and road types for extending the research application and to improve the accuracy
of the evaluation method.
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Feasible Treatment Selection for Routine
Maintenance of Flexible Pavement Sing
Fuzzy Logic Expert System

Rajnish Kumar , Sanjeev Kumar Suman , and Ankita Singh

Abstract Pavement maintenance management systemmotivates to provide a scien-
tific tool for maintenance and rehabilitation of roads pavement at desired service-
ability levels. In view of the fund’s constraints and the need for judicious spending
of available resources, the maintenance planning and budgeting are required to be
done based on scientific methods. Unfortunately, the current maintenance practices
are ad-hoc and subjective in nature. Pavement condition responsive maintenance is
very useful for judicious disbursement of maintenance funds. The objective of this
paper is to select a feasible treatment for routine maintenance based on pavement
condition parameters of flexible pavement using Fuzzy Logic Expert System (FLES).
Six different national highways have been selected to provide the maintenance based
on the PCI, traffic volume, pavement age, precipitation, temperature and budget.
FLES offers a convenient tool to better represent the uncertainty involved in pave-
ment condition rating and assessment. The pavement maintenance treatment needs
are generally determined based on the results of visual inspection, which in most of
the cases does not give an adequate representation of pavement condition. Treatment
selection FLES model has considered anticipated distresses-based condition index,
anticipated traffic, and prevailing climate, age of the pavement and budget for treat-
ments. Model predicts treatment types based upon their expected life. The triangular
membership function for all the parameter is considered and analyzed with sufficient
number of fuzzy rules as suggested by the maintenance engineers. The predicted
result was compared with the twenty-five maintenance engineer’s responses, which
shows homological results. Hence, this approach may provide an appropriate and
economically viable maintenance treatment.
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1 Introduction

The systematic planning of maintenance strategies is an integral part of the pave-
ment management system’s decision-making process. The premature failure of pave-
ment section before its design life due to unavoidable uncertainties (occurrence of
traffic, variation in drainage conditions, rainfall,weather conditions, andnon-uniform
construction) is an issue that needs to be addressed strategically. The decisive process
can be data-centric, an expert system, or both. A timely updated PMS database is
not readily available in developing countries like India. The maintenance of India’s
extensive road network largely depends on expert opinion. Deciding the most appro-
priate maintenance strategy for a large number of pavement sections is complex. The
only efficient way for effective pavement management is to employ a computerized
system [1].

The pavement maintenance management system is carried out considering the
pavement rating system or PCI which reflects the structural and functional proper-
ties. Themaintenance issues are always amajor concern for themaintenance engineer
over a period of time [2]. There are several researchers who have done a considerable
amount of work in the field of pavement maintenance. The overall condition index is
developed considering the expert opinion, traffic information and pavement distress
to prioritized the pavement section. The prioritization model is developed based on
the budget constraints formaintenance [3]. Saaty’s scale is used to provide theweigh-
tage or relative importance among the assigned variables or alternatives subjectively.
The Analytical Hierarchy Process (AHP) is one of the prioritization model which is
adapted to provide the pavement maintenance based on the relative importance [4].
The pavement maintenance strategy is also prioritised at the network level using the
AHP [5]. The AHP has shown the strength in the selection of alternative but it is very
complex and time cosuming technique when the number of alternatives are more
than eight [6]. Multi-attribute utility theory (MAUT) is also used in the prioritisation
of pavement in terms of utility function. MAUT is advantageous in the selection of
most suitable preferences among the availabe alternatives [7]. However, MAUT is
unable to produce individual utility function [7].

The fund allocation for maintenance strategy is determined on the basis of incre-
ment in the vehicle operation cost (VOC). The VOC increases with the time due to
increment in the traffic loading [3]. A deterioration model is developed considering
cracking, raveling, potholes and roughness. A comparison is made between devel-
oped deterioration model and HDM-4 deterioration [8]. In HDM-4 software, the
higher value of NPV/CAP ratio represents the requirement of a higher maintenance
strategy [9]. The remaining service life is also considered as an indicator for the
maintenance work of a pavement [10]. However, HDM-4 sotware is an expensive
software which is not affordable for everyone. Fuzzy logic is a powerful inference
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system between linguistic and numerical data. It establishes the relationship between
symbolic and numerical spaces [11]. Now, a day fuzzy logic expert system (FLES)
receives the attention of the researcher due to incorporation of human expert knowl-
edge with its nuances. Fuzzy logic reveals the result in an interpretable way for a
researcher. Fuzzy logic is a powerful inference system between linguistic and numer-
ical data. It establishes the relationship between symbolic and numerical spaces.Now,
a days FIS got the attention of the researcher due to incorporation of human expert
knowledge with its nuances [12, 13].

The FLES has been adopted by the researchers to reveal the pavement condition.
For the development of pavement rating system, FLES is used [14–16]. However,
pavement roughness is determined using the fuzzy set theory [15]. Furthermore, it is
used to determine the future condition of pavement distresses and finally determine
the pavement performance [16, 17]. The maintenance and rehabilitation is evaluated
using fuzzy logic [18]. Fuzzy logic systems (FLS) have the advantage of being able
to integrate experts’ basic information into decision-making processes through the
use of implication laws capable of representing imprecise knowledge and qualitative
data. Fuzzy structures are useful for modelling expert logic because they effectively
manage linguistic rules and are fault-tolerant to subtle adjustments in input or device
parameters. Based on the previous study of FLES, it is concluded that the pave-
ment treatment process is determined using the the various pavement deteriorating
parameters.

The objective of this paper is to develop a multiobjective optimisation tech-
nique for the pavement treatment selection process using the various deteriorating
parameters.

2 Methodology

FLES has been proposed for the evaluation of optimal pavement treatment using
the various pavement affecting parameters. There is always an issue regarding the
selection of treatment process for a pavement managers from various set of solution
available. The pavement deteriorating parameters are selected based on the literatures
and from the expert advise. In the formulation of FLES, each solution reflected an
optimal pavement treatment based on various objectives. In this study, there are six
different parameters selected as the input of the FLES model whereas the pavement
treatment process is used as the output. The input parameters of the model are PCI,
traffic condition, precipitation, temperature, pavement age and budget allotted. If–
then rules are used in the FLES model to establish a relationship between input
parameters and output parametrs. The fuzzy rules are developed using the expert
knowledge but it may changes from expert to expert. The expert opinion is the best
suited option in the formulation of fuzzy rules. In this study, a group of twenty five
pavement pavement maintenance engineers having working experience more than
ten years are selected to define the fuzzy rules.
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Fig. 1 Pavement condition index (PCI) rating [10]

2.1 Pavement Condition Index (PCI)

PCI is widely accepted for highways, airfields and parking lots to determine the
pavement surface condition. The PCI is a numerical index, ranging from 0 (for
a failed pavement) to 100 (for a pavement in perfect condition) which provides
pavement’s structural integrity and surface operation condition [9]. The PCI value
is calculated based on the distress type, severity and quantity of pavement. The
distresses in pavement are grouped into four categories such as surface defects,
cracks, deformation and disintegration [10]. The degree of pavement deterioration
is a function of distress types, distress severity and amount or density of distress.
Deduct value was introduced as a type of weighing factor to indicate the effect of
these factors [19] (Fig. 1).

2.2 Traffic Volume

The pavement distresses aremainly caused by pavement condition and trafficmoving
through it, so themaintenancemainly depends upon these two factors. As per IRC:37
(2018), the traffic volume is the number of commercial vehicles that passes through
particular road segment, this traffic volume is measured in the form of cumulative
vehicle per day (CVPD). The average annual growth rate of commercial vehicle is
considered as 5%while designing the highways [20]. Different CVPD is obtained for
different pavement section, hence, it is required to characterised the traffic volume
in terms of CVPD (as shown in Table 1).

Table 1 Traffic volume
factors [20]

Traffic Commercial vehicle per day (CVPD)

Low 0–2000

Medium 2000–5000

High 5000–7000
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Table 2 Categories of
rainfall departure from
normal [22]

Category Rainfall amount (in cm)

Low rainfall 0–100

Medium rainfall 100–250

High rainfall 250–350

2.3 Precipitation

Precipitation in terms of rain, fog, snow, results in the change of moisture level of
pavement and consequently due to this rise moisture level, distresses are formed in
the pavement. Dawson [21] explore the various ways in which the moisture affects
the pavement. The precipitation in the form of rainfall is generally drain out from the
pavement through the gullies, drains and pipes that are constructed along with the
road drainage whereas the surface runoff might enter inside the pavement through
the distresses (cracks and potholes). Local water table also plays important role
in formation of pavement distresses, due to near subgrade water table, the bonding
between the subgrade and pavement layers degrades the bonding between aggregates,
this results in the formation of potholes. During the flood and heavy rain, pavement
subgrades might be completely submerged in water which also result in the negative
impact in pavement.

India Meteorological Department (IMD) define rainy day with precipitation of
2.5 mm or more whereas extremely heavy rainy day is explained with rainfall greater
than 650 mm [22]. During the entire monsoon period, from June to September, India
received approximately 86% (102.08 cm) of its annual rainfall. The rainfall in India
is categorised as High, Medium and Low (shown in Table 2).

2.4 Temperature

In the hot climate regions, due to elevated environmental temperature, the pavement
surface gets heated up (up to 50 °C) which results in disintegration of bond between
bitumen and fine aggregate, this tendency is known as ravelling whereas in the cold
region, freezing low temperature of pavement renders the brittle property of surface
which is prone to generate cracks. The stress–strain response of pavement is hugely
depending on pavement temperature. The stress–strain response helps in spreading
the wheel load over the surface and limiting this stress–strain response may results in
load related deterioration [23]. Due the elevated pavement temperature, the resistance
to permanent deformation is reduced for the pavementmaterial. During this situation,
thermal stress in asphalt layers is developed which results in thermal cracking [24].
According to IMD, most of the region of Indian states having 0–5 °C temperature in
the winter season whereas 39–42 °C temperature is recorded in the summer season.
The utility scores are developed using IMD report of temperature variation.
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Table 3 Different categories
of pavement age [20]

Pavement age Age in years

Category 1 0–4

Category 2 4–8

Category 3 8–12

Category 4 12–15

Table 4 Categorisation of
budget allotted for pavement
treatment

Budget Fund allotted (in lakh)

Low 0–15

Medium 15–30

High 30–75

Very High >75

2.5 Pavement Age

The target National Highways in this study are having design period of 20 years as
well as corridors, having design period of 30 years are also considered.More detailed
design period of different categories of road are prescribed in IRC:37 (2018). A long-
life pavement is designed for more than 50 years which is also termed as perpetual
pavements. The pavement age is categorised in to four different categories and they
are tabulated in Table 3.

2.6 Budget

The treatment is provided in theflexible pavement tomaintain the pavement condition
using the fund allotted by the Government. The budget is categorized in to four
different group as low, medium, high and very high (as shown in Table 4). The fund
allotted for maintenance for each one kilometer below 15 lakhs is termed as low
budget whereas the fund allotted greater than 75 lakhs is termed as very high budget.
The budget is utilized to improve road condition and extend its life.

2.7 Pavement Treatment Process

The treatment process is categorized in to four different group such as preventive
treatment, maintenance/renewal, strengthening/rehabilitation and reconstruction (as
discussed in IRC:82- (2015). The preventive treatment is mainly provided in the
flexible pavement to fill the crack. The treatment process is adopted based on the
types of distresses and their severity level. The periodic renewals treatment process
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Table 5 Different types of flexible pavement treatment process [25]

Treatment process Membership range (in terms of expected life in
years)

Crack fill (CF) 0–2

Fog seal (FS) 1–3

Slurry seal (SS) 2–5

Chip seal (CS) 3–7

Micro-surfacing (MS) 5–8

Ultra-thin friction course (UTFC) 7–10

Thin hot mix bituminous overlay (THO) 8–12

Hot in place recycling (HIR)/cold in place
recycling (CIR) + thin HMB overlay (THO)

10–13

Ultra-thin white topping (UTWO) 12–15

Reconstruction (R) 13–15

is a provision to provide a surfacing layer over the pavement after certain interval of
time. The renewal treatment rectifies the camber, super elevation which get flattened
due to repeated traffic. The suggested periodic renewal treatment is provided to
eliminate the pavement roughness based on the experience and pavement condition.
The pavement is strengthened using the hot mix bitumen mixture overlay and ultra-
thin white topping. Once the pavement is completely deteriorated, the pavement is
reconstructed or replaced [25].

The different types of treatment process are selected from the various literatures
and variousmaintenance engineers advise. The range ofMF for treatment process are
suggested by the experts. The selection of treatment process for an older pavement
are varied with expert to expert. Total twenty-five experts have been participated and
their opinion have been considered. The treatment process with respect to the age
of pavement is changes with expert to expert. Hence, the average range of already
constructed pavement age ismentioned in Table 5 corresponding to various treatment
process.

3 Data Collection

Six different national highways (NH) of Bihar, India are selected for this study.
Pavement distress data, traffic volume, pavement age, precipitation, temperature, and
the budget available for maintenance are all gathered in order to offer the optimal
treatment to the pavement. The pavement distresses and severity level have been
acquired from the field during the visual examination. All data required for this
study is gathered from six distinct NHs situated in Bihar, India. NH-30 connects
Bakhtiyarpur to Patna, NH-19 connects Patna to Chhapra, NH-28 connects Patna
to Dhobi, NH-102 connects Chhapra to Muzaffarpur, and NH-57 is in Dabhanga
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(a) NH-102 (b) NH-19 (c) NH-83 (d) NH-30 

Fig. 2 Pavement condition of four national highways of India

(Bihar), India. The pavement condition of four NH is shown in Fig. 2. The pavement
condition index (PCI) is computed utilising distress data in accordance with ASTM
D6433-11 guidelines [26]. The traffic volume, pavement age and budget available for
all sixNHare collected from the national highway authority of India (NHAI)whereas
temperature and precipitation has been tabulated from the Indian Meteorological
Department (IMD) rainfall statistical report 2019 [22].

4 Model Formulation

FLES model is developed using the Fuzzy Inference System Program (FISPro). The
FISPro software is developed usingC++ language having a graphical Java interface
for automatic learning. This software helps in developing FIS from the numerical
data. The FISPro software has different learning methods not like machine learning
or deep learning which have a black box system. FISPro is easy to operate and
produce the entire fuzzy rules [27]. The basic working structure of FIS is explained
in Fig. 3. The FIS is widely accepted for the classification problems. The learning
approach consists of fuzzy partitioning, fuzzy rule induction and fuzzy defuzzifica-
tion. The semantics is maintained while implementing the FISPro software. For a
multi-objectives optimization model, an index is developed to maintain the semantic
interpretability [28].
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Fig. 3 The basic structure of FIS

4.1 Generation of Membership Functions

A fuzzy set is deliberated as a smooth boundary which generalizes the member-
ship functional notation from black to white binary category. This binary category
provides partial membership on the basis of classical set theory. In the fuzzy set,
the membership is categorized between 0 to 1 [29], where 0 represents the non-
membership function and 1 is represented for complete membership function. In
mathematical terms, a fuzzy set is described by a mapping of the interval [0,1] from
its discourse universe. MF is graphically represented and also define the member-
ship degree through the mapping from variable space. The generated membership
function in this model is shown in Fig. 4.

Fig. 4 Shape ofmembership function a triangularmember function b trapezoidal member function
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In this paper, the membership functions are mainly developed in triangular and
trapezoidal shapes. The mathematical expression for MF is also explained in Fig. 4.
The input parameters such as PCI, traffic, precipitation, temperature, pavement age
and budget are defined in the FISPro software. The low and high cluster is drawn
as semi trapezoidal shape whereas medium cluster have been expressed through
triangular shape. Each input parameter is categorized and their ranges are explained
in the Sect. 2.

4.2 Membership Function

The defined ranges of input variables are entered in the FISPro software to generate
the membership function (MF). Each parameter has their different range of variation
and according to them MF is developed by the FISPro. The lower and higher range
of input parameter are generated in semi-trapezoidal shape whereas mid-range value
is represented by triangular shape in developing the MF for all input parameter.
The remaining input parameter such as traffic, precipitation, temperature, age and
budget has been represented by triangular membership function, since, the input
parameter value has been defined in a range bound by the maintenance engineers.
The graphical representation of MF generated using FISPro is shown in Fig. 5. The
MF for the pavement treatment process is also generated and shown in Fig. 6. All
ten-treatment process has been defined with respect to the age of pavement and their
corresponding age has been represented by Table 5. The MF for treatment process
has been generated by FISPro and their graphical representation is shown in Fig. 6.
The MF for each pavement treatment process is represented as triangular shape by
FISPro software, since they lie in a range bound. The variation in their ranges of
each input and output parameter is expressed by x-axis whereas the y-axis represents
the MF in the range of [0,1]. The zero is explained as the no relation whereas the
maximum relation is shown through 1.

4.3 Formulation of Fuzzy Rule

The fuzzy rule is generated using simple and logical IF–THEN rules [30]. Fuzzy
rule formulation is a major challenge for a high dimensional problem. The selection
of every possible rule is not as easy as it looks. The fuzzy rules are designed based
on expert knowledge or from the numerical data that restricts a number of possible
situations [14]. For a more precise rule, one may have a higher number of fuzzy
rules with more information. The successive refinement and sequential set of fuzzy
rules will provide a precise rule. The complete fuzzy rule for any model is equal to∏n

i=1 mi [14] where m represents the number of MF for i input and numbers of input
are indicated by n. The ith pair rule is as follow:
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(a) Membership Function for PCI (b) Membership Function for traffic

(c) Membership Function for precipitation (d) Membership Function for temperature

(e) Membership Function for Age (f) Membership Function for budget

Fig. 5 Membership function for input parameter

Fig. 6 Membership function for the output variable (treatments)
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The rule formulation in this paper is complex due to the consideration of six input
variables with different ranges of variation and one output variables. FISPro soft-
ware is used to overcome this issue. Fuzzy system is generated with the numerical
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Fig. 7 A part of designed rule base for the fuzzy-based treatment selection system

data using FISPro [27]. Wang and Mendel’s method is used to generate the fuzzy
rule considering the predefined MF for used input and output variables [31]. It starts
generating the rule for each training dataset. The defined fuzzy rule with expert
knowledge is shown in Fig. 7. The FISPro software have generated more than three
thousand rules on considering the input parameter and output parameter with their
variation in the ranges. The expert advises have been proven very helpful in identi-
fying the most appropriate rule in the selection of the pavement treatment process
using the flexible pavement deteriorating parameters. Total 1882 set of legitimate
rules are identified for the selection of various treatment process.

4.4 Defuzzification

The defuzzification is always necessary for the gradual conjunctive rules. The find-
ings are obtained using maxima and centroid defuzzification. The continuous func-
tion is revealed only by the centroid defuzzification [32]. This function is not linear
and generally monotonic in nature. But, when two rules are triggered at the same
level then defuzzified values shift towards the wider one. The fuzzy linguistic output
is converted into a crisp output using the defuzzification process considering the
centroid defuzzication. The fuzzy rule is analyzed through rule viewer as shown in
Fig. 8. The effects of individual MF of each input for the output are observed through
the rule viewer.
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Fig. 8 Fuzzy rule viewer window for the inference system using FISPro software

5 Results and Discussion

The developed FLESmodel is able to optimise a flexible pavement treatment process
using the various input parameter such as PCI, traffic, age, precipitation, temperature
and budget. Each input parameter has been categorised as mentioned in section II
and their range of variation is also defined. The MF for each parameter is developed
as their range of variation mentioned in section II. The fuzzy rules are developed by
FISPro based on the input parameter and output parameter.

5.1 Validation of FLES Model

The developed fuzzy model has been used to perform a case study over six national
highways. The data has been collected from NH-30, NH-19, NH-28, NH-83, NH-57
and NH-102 at the locations such as Fatuha, Hazipur, Gopalganj, Gaya, Darbhanga
and chhapra situated in Bihar. Using generated rules and membership functions, the
FLES is analyzed of its efficiency. For each chosen section at six different national
highways, data corresponding to various parameters is recorded as mentioned in
Table 6. The inference results are obtained from the FLES model and compared with
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the expert’s choices. The FLES model has suggested us two treatment choices for
a given set of conditions due to overlapping discourse for treatments membership
defined by expected life. The maintenance engineer or the expert has suggested the
treatment process depending upon the budget available for undertaking maintenance
works. The decision can also be based on pavement conditions accompanied by the
pavements’ age. Due to limited fund allocation, the budget followed by pavement
conditions is given more priority than other parameters.

For the data sets in Table 6, NH 30, the inference results have provided two
choices—slurry Seal and chip seal. However, used FLES for the first dataset has
shown some inconsistency with the expert’s decision that suggests the use of crack
fill for the given set of varying conditions. For the second section (NH 19), the
inference results have been represented the use of an Ultra-thin friction course or
Thin HMB overlay which describe the agreement with expert’s treatment choice of
the ultra-thin friction course. In case there is availability of higher budget and if the
condition and age demands, Thin HMB overlay can also be feasible. The expert’s
opinion for the section chosen corresponding to NH 28 was the reconstruction, and
the inference also suggests the use of Ultra-thin white topping or reconstructing the
pavement section. NH 83, NH 57, and NH 102 have represented the compatibility
with the expert’s choices. Out of 6 sections, the five-pavement section have shown
the consistency which defends the developed FLES approach’s applicability.

6 Conclusions

The inferred results have shown the homogeneity with the expert’s judgment while
making choices for the treatment, considering the parameters used while devel-
opingFLES.Maintenance engineers havemostly stressed over the existing condition,
budget, anticipated traffic, and age for the rule designing followed by other factors’
influence. However, the developed FLES has provided two suggestive choices which
lead to obscure choices. The available budget and resources are followed by pave-
ment condition and then pavement age is used as the supportive parameter by the
concerned experts or engineers in the selection of appropriate choices. The study has
mainly focused to make treatment selection more efficient and effortless. Simulta-
neously, appropriate and feasible choices can be made as introduced FLES helped
make the selection process closer to human reasoning.

Further study can look into each parameter’s sensitivity concerning the choices
made. Other structural and functional factors can also be incorporated. A hierarchical
system can be developed that considers both pavement condition assessment and
treatment selection.
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Functional Condition Evaluation
of Airfield Pavements Using Automated
Road Survey System—A Case Study
of a Small Sized Airport

Pradeep Kumar and Madhavendra Sharma

Abstract Airports are vital national resources. Airfield Pavements within an airport
represents a large capital investment in infrastructural development made by a
country. Timely and appropriate maintenance and rehabilitation of such in-service
facilities are essential to provide an all-weather surface for safe and regular opera-
tions of the aircraft. Pavementmaintenance is done based on functional and structural
pavement condition evaluation. This paper presents a case study dealing with func-
tional evaluationof airfield pavements of a small sized airport in India. The considered
airport consists of two runway, seven link taxiways, three apron areas and an isolation
bay with different surface types. Present paper reports the methodology adopted for
the functional condition evaluation of the airfield pavements with help of Automated
Road Survey System. Further, the evaluated pavement condition was quantified in
terms of Pavement Condition Index (PCI) as per the ASTM D5340 with help of
PAVER and GIS based software. GIS was used for preparing inventory database and
basemaps for the concerned pavements whichwere then used in PAVER software for
determining the PCI. The airfield pavement network within the airport was divided
into a four-level hierarchy consisting of the network, branch, section and sample.
The obtained PCI rating shows that the overall condition of the airfield pavements
within the considered airport is satisfactory to good, however some of the areas have
distresses that needs to be repaired by localized maintenance.

Keywords Airfield pavement management system · Pavement condition index ·
GIS · PAVER

1 Introduction

Air transport is growing manifolds in terms of number of operations worldwide.
As a result of growing air transport, new airfield infrastructure is being developed
worldwide. Airports serves as a source of fast and reliable mode of transportation in
present times. Airfield pavements are amajor investmentwith a new runway typically
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costing between $100 M and $500 M to plan, design and construct, including all the
associated infrastructure [1, 2]. These airfield pavements act as the backbone for
economic development in the region, not only in developed countries but also in
developing countries [3].

Immediately after the construction, airfield pavements begin a gradual deteriora-
tion attributable to weather and loading. With higher deterioration when pavements
are in poor condition, the maintenance cost would increase manifolds as compared to
pavements in good condition [4]. Airfield PavementManagement System (APMS) is
employed for assisting the airport authorities in effective decision making inMainte-
nance andRehabilitation (M&R) of pavements. Collection, assessment and reporting
of present pavement condition are some of the major tasks to be performed while
developing an APMS. Condition assessment of airfield pavements is done based on
condition indicators obtained from visual distress survey. Visual distress surveys are
usually performed by walking (Foot on Ground) or windshield method consuming
time and labor.

This paper presents a methodology adopted for condition evaluation of the airfield
pavements in India using Automated Road Survey System (ARSS). Use of ARSS
for condition surveys of highway pavements is accepted worldwide but use of such
techniques for airfield pavements is not widespread. One of the best practices in the
state of the art in airport infrastructure management is maintenance management
with a combination of Global Positioning System (GPS) and Geographic Informa-
tion System (GIS) Technologies [5]. The work reported within the present paper
incorporate both GPS and GIS for the functional condition evaluation of the airfield
pavements.

APMS provides a consistent, objective and systematic procedure for establishing
facility policies, setting priorities and schedules, allocating resources, and budgeting
for pavement maintenance and rehabilitation [6]. APMS is widely used techniques
for planning and assessment of airfield pavements around the globe [3, 7–10]. APMS
uses the concept of Pavement Condition Index (PCI), Foreign Object Damage Poten-
tial (FOD Index), Structural Index and Friction properties of Airfield Pavements for
condition assessment [11]. Determination of PCI is done based on pavement surface
distresses as specified in ASTM D5340 [12]. FOD Index is determined based on
subset of distresses mentioned in ASTM D5340 and can be calculated using the
PAVER software. APMS as reported in different articles [8, 9, 11, 13–18], used
FOG visual survey technique for distress survey of airfield pavements, however
FAA guidelines [6] doesn’t lay specific guidelines for the visual condition survey.
Hence, to reduce the time and labor consumption, the present study used ARSS for
condition survey.



Functional Condition Evaluation of Airfield Pavements … 187

2 Materials and Methods

The methodology adopted for the study make use of technologies like Geographic
Information System (GIS), Global Positioning System (GPS), Remote Sensing
systems in form of Automated Road Survey System (ARSS) and PAVER.

2.1 Airfield Pavement Network Definition

For the purpose of the inspection and evaluation, airfield pavements within the airport
are divided in a hierarchical structure of network, branches and sections which is
considered to be the first step in establishing a APMS [12, 19]. The inventory data
was obtained from the airport authority. The obtained datawas used as secondary data
for preparation of GIS map and classification of considered pavements into network,
branch and section. The pavements within the considered airport were classified into
three different network, one each of runway (RW), taxiway (TW) and Apron (AP).
Pavement within network were divided further into branch and section based on
crust and surface characteristics. Pavement area distribution within airport as per use
and surface type is presented in Figs. 1 and 2 respectively. The inventory GIS map
prepared is presented in Fig. 3.

Fig. 1 Pavement area distribution as per use
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Fig. 2 Pavement area distribution as per surface type

Fig. 3 Prepared inventory map in GIS of airfield pavements

2.2 Airfield Pavement Distress Condition Evaluation

Airfield Pavement Distresses and condition were surveyed in accordance with the
methods outlined in FAA Advisory Circular 150/5380-6C and ASTM D 5340—
18 using Automated Road Survey System (ARSS). The procedure is based on the
identification and measurement of distress at the pavement surface.
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Fig. 4 Automated Road Survey System (ARSS) used for survey of Airfield Pavements

Traditionally, Pavement condition surveys have been conducted using foot-on-
ground (FOG) approach on the airfields where inspectors walk on the pavement
sections and collect the detailed distress data [9, 11, 21]. In this study, the pavement
condition surveys have been conducted using Pavement Surface Imaging System
(PSIS) installed in Automated Road Survey System (ARSS).

ARSS used in present study as shown in Fig. 4 is based on the latest survey tech-
niques utilizing Global Positioning System and pavement surface imaging systems.
Using PSIS of ARSS condition survey is conducted while travelling at speeds up to
80 kmph.

PSIS of ARSS involve the use of two pavement cameras as shown in Fig. 4. These
cameras were used to generate the calibrated images (with known length and width)
of the pavement surface. The measurement of various surface defects viz. cracking,
raveling, and potholes was done by processing the captured calibrated pavement
surface images, using the Image Processing software. To fulfill the objective of this
study, emphasize were made on GPS data and pavement surface distress. Some of
the prominent distresses observed in the study are presented in Table 1.

2.3 Preparation of Distress Dataset

As per the ASTM D 5340—18, for the calculation of Pavement Condition Indices;
the pavement area needs to be divided into small inspection samples. The considered
sample area for the flexible pavements was 450 ± 200 m2 and for rigid pavements
was 25 ± 10 slabs. Hence, the base maps in the GIS were divided into samples
using small polygons. The ARSS data collected was further processed frame by
frame using image processing technique to quantify the distresses observed on the
airfields in terms of distress type, distress severity and extent as shown in Table 1.
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Table 1 Prominent distresses observed on airfield pavements

Distress image Pavement surface
type

Distress type Distress severity

AC Weathering Low

PCC Longitudinal cracking Medium

PCC Joint spalling Medium

PCC Joint Seal damage High

(continued)
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Table 1 (continued)

Distress image Pavement surface
type

Distress type Distress severity

PCC Corner break Low

The distress data prepared in such a way is a GPS enabled dataset having locations
of distresses in terms of latitude and longitude which was further included in the GIS
database at sample level in accordance with the ASTMD 5340—18. Figure 5 shows
the schematics of the process followed in GIS for preparation of base map.

Fig. 5 Schematic diagram
for distress database
preparation in GIS
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Fig. 6 Representation of condition indices; a Pavement condition index, b FOD potential index
[23]

3 Result

As a part of functional condition evaluation two types of functional indices a)
Pavement Condition Index (PCI) and b) Distress based Foreign Object Damage
(FOD) Potential Index, were determined in the present study to quantify the present
functional condition of the airfield pavements.

3.1 Pavement Condition Index (PCI)

Pavement Condition Index (PCI) as shown in Fig. 6a, is a score from 0 (failed) to
100 (good) that rates the ability of a pavement to perform its function effectively and
safely [22].

3.2 Foreign Object Damage (FOD) Potential Index

The loose material resulting from surface distresses can cause damage to aircraft
propellers and is called Foreign Object Damage (FOD). A FOD potential rating
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scale as shown in Fig. 4b ranging from 0 to 100 is used to indicate the potential for
FOD problems [23].

In the present study PAVER software was used for determination of PCI and
FOD potential index. Subsequent sections summarize the process of PCI and FOD
potential determination using PAVER.

The distress data at sample level was imported in the PAVER database after
preparation of airfield database. Distress data was imported using inspection wizards
within the PAVER for rigid and flexible pavement sections as shown in Figs. 7 and
8 respectively.

Fig. 7 Rigid Pavement Surface Inspection Import wizard

Fig. 8 Flexible pavement surface inspection import wizard
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4 Conclusion and Discussions

Pavement Condition Data collection is considered to be the most expensive and time
consuming task in establishing a PavementManagement System (PMS) [24]. To save
time and labor in collecting condition data for airfield pavements, presented study
worked on using ARSS for collecting condition data. Based on inspected sample
data, the FOD Potential Rating and PCI were calculated using the PAVER condition
analysis wizard. Section wise results are presented in Figs. 9 and 10.

While considering Pavement Condition Index (PCI), Runway pavements were
found to be in satisfactory to good condition. While the condition of apron was

Fig. 9 Observed FOD Potential Index for different airfield pavement sections

Fig. 10 Observed Pavement Condition Index (PCI) for different airfield pavement sections
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found to be in very poor and poor condition. In case of FOD potential, all pavements
are in fair to good condition as seen in Fig. 9.

The study performedwas aimed at the use of ARSS as a fast measure of evaluating
airfield pavements for functional aspects. The salient conclusions that can be drawn
from the present study are as follows:

• The use of ARSS and GIS subsequently has greatly reduced the effort for visual
inspection and processing of distress data.

• There are several advantages observed with use of PSIS (ARSS) over the use of
FOG approach in the present study including minimum interruption to aircraft
operations.

• Earlier the location of a distress needs to be measured from a benchmark point,
using tape and compass method. While in the present study the geotagged images
of pavement were obtained with use of GPS technology in ARSS, significantly
reducing the manual effort.

• Use of GIS to prepare inventory and GPS to subsequently mark distressed
locations will further help in preparing spatial temporal pavement condition data.

• The use of ARSS, helped in reducing the subjective factor linked with traditional
methods, hence improving productivity and repeatability.
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Ice-Breaking and Skid Resistance
Performance Evaluation of Asphalt
Pavement Groove-Filled with Elastomer

Tengfei Yao , Sen Han , Changpeng Men, Jianchao Zhang, Jianrong Luo,
and Yang Li

Abstract Icing on roads in cold regions seriously affects vehicle driving safety.
Therefore, this study aims to propose a pavement surface treatment technology with
groove-filled elastomer. Through theoretical analysis, the ice-breaking mechanism
of groove-filled elastomer asphalt pavement was clarified. Then, through the indoor
ice-breaking test, the ice-breaking performance of the asphalt pavement groove-filled
with elastomericmaterials under three filling forms of above, level and lower than the
asphalt pavement surface and different ice thickness were studied. The results show
that the filling form where the elastomer material is flush with the asphalt pavement
has the best ice-breaking effect, and the groove-filled elastomer asphalt pavement
still has an excellent ice-breaking effect when the thickness of the ice layer is less
than 2 mm. Finally, through BPN and friction coefficient test, the skid resistance
performance of groove-filled elastomer asphalt pavement under dry, wet and icing
conditions is verified. Compared with AC-13 asphalt mixture, the skid resistance of
groove-filled asphalt pavement is improved by 4.5, 10.8 and 24.6%.

Keywords Groove-filled asphalt pavement · Elastomer · Ice-breaking
performance · Skid resistance performance

1 Introduction

In the cold winter, many highways and urban roads are often affected by rain,
snow and freezing weather. When the snowfall is heavy or the ambient tempera-
ture continues to decrease, the road surface may be covered by ice for a long time,
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resulting in a serious lack of skid resistance of the pavement. The research data show
that the traffic accident rate of the frozen section is twice as high as that under the
normal climate conditions, and the casualty rate is as high as 70% [1, 2]. Especially
in special sections such as tunnel entrances and exits, long steep slopes and bends,
the accident rate is higher. The anti-skid problem of the road surface in icy and snowy
environments has become a key problem restricting safe road construction [3, 4].

First of all, traditional passive deicing methods on pavement include manual and
mechanical deicing or spraying snow melting agents, but these methods are time-
consuming and laborious, anddeicing agents such as chloride pollute the environment
and corrode road ancillary facilities [5]. Thermal snow melting method has less
pollution to the environment and high snow melting efficiency. However, there are
problems such as high construction difficulty, high energy consumption, and high
maintenance costs in the later period, which are difficult to popularize and use on
a large scale [6]. The super-hydrophobic anti-icing pavement is mainly made by
preparing a layer of super-hydrophobic material on the surface of the pavement.
This super-hydrophobic structure could reduce the surface energy of the pavement
and weaken the adhesion between the ice and the pavement so that the ice on the
road surface is easy to remove [7, 8]. However, the super-hydrophobic structure of
this layer may lead to a decrease in the initial skid resistance performance of the
pavement and the wear resistance of the hydrophobic material needs further study.
Self-stressing elastic paving technology could be divided into elastic-filled pavement
and inlaid paving pavement. It mainly adds a certain amount of elastic material to the
pavementmaterial to cause uneven deformation of the pavement under the load of the
wheel, thereby causing the ice layer to generate self-stress to break the ice [9].Kiyoshi
Takeichi paved a variety of inlaid pavements on urban roads respectively. Through
long-term observation, it was found that the grooved filled elastomer pavement had
good snow removal ability and skid resistance performance, but the interfacial bond
durability between elastomer and pavement still needs further study [10].

Polyurethane (PU) is a kindof polymermaterialwith repeated carbamate segments
(-NHCOO-) in its molecular structure, which is famous for its high strength, excel-
lent elasticity, oil resistance and low-temperature resistance [11]. Polyurethane elas-
tomer (PUE) is composed of a rigid hard segment and a flexible soft segment block
among them, the hard segment is formed by diisocyanate and small molecular diol
or diamine (chain extender), and the soft segment is oligomer polyol [12]. The ther-
modynamic incompatibility of the soft and hard phases in the chain segment causes
the polyurethane to appear microphase separation, that is, the hard segment phase is
evenly distributed in the soft segment phase to play a role of elastic crosslinking. This
structural feature makes PUE possess extremely excellent performance [13]. Many
scholars have introduced polyurethane into the research of pavement engineering
materials. Sun et al. [14] prepared a polyurethanemixturewith a skeleton chain struc-
ture. The properties and functional groups of PU were evaluated by Brookfield rota-
tional viscosity test, Fourier transform infrared spectroscopy (FTIR) and Dynamic
mechanical analysis (DMA), and the pavement performance of the polyurethane
mixture was evaluated. Gao et al. [15] used different types of rubber particles and
polyurethane to prepare rubber particle mixtures, and evaluated the high-temperature
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resistance, aging resistance, and skid resistance of the rubber particle mixtures. Cong
et al. [16] studied the effect of polyurethane hard segment content on polyurethane
properties. They tested the hardness, elongation, elastic modulus and other proper-
ties of polyurethane and studied OGFC13 through freeze–thaw splitting test, rutting
test, friction coefficient test, and three-point bending test. In order to improve pave-
ment performance, polyurethane with 41% to 51% hard chain segment content is
recommended. Wang et al. [17] used polyurethane as cement to prepare porous
elastic pavements, and evaluated their road performance and acoustic properties.
The applicability of this kind of pavement in urban roads in cold regions has also
been verified.

This study aims to propose a pavement surface treatment technology with groove-
filled the elastomer. Through theoretical analysis, the ice-breaking mechanism of
groove-filled elastomer asphalt pavement was clarified. Then, through the indoor
ice-breaking test, the ice-breaking performance of the asphalt pavement groove-filled
with elastomericmaterials under three filling forms of above, level and lower than the
asphalt pavement surface and different ice thickness were studied. Finally, through
BPN and friction coefficient test, the skid resistance performance of groove-filled
elastomer asphalt pavement under dry, wet and icing conditions is verified.

2 Mechanism and Experiment Procedure

2.1 Ice Breaking Mechanism of the Asphalt Pavement
Groove-Filled with Elastomer

As shown in Fig. 1, the basic ice breaking principle of the asphalt pavement groove-
filledwith elastomer is that under the action of vehicle load, the difference ofmodulus

Fig. 1 Ice breaking mechanism of the asphalt pavement groove-filled with elastomer
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between road material and elastic material causes the stress concentration in the ice
layer at the junction of the two. The self-stress generated would be much greater
than the internal stress of the ice layer under the normal pavement structure. When
the stress value is greater than the strength of the ice layer, the ice layer would
automatically break. The edges and corners of the groove would be exposed at this
moment, which could immediately play a certain anti-skid effect. With the vertical
compressive stress and transverse shear stress of the tire, the ice layer located on
the upper part of the asphalt concrete between the grooves would gradually be worn
by the tire, thereby achieving the effect of the overall road surface ice layer being
broken and the original road surface exposed.

2.2 Preparation Process of Groove-Filled Asphalt Pavement
Specimens

In this study, referring to related papers [18], rectangular grooves with a width of
10 mm and a depth of 10 mm were selected, and the groove spacing is 50 mm. The
elastomer material is made of polyurethane and rubber particles in a certain ratio.
The filling container is a 400 ml hose, and the filling equipment is an electric glue
gun. The specific preparation process is as follows:

a. Form the specimen plate. The 30 cm × 30 cm × 5 cm AC-13 asphalt mixture
specimens were formed in the laboratory.

b. Groove.The sample platewasgroovedwith agroovingmachine in the laboratory
according to the size of 10 mm × 10 mm × 50 mm, and then the dust in the
groove was washed. After washing, it was placed in a ventilated place to dry.

c. Stick antifouling tape. In order to prevent the pavement from being polluted by
the elastomer material, the plastic tape was pasted on the groove edge of the
filling front edge.

d. Preparation of the elastomer. The elastomer was prepared according to the
optimum ratio of elastomer material determined by the experiment.

e Filled with the elastomer. Put the prepared the elastomer into the hose, install
the nozzle and the back cover into the electric gun, set the filling speed of the
gun at 0.5–1 m/min, and slowly and evenly fill along the groove edge.

f. Compaction. First, lay a non-woven fabric along the filled groove, and then
manually compact it with a steel pipe with an outer diameter of 30 mm.

g. Curing. After the compaction is completed, tear off the non-woven fabric strip
and tape, and place the test piece plate at room temperature for 24 h.
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2.3 Evaluation of the Ice-Breaking Performance
of Groove-Filled the Elastomer Asphalt Pavement

This test uses a self-developed pavement ice-breaking simulation tester. The equip-
ment is shown in Fig. 2. The whole system is mainly composed of a wheel mill and
a refrigeration system. The refrigeration system could automatically and accurately
control the temperature in the equipment, and thewheel rolling device could simulate
the stress situation of the road under the repeated action of the wheel dynamic load.
The wheel rolling device is a smooth tire, and the interaction mode with the road
surface is pure rolling. The main parameters of the experimental instrument are as
follows: rubber wheel width: 50 mm; rubber wheel grounding pressure: 0.7 MPa;
walking times: 42 times/min; temperature control range: 0 ~ −5 °C; temperature
control accuracy: ± 0.5 °C; specimen size: 300 mm × 300 mm × 50 mm. The test
operation process is as follows:

a .Firstly, the corresponding ice thickness was frozen in the refrigerator.
b .Turn on the power and set the test temperature to—5°C. After the temperature

is constant, the frozen specimen is placed on the test platform for 30 min, so
that the temperature of the specimen is consistent with the temperature in the
equipment.

c .Start the wheel rolling system to roll the test piece, observe the ice surface
breaking condition of the test piece at all times, take out the test piece according
to different rolling times, take photos of it, and record the corresponding rolling
times.

This section mainly explores the influence of three kinds of the elastomer filled
height on the ice-breaking performance of groove-filled structure through the ice-
breaking test. The filled height is 1 mm lower than the groove height, flush with the
groove and 2 mm higher than the groove(Abbreviation: the elastomer and groove
level, the elastomer lower than groove and the elastomer higher than groove) as

Fig. 2 Pavement ice-breaking simulation tester
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Fig. 3 Grooving filled elastomer specimen plates

shown in Fig. 3. Under the test temperature of—5 °C, the ice layer thickness (1 mm,
2 mm, 3 mm, 4 mm) was changed to explore the change of ice-breaking performance
of different structures.

2.4 Evaluation of Skid Resistance of Groove-Filled
the Elastomer Asphalt Pavement

In order to verify the skid resistance performance of the grooved asphalt pavement
filled with the elastomer, the BPN and friction coefficient of the groove-filled the
elastomer asphalt pavement were tested under dry, wet and icing conditions respec-
tively. The pendulum friction tester is used for the BPN test, and the walking friction
coefficient tester (WFT) developed by ourselves is used for the friction coefficient
test. At the same time, the common asphalt pavement, grooved pavement (unfilled)
and groove-filled asphalt pavement were tested and compared.

As shown in Fig. 4 is a picture of WFT. It has two rear wheels and one front
wheel. The front wheels are test tires. The diameter of the three wheels is the same,
which is 400 mm. The center distance between the front and rear wheels is 540 mm,

Fig. 4 The Walking Friction Tester (WFT) [19]
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and the center distance between the two rear wheels is 580 mm. The front wheels
are solid smooth rubber tires with a width of 60 mm. The density of the tested
tire rubber is 1.15 g/cm3 and the shore hardness is 75. A constant vertical load of
196 N is maintained on the test wheel, and the corresponding contact area is 19.775
cm2. The contact pressure is about 99.2 kPa. WFT is equipped with a speed sensor
to measure the test speed in real-time, and a torque sensor is used to record the
torque of the test wheel. According to the measurement principle of WFT and the
friction coefficient calculated theoretically, the calibration is carried out. The friction
coefficient measured by WFT is calculated as follows:

µ = M

R × N
. (1)

whereM is the measured torque, R is the radius of the test wheel, and N is the vertical
load on the test wheel. The data recorder of WFT calculates the friction coefficient
at 0.2 s intervals to provide continuous recording of the friction coefficient values at
close range. The test speed could be maintained at the normal walking speed.

3 Results and discussion

3.1 Ice Breaking Performance

As shown in Fig. 5, it shows the ice-breaking effect picture and the binary refinement
image of the elastomer and groove level specimen, 2 mm ice thickness, and −5 °C
groovefilling.After binary refinement image processing, different types of specimens
are obtained, and the calculation results of ice fragmentation rate of specimens with
different ice thickness are shown in Table 1 and Fig. 6. When the thickness of ice
layer is 1 mm, both the elastomer and groove level and the elastomer lower than
groove specimen have a good ice-breaking effect, and the ice fragmentation rate
of the elastomer and groove level specimen is significantly higher than that of the
elastomer lower than groove specimen. This is because when the thickness of the ice
layer on the pavement is 1 mm, the actual thickness of the ice layer on the upper part
of the elastomer lower than the groove specimen could be close to 2 mm, and the
actual strength of the ice layer at this time is far greater than that of the 1 mm thick
ice layer of the elastomer and groove level specimen. Similarly, when the thickness
of the ice layer on the pavement surface is 2 mm, the ice fragmentation rate of the
elastomer higher than the groove is also less than that of the elastomer and groove
level specimen. The reason is that when the elastomer is covered with a 1 mm thick
ice layer, the actual road surface ice thickness is 3 mm. The integrity of the road
surface ice layer is good, and the wheel load is difficult to damage its structure.
Similarly, when the surface of the bituminous pavement is covered with 1 mm ice,
the thickness of the ice inside the groove has reached 10 mm, which makes the ice
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Fig. 5 The ice-breaking effect picture and binary processing image of the groove at different rolling
times

Table 1 Results of ice fragmentation rate of different pavement types under different ice thickness

Pavement type Ice thickness/mm

1 (%) 2 (%) 3 (%) 4 (%)

Grooved pavement (unfilled) 35.4 20.3 9.1 5.8

The elastomer and groove level 69.8 57.7 40.5 15.3

The elastomer lower than groove 65.3 55.6 32.8 7.2

The elastomer higher than groove 40.2 25.4 10.2 5.1

layer firmly solidified with the asphalt pavement. Therefore, the ice-breaking effect
of the groove asphalt pavement is the worst. The results show that the ice-breaking
effect of the four kinds of specimens is as follows: the elastomer and groove level >
the elastomer lower than groove > the elastomer higher than groove > the grooved
pavement (unfilled).
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Fig. 6 Ice fragmentation rate of different pavement types under different ice thickness

3.2 Skid Resistance Performance

The test results are plotted as a histogram as shown in Fig. 7 and 8. Firstly, it could
be seen that the BPN and friction coefficient data are consistent. In the dry state,
the BPN and friction coefficient of the three pavement types have a few changes,
and the groove-filled pavement slightly increases. Secondly, the skid resistance of
AC-13 pavement decreases under the wet condition, while the skid resistance of

Fig. 7 BPN test results in different environments
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Fig. 8 Friction coefficient test results in different environments

grooved asphalt pavement and grooved filled pavement decreases slightly. Then,
under the condition of icing, the skid resistance of AC-13 and grooved asphalt pave-
ment decreases greatly, while the skid resistance of groove-filled asphalt pavement
only slightly decreases, which indicates that the groove-filled asphalt pavement still
has excellent skid resistance performance when the pavement is frozen. The main
reason is that the groove-filled pavement could provide a large mechanical contrast
with the asphalt pavement at the groove. Under the wheel rolling, the local area of the
ice layer has a certain unbalanced stress, which makes the ice more easily broken so
that the skid resistance performance of the pavement would not be greatly reduced.
Compared with the common AC-13 asphalt mixture, the skid resistance of groove-
filled pavement increases by 4.5%, 10.8% and 24.6% respectively under dry, wet and
icing conditions. In the environment of ice and snow, the groove-filled pavement has
obvious advantages.

4 Conclusions

In this study, a pavement surface treatment technology of groove-filled the elas-
tomer was proposed. Through theoretical analysis, the ice-breaking mechanism of
groove-filled the elastomer asphalt pavement was clarified. Then, through the indoor
ice-breaking test, the ice-breaking performance of the asphalt pavement groove-
filled with elastomeric materials under three filling forms of above, level and lower
than the asphalt pavement surface and different ice thickness were studied. Finally,
through BPN and friction coefficient test, the skid resistance performance of groove-
filled elastomer asphalt pavement under dry, wet and icing conditions is verified.
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It was verified the obvious advantages of the asphalt pavement of groove-filled the
elastomer in ice-breaking and anti-skid. The ice-breaking performance of different
pavement types is verified through the ice-breaking test. The results show that the
ice-breaking effect of the four pavement types is as follows: the elastomer and groove
level > the elastomer lower than groove > the elastomer higher than groove > the
grooved pavement (unfilled). Finally, through the BPN and friction coefficient test,
the skid resistance of the three types of pavement is verified under dry, wet and
icing conditions, and the groove-filled asphalt pavement has the best skid resistance
performance. Compared with the common AC-13 asphalt mixture, the skid resis-
tance performance of groove-filled pavement increases by 4.5%, 10.8% and 24.6%
respectively under dry, wet and icing conditions.

Although the the ice-breaking and skid resistance performance of groove-filled the
elastomer asphalt pavement have been verified, the wear resistance of groove-filled
asphalt pavement and determination of groove parameters still need to be further
studied.
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Improved Calibration Procedure
for British Pendulum Tester

Weiwei Guo, L. Chu, and T. F. Fwa

Abstract Regular periodic calibration is important to ensure the accuracy of
measurements of British pendulum test (BPT). The current standard calibration
procedures of BS EN 13036 and ASTM E303 are widely adopted by pavement
engineering community. Studies by different research groups have shown that test
results of BPT devices complying with standard calibration requirements have good
repeatability, but could have deviations of 10%ormore. The present research presents
a detailed examination of the impact of the limiting values of the main calibration
parameters of BPT devices. Since it is difficult to study by means experimental
measurements the impact of any pendulum parameter value within the allowable
range on BPN (British pendulum number), a finite element model was adopted in
this research based on the mechanics of the BPT test process. The simulation results
showed that BPT devices satisfying the calibration requirements of any standard
could produce measurements with uncertainty of more than 23% of their mean test
value. By tightening the calibration parameter range according to the actual needs
of the user, this study shows that the uncertainty of the BPT measurements can be
controlled within an acceptable range.

Keywords British pendulum test · British pendulum number · Pendulum test
value · Calibration procedure · Finite element model · Pavement skid resistance

1 Introduction

The British pendulum tester (BPT) is an easy-to-operate and robust piece of portable
test device testing of surface friction of pavement materials. The accuracy and the
reproducibility of theBPTmeasurements are critical factors for evaluating the friction
coefficient of the test surface.More than 60 years of experience of laboratory and field
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BPTmeasurements by users in different parts of the world have shown practically no
difficulty in achieving the precision required by standard specifications [1–4], such as
the allowable error of 1.0 BPN (British pendulum number) unit at 95% confidence
level specified by ASTM E303 [5].The calibration procedures and requirements
specified by ASTM E303 [5] and BS EN 13036-4 [6] standard are generally adopted
by most highway engineering practitioners and organizations in the world. Most of
the verification requirements of the two calibration procedures are the same, but the
calibration limit ranges are different.

Reproducibility studies on interlaboratory BPT measurements have shown some
unsatisfactory results Strautins and Daniel [7] conducted an inter-laboratory study
involving 5 laboratories and found that, for a reference specimen with a mean BPN
of 27.4, the laboratory measurements varied from 17 to 44. The range of measured
BPN values was from 49 to 65 for another reference specimen with a mean BPN
of 56.6. Hiti and Ducman [3] tested a surface using four BPT devices. Eight BPN
measurements were made per BPT device, each time setting the device to a different
slider force-deflection curve within the allowable ASTM calibration limits. It was
found that theBPNvaluemeasured on a referenced test surface by different BPTunits
varied from 44 to 60, resulting in a mean percentage difference higher than 28%.
Such differences are undesirable for practical operations. These results show that
the parameter calibration method cannot ensure satisfactory reproducibility in BPN
measurements made by different BPT devices that follow the calibration standards
of either ASTM or BS.

In order to reduce the variability of measured BPN values caused by calibra-
tion parameters, Hiti and Ducman [3] proposed strict requirements on the slider
force-deflection curve. The research by Strautins [9] also showed that a reduction
of tolerance limits for all calibration parameters can reduce the uncertainty of the
measurements. By means of a finite element simulation model of the BPT test, Guo
et al. [8] identified the limits of slider force-deflection curve as the single most influ-
encing calibration requirement, and proposed a procedure to determine the limits to
achieve a pre-specified level of measurement variability.

Given the current limitations of the calibration parameters specified by ASTM
E303 and BS EN 13036-4, it is necessary to re-evaluate the impact of the uncer-
tainty of the BPN value caused by the specified calibration parameter limits. In the
impact evaluation, analyses are made on the effects of various influencing calibra-
tion parameters on the variability of BPT measurements. In view of the relatively
large number of equipment parameters involved, and some parameters are unique
for each equipment at the time of manufacture, it is practically impossible to experi-
mentally perform the evaluation using physical pendulum equipment. Therefore, this
research resorted to developing a computer simulation model to achieve the research
goals. The BPT model developed by the finite element method provides a conve-
nient tool that can conveniently vary the values of different parameters to provide
a comprehensive evaluation of the impacts of different parameters on the measured
BPT values.
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2 Objectives and Method of Study

2.1 Research Objectives

The conventional approach of calibrating a given type of device is by setting control
limits for selected device parameters. This is also the practice in use today by the pave-
ment engineering community in the case of BPT. Currently, the two most commonly
adopted BPT calibration methods are the ones published by ASTM and the British
Standards Institute as standard procedures ASTM E303 [5] and BS EN 13036-4 [6]
respectively. Although the two standards are largely similar, there are differences in
the specific control limits of some calibration parameters. Table 1 highlights their
main differences and their impacts on BPT measurements.

Comparing the entries in the second and third columns of Table 1, it can be seen
that there are only slight differences between the two standards in the calibration
requirements, except for item 5 concerning the slider force-deflection characteristic.
Items (1) and (2) of Table 1 are fixed manufactured parameters that could not be
corrected by users during calibration. For BPTwith unworn rubber sliders, the impact
of items (3) and (5) specified by the two standards are worthy of detailed analysis.
This study employed a computer simulation model to evaluate the variations in the
measured BPN values according to the parameters required by the two calibration
standards.

Table 1 BPT device calibration requirements by ASTM E303-18 and BS EN 13036-4

Item ASTM E303-18
Requirements

BS EN 13036-4 Requirements

1. Radius of pendulum swing Sliding edge is 508 mm from
the axis of rotation

Sliding edge is (514 ± 6) mm
from the axis of rotation

2. Mass of pendulum arm with
slider assembly

(1.50 ± 0.03) kg (1.50 ± 0.03) kg

3. Center of gravity of
pendulum arm

(411 ± 5) mm from axis of
rotation

(410 ± 5) mm from axis of
rotation

4. Width of rubber pad striking
edge

Wear on striking edge shall
not exceed 3.2 mm in slider
plane or 1.6 mm vertical to it

Not more than 2.5 mm

5. Slider force-deflection
requirements

Average vertical slider force
of (2500 ± 100) g

Static force shall be (22.2 ±
0.5) N when deflected 4.5 mm.
Change in static force shall be
not greater than 0.2 N per mm
deflection of the slider. Slider
force at 0 to 8 mm deflection
shall be within the envelope
specified
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2.2 Research Method

It is impractical to test a BPT device to cover all possible calibration ranges required
for calibration by means of physical testing. However, the test mechanism of the
pendulum instrument can be easily simulated by means of computer simulation. So
far, researchers have developed two finite element simulation models of BPT. One
is the NUS model developed by Liu et al. [10], and the other is an upgraded model
based on the NUS model by Chu et al. [11]. The upgraded model shown in Fig. 1
more accurately expresses the friction performance of the rubber slider, and can
completely simulate the entire test process of the pendulum.

In the finite element model, the aluminum beam is connected to the upper truss
structure through hinge constraints and nonlinear springs to simulate the combined
action of the spring and lever mechanism of the actual BPT pendulum assembly.
In addition, the friction coefficient needs to be entered in advance to characterize
the interaction between the slider and the pavement surface. The simulation model
finally outputs the dwell height of the pendulum arm. The predicted BPN is obtained
by using the conversion relationship between height and BPN. After calibration, the
model can be applied to simulate a BPT test and calculate BPN value and other
output information, such as contact pressure, sliding speed and friction at each point
along the contact path. It can be used either to obtain the BPN value of a test surface
with a known coefficient of friction, or to back-derive the coefficient of friction of

Fig. 1 Computer modeling
of BPT pendulum-slider
assembly [11]
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a test surface with a known BPN value. The improved BPT finite element model
was adopted in this study. Readers interested in the construction of 3D finite element
simulation model can refer to Chu et al.’s work for more details [11].

3 Analysis of Impact of Improved Calibration Parameters

The focus of this research is to explore the variation range of the test results corre-
sponding to the calibration requirements ofASTME303 andBSEN13036-4. Specif-
ically, they are (i) the position of pendulum center of gravity, and (ii) the slider force-
deflection characteristics. Improvement suggestions for these two parameters from
different research will be used as the basis of comparison to illustrate the potential of
the improved method to reduce the uncertainty of BPT measurements. The impact
of the friction coefficient of the test surface in the range of 0.2–1.0 was considered
for all the cases. This range covers all pavement friction coefficients that may be
encountered in practice.

3.1 Center of Gravity of Pendulum Arm

The distances of the center of gravity (CG) from fixed location stipulated by ASTM
E303 standard and BS EN 13036-4 standard are 411±5mm and 410±5mm, respec-
tively. A narrower tolerance (410±3 mm) of the distance of center of gravity was
proposed in Strautins [9] to reduce the uncertainty of BPTmeasurements. Therefore,
in order to explore the impact of the change of the center of gravity on the measured
BPN value, the simulation experiment is divided into three cases: the limit conditions
of the two standards and narrower tolerances (410±3mm) are selected as parameters.
The slider force-deflection curve is set as the lower limit of BS EN 13036-4.

The results of the analysis are shown in Figure 2. The curve shows the calculated
BPN for all the cases analyzed. The vertical bars give the maximum differences
�(BPN)I inBPNvalue betweenBPTdevices thatmeet the requirements of pendulum
center of gravity position. The differences for ASTM E303 and BS EN 13036-4
standards were of the same order of magnitude. The absolute value of �(BPN)I
vary from 0.6 to 2.0 BPN units. The mean percentage of difference, i.e. percentage
calculated based on the mean of the two BPN values, is less than 3% overall. As an
improvement, the narrower tolerance method can reduce the uncertainty caused by
the center of gravity to 1.8%. From the perspective of actual calibration, the position
of the center of gravity is relatively easy to adjust, so it is worthwhile to adopt a
stricter interval to reduce the uncertainty of the BPN value.
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Fig. 2 Differences inBPTmeasurements due to different pendulumcenter of gravity (CG)positions

3.2 Slider Force-Deflection Requirements

The ASTM E303 standard only specifies the average slider force at the maximum
slider displacement. The BS EN 130306-4 standard is stricter than the ASTM E303
standard. It clearly defines the upper and lower allowable limits for the calibration
of the slide force-deflection curve, as shown in Fig. 3. For comparison, Fig. 3 also
shows the implied upper and lower limits of the slider force-deflection relationship
that meets the ASTM E303 maximum slider force-deflection calibration require-
ments. Both Guo et al. [8] and Strautins [9] recommended more stringent specific
requirements for the slider force-deflection curve. The former stated a complete
slider force-deflection calibration limit range in its recommendation. This section
adopts the improvement recommendation of Guo et al. as the basis for comparison.
Guo et al proposed to use the lower limit of BS EN 13036-4 standard as the lower
limit of the improved calibration requirement. The lower limit of BS EN 13036-4 is
valid, because any slide force-deflection curve below this limit will violate the slider
force requirement with a maximum deflection of 3.9 mm. A trial-and-error analysis
was performed using the computer BPT simulation model for the comparison study.
Figure 3 also shows two proposed upper limits for calibration. In order to illustrate
the impact of the slider force-deflection curve, the two sets of limits were analyzed
for the ASTM E303 standard and the BS EN 130306-4 standard respectively.
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Fig. 3 Limits of calibration requirement for slider force-deflection relationships

Detailed measurement values calculated using the simulation model of the above
four cases are plotted in Fig. 4. The maximum differences �(BPN)II in BPN values
between the upper and lower limits of slider force-deflection curve for four cases are
shown in Fig. 5. The absolute value �(BPN)II varies from 10.7 to 30.9 BPN units
for the ASTM E303 standard, and 5.2–20.4 BPN units for BS EN 13036-4 standard.
�(BPN)II of the proposed limits 1 and 2 can be reduced to about half of the BS
EN 13036-4 standard, corresponding to 2.1 to 8.9 BPN units and 2.9 to 10 BPN
units, respectively. In terms of the maximum percentage difference, the range varies
from 56.2 % to 58.0 % for ASTM E303 standard and 21.9 and 25.1% for BS EN
13036-4 standard. Over the range of friction coefficient from 0.2 to 1.0, themaximum
percentage difference are 10.5%, and 13.3% respectively. The magnitude of these
differences is a significant improvement over the standard calibration procedures by
ASTM E303 and BS EN 13036-4.

In the above analysis, it is obvious that the slider force-deflection curve has the
largest impact on the BPN value. The possible absolute difference and maximum
percentagedifferencebasedon the allowable rangeof the slider force-deflection curve
of the current ASTM and BS standard are beyond the acceptable range for practical
purposes. The position of the center of gravity is comparatively less important, but the
adjustment of its value should also be taken into consideration to reducemeasurement
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Fig. 4 Impacts of calibration limits of slider force-deflection relationship

uncertainty. Overall, reducing the allowable range of calibration parameters would
reduce the uncertainty of measured BPN values, but it also means more stringent
calibration limits. The allowable range of calibration parameters should be adjusted
from the perspective of road maintenance and management.

4 Conclusion

This study adopts the finite element model to show that the uncertainty of the BPT
test results within the allowable range of calibration parameter could reach at least
56.2 % for ASTM E303 standard and 21.9 % for BS EN 13036-4 standard. The
uncertainty of the BPT measurements are much too large for effective pavement
friction management. Tightening the allowable range of various calibration param-
eters has been shown to be feasible in this study to reduce the uncertainty of BPT
measurements. The calibration limits can be determined according to the needs of a
user in order to meet the user’s operation requirements.
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Fig. 5 Differences �(BPN)II in BPN values between upper and lower limit range of slider force-
deflection curve
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Runway Grooving Techniques
and Exploratory Study
of the Deterioration Model

Md. Tofail Miah, Erwin Oh, Gary Chai, and Phil Bell

Abstract The friction of runwaypavement is critical for the safety of aircraft landing
and movement on the runway. Tire hydroplaning may lead the aircraft to move off
the runway and hinder the safe landing during wet weather conditions. Grooving
on the runway is one way to develop frictional braking resistance and diminish
hydroplaning’s potential risk by improving runway surface drainage capacity during
damp weather. According to the Federal Aviation Administration (FAA), groove
construction must follow specific dimensions to maintain skid-resistant airport pave-
ment surfaces. However, the groove area can be reduced for several reasons, and
regrooving is essential if 40% of the runway groove of a substantial length decreased
to 50% of its original dimension. Grooves initiate different potential distress mech-
anisms that are not found in an ungrooved pavement surface. Groove closure in
different airports with hot weather is a frequent and prominent form of distress that
substantially declines the grooves’ effectiveness.Moreover, the degree of the declina-
tion of groove dimensions has not been quantified in a theoretical method. This paper
discussed the current technique and importance of runway grooving. In addition to
this, this paper reviews different potential distress mechanisms and issues related to
groove deterioration. Finally, a brief of a predictive modeling requirement is illus-
trated, which is significant for the authority concern for maintenance and reinstate
the grooving in the runway for friction development.

Keywords Runway · Groove techniques · Friction · Groove distress · Groove
deterioration modeling
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1 Introduction

Pavement friction is a vital factor that administers the safe takeoff and landing
of aircraft on runways. Runway conditions become worsen during wet weather
by declining skid resistance diminishes significantly and responsible for runway
expedition accidents [1].

Netherland Transport Safety Institute studied the overrun and veer-off accident
factors and discovered that wet runways were vital components in both types of
mishaps during landings and takeoff in Europe and worldwide. The outcome of the
study revealed that wet runways caused about 40% of all landing overrun accidents
in Europe and 60% worldwide. Hence, maintaining a required level of friction in
all weather conditions has an immense consequence in the arena of airport pave-
ment management. With the passage of time, research unveiled that some insightful
measures are needed to accelerate the aircraft braking on the asphalt surface, espe-
cially inwetweather. Currently, one of themethods adoptedworldwide is introducing
transverse grooves on runway pavements to ensure adequate friction, especially
during wet weather conditions [2].

NASA (National Aeronautics and Space Administration) studied first about
grooves and introduced them at the landing tracks in 1962. Both NASA and FAA
executed consecutive investigations to evaluate runway grooves’ impacts and perfor-
mance in hydroplaning aircraft tire braking. The findings reveal that grooving
enhances runway surface drainage and thus declines hydroplaning risk and simul-
taneously improves aircraft braking capability and maneuvering the aircraft on the
runway in wet weather conditions [2].

Grooves provide an exit of entrapped water from between aircraft tires and
the pavement surface, which improve frictional braking resistance and mitigate
hydroplaning’s potential risk [1, 3]. Considering the advantage of hydroplaning and
enhanced skid resistance of grooved runways over ungrooved ones, FAA (Federal
Aviation Administration) recommended in Advisory Circular AC 150/5320-12C that
all runways serve turbojet aircraft should install a standard saw-cut square groove
[4]. However, several factors need to be considered before grooving a runway,
for example, extreme hot or cold climates that are not appropriate for grooving.
Despite some shortcomings, runways are deploying grooving as the most common
method utilized to develop aircraft braking performance, especially on thewet asphalt
runways [3].

Groove closure depends on various factors such as hot environments, aircraft
speed, wheel loads magnitude, number of passing, and aircraft movements parallel
to the grooves. The groove’s familiar distresses are frequent rubber contamination,
groove depth decrease due to surface erosion, edge break, and groove closure over
time that were experienced in several international airports [3]. According to FAA’s
AC 150/5320-12C guidance, airport authorities should take immediate actions to
reinstate the groove if 40% of the grooves in a certain length of the runway lost
their dimension equal to or more than 50% from the original measurement [4].
Groove closure in different airports runway pavement is a common incident and
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a prominent form of distress. Groove closure definitely leads to a decline in the
grooves’ effectiveness, but the scale of the reduction of groove dimensions has not
been quantified theoretically [5].

Condition prediction models are utilized to conduct analysis and forecasting the
condition that is vital for maintenance and rehabilitation (M&R), budget planning,
inspection scheduling, andwork planning [6]. Condition predictionmodels are essen-
tial in a pavement management system. Condition prediction models mimic the
function similar to that of a car engine [6].

This paper demonstrates an investigative review on specific aspects of pavement
condition prediction modeling and techniques for developing prediction models to
configure different models.

Wang and Larkin [7] discussed and evaluated the groove shape changes (Depth,
width, and area) under a long-term loading period between July 2014 and June 2016
in National Airport Pavement Test Facility (NAPTF), where a series of full-scale
tests of airport pavement grooves on flexible pavements were conducted to evaluate
pavement groove’s operational performance [7].

This paper exposes a brief of groove closure prediction modeling based on the
NAPTF investigation outcome byWang and Larkin [7]. GeneXProTools 5.0 software
was implemented to generate the genetic programming (GP) model, including wheel
pass number, load intensity, pavement layer thickness, and temperature as input
parameters.

The paper renders useful information of modeling perception, variables selection,
and a brief outcome of groove closure modeling derived from different input param-
eters. The generated model provides information on reducing groove areas to the
airport runway pavement personnel and drawing attention to the gradual declination
of surface friction. Finally, the groove closure prediction model significantly leads
to timely planning and implementation of maintenance work.

2 Research Objectives

The objectives for performing the study are as follows:

1. Describes the significance of runway grooving, including current techniques
and standards of groove installation.
2.Discuss possible groove distresses, relevant factors, and failure mechanisms.
3. Reviews various prospective prediction modeling tools.
4.A brief prediction model of groove area deterioration using GeneXProTools 5.0
software.

The model helps to predict the runway grooves’ operational performance and
associated financial and maintenance programs to the airport authority.
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3 Runway Friction, Grooving Techniques, and Distresses

3.1 Runway Friction Deterioration and Resurgence

Runway friction is the critical element that a runway should have for aircraft’s safe
operation on runways. However, this friction can be decreased with time due to
mechanical wear and polishing action by aircraft tires during rolling or braking
and rubber deposition on the surface. These effects are connected with the volume
and type of aircraft traffic. Moreover, variation in local weather conditions, type of
pavement (HMAor PCC), type ofmaterials used in the preliminary construction, and
airport maintenance practices also persuade the skid resistance of runway pavement
[4].

Furthermore, friction loss can be occurred due to pavement structural failures,
such as rutting, cracking, raveling, joint failure, and settling. Besides, deposition of
rubber, including other contaminants, such as oil spillage, dust particles, jet fuel,
water, snow, ice, and slush, can trigger friction loss on runway pavement surfaces
[4].

Runway grooving is an exceptional technique that now becomes admired to
enhance aircraft braking on wet asphalt-surfaced runways. Open Graded Friction
Course is useful for surface water drainage improvement but is turned blocked by
debris. Conversely, Stone Mastic Asphalt is an open-graded mix that expresses
improved surface texture without the risk of congestion or closure. Prior to the
grooving, coarse asphalt mixes containing 20 mm aggregates were used to achieve
better surface textures. Furthermore, Sprayed or ‘chip’ sealing delivers significant
surface texture and is commonly implemented in regional and remote airports [3, 5].

3.2 Runway Grooving Techniques and Requirements

In the runway, grooving has proven a suitable technique for providing sufficient
skid resistance and avoiding hydroplaning during rain [4]. Approximately 40% in
Europe and 60%of global accidents are closely connected to landing overrun. Hence,
runways are required to be grooved to ensure satisfactory friction levels under all
weather conditions [1].

FAA advisory circular AC-150/5320-12C [4] suggests that runways serving or are
expected to serve turbojets shall be grooved. Existing runways should be considered
for grooving considering annual rainfall, historical records related to hydroplaning
and associated accidents, runway length, quality of surface texture under dry or
wet conditions, improper seal coating, inadequate friction, and runway pavements
strength. Moreover, Transverse and longitudinal grades, any drop-offs at the runway
ends due to topographical constraints, and crosswind effects must be taken into
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6 mm

6 mm 38 mm 

FAA Standard groove dimensions

Scale: Not in Scale

Fig. 1 FAA standard groove design section (Adapted from [4])

account. A reconnaissance survey containing bumps, bad or faulted joints, depres-
sions, cracks, and the runway’s structural conditions shall be performed as specified
in ACs 150/5320–6 and 150/5370–10 before grooving [4].

FAA introduced a standard and groove configuration based on the tests and
research. Present FAA standard square groove dimensions are depth 6 mm (1/4
in), width 6 mm (1/4 in), and 38 mm (1 ½ in.) center to center spacing, as depicted
in Fig. 1 [4].

Moreover, a minimum of 90% of the grooves should have a depth of at least
3/16 in. (5 mm), at least 60% of the grooves should have depth no less than 1/4 in.
(6 mm), and 10% of the grooves may not surpass a depth of 5/16 in. (8 mm) as
per FAA advisory circular AC-150/5370-10G [8]. Hence, ensuring groove depth for
adequate pavement friction during operation is critical [1]. However, groove depths
can vary in construction and after the construction due to deterioration in different
ways [9].

In General, grooves can be installed into the asphalt surface 4–8 weeks after the
surface is constructed [3].Grooves are normally fabricated across the runway surface,
transversely to the runway length and perpendicular towards the runway’s centre line
[7]. Since the saw cutting techniques develop adequately, a new trapezoidal-shaped
groove was proposed by Patterson [10].

Grooves are generally fabricated across the runway surface, transversely to the
runway length and perpendicular towards the centerline of the runway [1].

Since the saw cutting techniques improve satisfactorily, a new trapezoidal-shaped
groove was proposed by Patterson [10] to evaluate with the standard rectangular
groove [1]. The trapezoidal groove dimensions consist 1/2 in. (12.5 mm) at the top,
1/4 in. (6 mm) at the bottom, and distributed 2 1/4 in. (56 mm) center to center as
shown in Fig. 2 [10]. Newly designed trapezoidal grooves are shown in Fig. 2.

Recently, FAA constructed rectangular and trapezoidal grooves in both rigid pave-
ment and asphalt pavement at the National Airport Pavement Test Facility (NAPTF)
areas to compare the performance of both grooves. The results demonstrated that

12.5mm

6 mm
56 mm 

Trapezoidal groove dimensions
Scale: Not in Scale

6 mm

Fig. 2 Groove configurations of trapezoidal shapes (Adapted from [10])
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the trapezoidal-shaped pavement groove design rendered some advantages over the
current FAA standard square grooves that include better water evacuation, enhanced
resistance to rubber contamination, integrity, and improved longevity [2].

3.3 Runway Groove Distress and Failure Mechanism

Grooves tend to produce various potential distress mechanisms that are not seen in
an ungrooved pavement surface.

RunwayGrooveDistress. Some familiar distresses related to grooving are groove
closure, rubber contamination, edge break, and groove depth diminishing due to
surface erosion [3].

Groove Closure. Groove closure is an outstanding form of groove distress, which
is quite common in hot environments and decreases its efficiency. In summer, it
has successive high pavement temperatures, particularly in the asphalts made with
relatively soft binders. It can also observe in places where aircraft travel slowly
and parallel movement to the grooves, mainly in runway entry and exits. Moreover,
comparatively new asphalt surfaces are more susceptible to groove closure along
with high wheel loads. Nonetheless, the degree of groove area declination has not
been computed in a theoretical process. However, friction testing is purposeful to
measure the effect of partial groove closure [3].

Groove closure substantially reduces the effective volume of grooves and thus
affects frictional performances of runways [11]. According to FAA’s AC 150/5320-
12C, if 40% of the grooves in the runway lost its shape equal to or less than 3 mm
in depth and/or width in a consecutive length of 457 m, the efficiency of grooves for
mitigating hydroplaning has been reduced significantly. Hence, the airport authority
should reinstate the groove shape without delay [4]. Sometimes, re-sawing of closed
grooves may create foreign object debris (FOD) hazards by breaking off weakly
supported asphalt. This problem can be resolved by deploying a new asphalt overlay
around 60 mm and grooving it once curing is completed [3].

Rubber Deposition. Rubber deposition can take place in touchdown zones in the
runways, whether it is grooved or ungrooved. NASA investigated that transversely
grooved runway pavements develop fewer rubber deposits during aircraft touchdown
actions than non-grooved pavements. However, grooved pavements need to remove
rubber contamination frequently tomaintain groove effectiveness by ensuring friction
[3].

Erosion. Groove depth can be decreased due to the fine particles’ erosion from
between the larger aggregates and settled inside the groove. Fortunately, this displace-
ment of fines can improve the surface’s general texture, which mitigates the surface’s
general texture effectiveness. Erosion of Asphalt surface primarily introduced by jet
blast. Generally, aged binder promotes the dislocation of fine aggregate particles and
binder from the surface. The rate of erosion can be increased for some reason, such as
using unsound aggregates in asphalt production, using a specific binder that is more
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prone to rapid aging, improper aggregate gradation in the asphalt manufacturer, and
unfavorable environmental conditions [3].

Edge Breaking. Edge breaking in the hot mixed asphalt (HMA) runway groove
was caused due to the bitumen binder’s cohesive failures rather than the aggregate-
binder interface’s adhesive failures. Hence, a high-temperature resistant binder is
required to ensure cohesion and stiffness of pavement at high temperatures. On the
contrary, this will reduce the aggregate loss associated with edge breaking and finally
prevent groove closure [3].

Other Distress. Other distress, like cracking, spalling, wearing, and erosion, are
innate to HMA pavements and can be observed in grooved and ungrooved asphalt
surfaces. Furthermore, the movement of asphalt caused by binder flow may lead
to a wavy groove shape. Most groove failures ended up with grove closure due to
plastic flow and deeply concerned with asphalt characteristics containing binder and
aggregates [12].

Mechanism of Groove Failure. Groove failure is closely connected with plastic
flow resulting from the viscous flow, which is akin to the rutting mechanism in an
ungrooved asphalt surface. Microscopic analysis of asphalt recommended that cohe-
sive (or stiffness) shortage is more important than adhesive failure. Groove closure is
deeply related to binder characteristics: temperature, loading time, and aging [13, 14].
Edge breaking is caused by the horizontal stresses induced by aircraft tires. More-
over, this recurring stress application leads to edge failure on the unsupported groove
edges. The examination exposed that this edge beak is a cohesive failure and depends
on the binder’s viscosity (stiffness). Furthermore, asphalt becomes more brittle, and
this groove edge breakage mechanism could be more serious in cold weather condi-
tions than in hot environments. Also, age-induced hardening, freeze–thaw cycling,
moisture effects, and chemicals’ de-icing could enlarge the edge breakage [12].

4 Pavement Performance Prediction Models

Predicting pavement future performance and deterioration process is significant to
understand among the concerned authorities. The emphasis is given to the precise
estimation of pavement performance concerning time. Hence, M&R actions under
PMS have become more dependent on this prediction of pavement performance, and
necessity enhances than before.

Pavement prediction models are inevitable in the current pavement management
system and play a vital role in many critical management decisions.

There is a various decision-making tool for adopting modeling such as dynamic
programming, neural network, decision support system, the Genetic Algorithm, and
System dynamic modeling [15], which have been exercised broadly in pavement
management [16, 17]. Pavement performance prediction models can be categorized
into three different types: empirical models, mechanistic models, and empirical-
mechanistic models. Pavement performance prediction models are two types by
some others which are deterministic and probabilistic [18].
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The deterministic models predict every single number related to the level of
distress or whatever parameter that needs to measure for describing the projected
condition for a pavement’s remaining life. Hence, it is considered an evaluation of
pavement deterioration over time in the entire prediction process. Conversely, a prob-
abilisticmodel predicts a distribution of such events that demonstrates different prob-
able future conditions since the outcomes developed stochastically. In this process,
the deterioration prediction is treated to some extent as ambiguous and does not
reflect accurate predictions [18].

One of the limitations of the current deterioration prediction models is that they
do not investigate the transition time of pavement deterioration and transition prob-
abilities from one state condition to the next. Hence, the model developed excluding
the transition probabilities between pavement conditions states is construct a deter-
ministic model where the probabilistic characteristics of the pavement deterioration
process remain absent [19].

4.1 Deterministic Models

Deterministic models are broadly used, prediction models. Two types of prediction
models that include structural and functional performance prediction models mainly
depend on the prediction type that needs to be determined [18].

Structural PerformanceModels. Thesemodels are utilized to predict all kinds of
individual pavement distresses as a natural feature of pavement behavior. The predic-
tion models can be empirical or mechanistic-empirical. Empirical models are based
on experience or experimental results derived from several observations to achieve
the correlation between the input variables and outcomes [20]. In the mechanistic-
empirical model, the materials responses or accumulated deformation is regulated
as per the experimental field data, which is why it is termed a mechanistic-empirical
model.

These models indeed depend on the properties of the materials of pavement struc-
ture and themaximumallowable load, including the number of cycles of load applica-
tions before rupture occurs. Various distress such as fatigue cracking, predetermined
rutting, and others are defined as failure criteria. Recently, materials characteristics,
for instance, deflection calculation and future projected traffic, are considered for
the prediction of the remaining structural life of the pavement and thus helps the
agencies for future M&R planning and actions [18]. This type of prediction model
has been developed for different pavement and utilized in several organizations such
as the Asphalt Institute, the Portland Cement Association, and Shell International
Petroleum company by the concerned engineers. Moreover, this structural prediction
model is incorporated in APMS and associated software like PAVER and IAPMS
[18].

Functional Performance Models. This type of model is frequently practiced in
the PMS in highways that are utilized to determine the pavement surface friction (skid
resistance) or to hydroplane potential during wet weather and present serviceability
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index (PSI). These models can be empirical or mechanistic types similar to the
structural model. PMS of Denmark, the PARS system of the province of Ontario,
and NCR models developed under this category [18].

In APMS, the only functional performance prediction models are utilized for
PCI prediction models. The majority of them are introduced by the PAVER system
but used by others as well, like AIRPAV and IAPMS. Nonetheless, in contrast to
their highway counterparts, these models are empirical. Their analysis is not based
upon the prediction of pavement deterioration related to loading and climate effect
on the surface conditions, and rather they developed a correlation between PCI and
other available data demonstrating the pavement structure. As a result, the predic-
tion models that rely on previously observed data need to be calibrated through the
procedure of statistical analysis [18].

In the beginning, the prediction under PAVER was executed by a straight-line
extrapolation utilizing only the previous two PCI values. The projected PCI values
were established by the straight line hitting these two PCI points plotted on a PCI
vs. time graph. It is to be noted that no other variables were taken into consideration
that way. It was too simple and comparative inaccurate due to a lack of modern
techniques.

Themost popular statistical analysis technique for predictionmodeling ismultiple
regression analysis, which has been utilized in numerous situations to generate such
models. Models evolved from this approach indicate that the projected PCI values
are related to various explanatory variables such as pavement structure, time, load,
and repetition of traffic to express the predictive mathematical equation.

PAVER software for pavement management was developed using such equations
for both the flexible and rigid pavement byUSACE, analyzing a substantial set of data
collected from different US Air Force bases. The prediction performance was found
satisfactory for the higher PCI values but declined significantly for the pavement
surfaces with PCI less than 65 for rigid or 50 for flexible pavements correspondingly.

It was noticed that several universal models that were generated using the regional
data not performed satisfactorily for the local ones. The model incorporated with the
specific local climate, soil subgrade, and materials properties render comparatively
better performance. Hence local models are more advantageous than universal and
should be refined and updated as local and new information is accessible [18].

Regression analysis. Regression analysis is a handy tool for the development of
a prediction model with due care. The equation derived from the modeling should be
significant and useful in respect to the selected variables and not prioritized the best
fit the available data only. This is inevitable to achieve a realistic model with a high
level of confidence in its prediction. A large amount of data is required to get a precise
model. However, accurate predictions may not be attained due to complex pavement
characteristics. A substantial amount of data is utilized to develop the model. The
regression models are defined within a range of data by which it is developed and
hence cannot be fabricated extending far from the range. That is why the PAVER
models are not precise for the PCI value less than 65 ± 50, and the predictive range
was constrained to the upper part of the PCI scale [18].
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4.2 Probabilistic Models

Probabilistic prediction models are three different types including, survivor curves
and simulationmodels andMarkovianmodels. In recent timeMarkovianmodels gain
more recognition and acceptance as an effective prediction technique in the arena of
the highway are now deploying towards airport pavement. The concept behind this
type of model is that the pavement deterioration process is not deterministic in nature
but uncertain. Hence, a probabilistic prediction model should depict the process in
a stochastic way rather than assuming deterministic behavior the wrong way. More-
over, the Markovian probabilistic approach offers more rational models considering
a different aspect of pavement characteristics [18]. Different methodologies have
been generated to develop probabilistic pavement performance models with high
prediction capabilities. Nonetheless, insufficient historical data generated preventive
maintenance (PM)model often reveal erroneously predicted pavement condition and
leads to non-optimum maintenance and rehabilitation (M&R) resolution [21].

Survivor Curves. Survivor curves are utilized by different agencies for plan-
ning, findingM&R alternatives on pavement networks. Authorities adopted previous
construction, maintenance, and rehabilitation data to generate the curves containing
probability vs. time. Generally, the probability declines with time from 1.0 to 0.0,
which indicates serviceable pavement conditions without major maintenance or
rehabilitation works [18].

Simulation Models. Simulation models are based on computer programs
followed by mathematical models of pavement response against load and pavement
behavior for a certain period. Different input parameters such as pavement layer
interfaces and bitumen content are considered stochastic, and the model response is
also stochastic accordingly. These programs can predict future pavement conditions.
This modeling requires suitable computer resources and comprehensive repetitive
calculations, thus not pragmatic in the planning framework [18].

MarkovianModels. This type of model predicts pavements’ functional condition
and not aiming to analyze the deterioration process instead directs the model with
readily available information regarding pavement characteristics.

The Markovian prediction model articulates the state by which it represents a
pavement section’s condition at any given time. The condition states could be desig-
nated with respect to the PCI of that sections. For instance, PCI ranging 100 ± 91
would be treated in state 1, and PCI ranges 81 to 90 would be considered in state
2. The pavement deterioration progression with time is modeled by shifting from
one condition state to another with time advancement. This deterioration process’s
nature is probabilistic, and probabilities govern the evolution of pavement condi-
tions in association with the different possible transitions. Each transition probability
demonstrates the chances that a pavement section in the current condition will end
up in a specific condition after a certain period. These probabilities are articulated in
a matrix form (Markovian transition matrix), representing pavement sections with
similar properties such as construction type, age, and traffic condition [18]. Under
this approach, the transition probability matrices are derived from either engineering
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experience or analysis of historical pavement condition data. The analysis is done
using several techniques, for instance, regression analysis or non-linear program-
ming. Markov models were first implemented in pavement management under the
Arizona highway PMS in 1980. Afterward, this prediction model was used in the
airport pavement management. There are different benefits to adopting Markovian
prediction models. These models offer better predictive accuracy than their counter-
parts when properly generated. A comparative study utilizing four PCI prediction
models was carried out by Cook andKazakov (1987), where twomodels were regres-
sion models (deterministic), and the other two were Markovian models. The average
errors were observed higher in regression models than the Markovian models for the
predicted PCI relative to the actual PCI values. Nonetheless, important historical data
files are usually required to generate suchMarkovianmodels thanwith the regression
models.

Another advantage of Markovian models is that they can make predictions far
from the limit of the data and deliver typical outline deterioration conditions with
respect to age, which regression models cannot give direct assurance. Consequently,
these models can be integrated into most of the PMSs for the planning process [18].

4.3 System Dynamic Study

System dynamics is a standard method of modeling that identifies the correlation of a
certain parameter with other variables and indicates the changes with respect to time.
It must contain a flowchart or a conceptual model that expresses the entire process
of the model. In the conceptual model, storages and flows are like building blocks.
Storages act as accumulators in the system and facilitate describing the circumstances
of the system. Conversely, flows specify the movement rate of possessions in and out
of the system. Values and relationships among each storage and flow are designated
in the form of constants and represented through equations or data tables. Once a
system dynamics model is generated, it explains the cause-effect relations among
the variables and maintains continuous interactions between its parameters [15].

4.4 Artificial Neural Network (ANN)

Artificial Neural Network (ANN) has been recognized as a powerful computational
tool to resolve numerous engineering problems over many years. American Associa-
tion of State Highway andHighway and TransportationOfficials (AASHTO) utilized
ANN to develop a new Mechanistic Empirical Pavement Design Guide (MEPDG)
[22]. ANN is motivated by the biological neural network where the neuron consists
of soma, dendrite, synapse, and axon and nucleus creates the input process. Dendrite
is a tree-like fiber that acts as a receptor to receive the signal or input. Axon is the long
single fiber cell that transfers the signal from a synapse to another recipient end of
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the neutron’s synapse. The artificial neural network was developed by mimicking the
basic structure and working procedure, including some significant attributes related
to computing the model with pattern recognition tasks [23].

ANN is a plotting of input into the preferred outcome. It contains weighted inputs
and transfers function into the output. A modest feed-forward neural network is
generally adopted in ANN. The input at the first layer is supplied into the inter-
connecting layer called hidden layers, supports by the transfer function, which does
not affect the feed-forward characteristics in the neural network and ultimately the
output layer. The ANN model’s performance is usually assessed by a different error,
such as Mean Square Error (MSE) [23].

4.5 Genetic Programming (GP)

Gene expression programming (GEP) is like genetic algorithms (GAs) and genetic
programming (GP), that customize populations of individuals utilizing genetic algo-
rithm and decide as per fitness, and expresses genetic disparity using one or more
genetic operators [24]. It is an emerging program that flourished from the Genetic
Algorithm (GA). GP is an evolutionary algorithm-based system persuaded by biolog-
ical evolution where independent input parameters are engaged to resolve the math-
ematical assignment, and an output parameter is generated utilizing linear or non-
linear equations [25]. Basically, it obeys theDarwinian principle of survival of fitness,
where a number of solution candidates are set against a problem similar to the GA
[23].

The GP’s fundamental genetic operators mimic GA, for instance, mutation, repro-
duction, and crossover, except for the expression tree or syntax tree representing the
GP rather than conventional codes. Furthermore, it can be uttered in linearmathemat-
ical formulae. In general, the leading operators in GP are Mutation and Crossover,
and the preliminary population is randomly generated through individual computer
programs. The selection method of individuals depends on their fitness for crossover.

In GP, the terminals are usually indicated as the input variables (i.e., x and denoted
by d0, d1, etc.) and constants (symbolized by c0, c1, etc.) in the expression tree (ET).
Likewise, the functions are interpreted through the internal nodes, such as different
arithmetic functions (i.e., + , −, *, /, Sqrt), certain mathematical operations (i.e., ln,
sin, cos, exp), including different conditional operations like if, greater, equal, then,
and else. This arrangement of terminals and functions is determined as an intrinsic
set in GP [23].
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5 Predictive Modelling by Genetic Programming (GP)

5.1 Modeling Procedure

In this paper, GeneXProTools 5.0 was applied to generate the GP model. The soft-
ware was employed to develop a relationship between the groove areas changing
with several input parameters. GeneXproTools is a potent software package that
can be utilized to execute a symbolic regression analysis based on Gene Expres-
sion Programming (GEP) [24, 26]. GeneXProTools is a simple to run comprising
effective tool within the GEP technique and demonstrates the mathematical equation
explaining the combined model to the users, including the intrinsic merits of Genetic
Programming and Genetic Algorithms [27].

Generally, the task of linking input parameters is supported with a variety of
functions in GP. This modeling utilized four basic operators (+, −, × , /) and some
other functions, including× 2,

√
3, ln, and exp. Finally, a GP-based model delivered

a mathematical equation evolved from the expression trees (ETs) that contain several
genes denoted as sub-ETs. Every gene possesses a fixed length and constitutes a head
that includes functions (for example, +, –, x2, and ln) and terminals (representing
the input variables denoted by d), and a tail comprises only terminals. This head
size indicates the complexity or maximum size of each sub-ET branch in the model.
Though there is no standard way to run the model, the practice runs and monitors the
results and adjusts the number of sub-ETs and chromosomes until attaining optimum
accuracy. Distinct options of functions and original& derived variables and constants
are developed in the terminals to model the data [28].

A model may not utilize the allocated maximum number of chromosomes and
head sizes. A linking function is inevitable in linking the sub-ETs in the model when
the number of genes becomes more than one. The addition function is deployed as a
liking function in this research to link the sub-ETs.

In general, the experimental datasets are divided into training and validation
parts. Modeling was continued until the coefficient of determination (R2) become
maximum for both training and validating phases. However, it is crucial to have a
model trained and validated with about the same accuracy [23].

5.2 Importance of the Input Variables

The input variables considered for this modeling are Wheel pass number (n),
Wheel load (L), Subbase Thickness (Tsb), Asphalt Thickness (Ta), and Maximum
temperature (tmax), respectively.

Emery [13, 14] investigated the deterioration of grooves of asphalt on Australian
runways and suggested that slow movement and heavy aircraft were accountable for
most groove closure in Australia [13, 14]. Pavement layer thickness variations also
create the differences in pavement performance substantially. Subgrade stiffness,
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granular subbase thickness, and asphalt thickness are the other parameters that affect
the variability of anticipated deformation performance [29].

Groove failure and associated closure are considerably connected to asphalt rheo-
logical properties and successive plastic flow of the HMA. Aircraft loading in higher
temperatures provides plastic flow and dislocated aggregates along the wheel tracks
[12]. Asphalt pavements exposed to temperature variations daily or seasonally are
more susceptible to fatigue damage than at a specific temperature [30]. As a result,
groove closures are frequent in hot environments [3].

The input variables might significantly influence the output, and the correlations
between the input variables and the output results could be meaningful for deter-
mining the groove area. However, insignificant variables could lessen the accuracy
and overall performance of the model.

5.3 Data Collection, Input Variable, and Model
Configuration

The wheel load, pass number, Subbase, and asphalt thickness data were extracted
from asphalt pavement groove life and effect of aircraft traffic loading examined
at FAA National Airport Pavement Test Facility (NAPTF) by [7]. The temperature
during the loading period was taken from the website [31].

The input variables and response variables are denoted by X and Y. The inputs in
thismodel wereWheel pass number (d0), load (d1), Subbase Thickness (d2), Asphalt
Thickness (d3), and Maximum temperature (d4) correspondingly, and the response
variable and output parameter were Groove Cross-Sectional Area (Y).

The experimental dataset (a total number of 81) was sub-divided into training (62
Nos, 76.54%) and validation (19 Nos, 23.46%). This GP model employed fifteen
functions, including addition, subtraction, division, multiplication, ln, and exp. The
addition was considered as the linking function, whereas the Root Mean Squared
Error (RMSE) was utilized as the fitness function. The configuration of input settings
and symbolic function set to develop the combined GP model in GeneXProTools: 5
are demonstrated in Tables 1 and 2.

6 Results and Discussions

This GP model’s results were exposed through the expression tree (ET) associated
with the gene is demonstrated in Fig. 3. Three sub-expression trees (ET’s) with
addition as a linking function were attained. In the ET’s d0, d1, d2, d3, and d4
stands for Wheel pass number (n), Wheel load(L), Subbase Thickness (Tsb), Asphalt
Thickness (Ta), andMaximum temperature (tmax), respectively. The value of constant
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Table 1 General input in
GEP Model structure

General input settings

Independent variables input:

• d(0): wheel pass number (Number)

• d(1): load (Kips)

• d(2): subbase thickness (inch)

• d(3): asphalt thickness (inch)

• d(4): maximum temperature (°C)

Dependent variable input:

• Groove cross-sectional area (Sq-inch)

Output: GEP model estimate (Sq-inch)

Number of training samples: 62

Number of validation samples: 19

Number of chromosomes: 30

Head size: 8

Number of genes: 3

Fitness function: RMSE (Root Mean Squared Error)

Linking function: addition

Stopping criterion: maximum fitness

Table 2 Symbolic function
set for the GEP model

Symbolic function set

Function Symbol Weight Arity

Addition + 4 2

Subtraction - 4 2

Multiplication * 4 2

Division / 1 2

Exponential Exp 1 1

Natural logarithm Ln 1 1

x to the power of 2 X2 1 1

Cube root 3Rt 1 1

Arctangent Atan 1 1

Minimum of 2 inputs Min2 1 2

Maximum of 2 inputs Max2 1 2

Average of 2 inputs Avg2 4 2

Hyperbolic tangent Tanh 1 1

Complement NOT 1 1

Inverse Inv 1 1
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Fig. 3 GEP Expression Tree (ET)

c3 in sub-ET 1 is 6.410, c2 in sub-ET 2 is 0.90308. Likewise, the constant of c2, c6,
and c7 in sub-ET 3 accounts for 6.625, 7.364, and -311.575, correspondingly.

The ultimate simplified equation articulates theGrooveCross-SectionalArea (f ga)
as indicates in Eq. (1), derived from these expression trees.

fga =
3
√
Tanh(1 − (d3 − 6.410))

Tanh(ln(d4 × d2)

+ Tanh
3

√
d3 − 3

√
3
√
d0 − (0.9308 + d1)

2

+ 1
7.364×6.625

d3 +d1

2 +Atan( −311.575+d0
2 )

2

(1)

The numbers of chromosomes and sub-ETs as genes are two important parameters
that play a vital role in the preciseness of the model. However, a limited number of
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Table 3 Parameters and
outcomes of the model

Parameter Value

Number of Genes (Sub
ETs) evolved

3

Number of variables used 5

Maximum Number of
Chromosomes used

13

Maximum Number Head
size used

6

Lower bound 10

Upper bound -10

Mutation 0.00138

Inversion 0.00546

Gene Transposition 0.00277

Constants per gene 10

Data Type Floating-point

Coefficient of
determination (R2)

0.931 (Training), 0.946
(Validation)

RMSE (Root Mean
Squared Error)

0.00156 (Training), 0.00278
(Validation)

Maximum fitness 998.42 (Training), 997.16
(Validation)

chromosomes and genes could lead to inferior accuracy and develop a complex and
ineffective equation. Hence, there should be an optimum number of these essential
parameters for any specific model. Input parameters were employed as observed in
the prediction equation, which specifies the importance and relevance of all the input
parameters into the output. The model outcome finally contributes to the precise
prediction of the groove closure.

Other parameters and outcomes of the model are presented in Table 3. Maximum
13 chromosomes and 6 headswere used in sub-ET’s. Themodel achieved an excellent
fitness of 998.42 for training and 997.16 for validation phases in themaximumfitness
scale of 1000. The coefficient of determination (R2) for training and validation phases
was obtained at a rate of 0.931 and 0.946, respectively. A minor error such as RMSE
demonstrates that the GP model has been trained well, and it can forecast the groove
areas with a high degree of accuracy and reliability. In addition to this, Table 4
delivers some statistical parameters of the variables.

Figure 4 depicted the experimental data in comparison with the predicted results
for both the training and validation phases as determined in the GP model. These
scatter plots expressed the correlation between input variables and derived variables.

The target sorted fitting curves articulates that the model followed the targeted
values quite closely for both the training and validation phases, as illustrated in Figs. 5
and 6, respectively.
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Table 4 Statistical parameters of variables

Variables Statistical parameters

Minimum Maximum Median Std deviation Skewness Kurtosis

Pass number (n) 0.00 37,290.00 11,338.00 10,289.19 0.88 −0.01

load (L) 55.00 65.00 55.00 2.64 3.31 9.21

Subbase
Thickness (Tsb)

34.00 39.00 37.00 2.07 −0.24 −1.52

Asphalt
Thickness (Ta)

10.00 15.00 12.00 2.07 0.24 −1.52

Maximum
temperature
(tmax)

9.00 34.00 27.00 7.52 −0.62 −0.69

Groove
Cross-Sectional
Area (Y)

0.034 0.065 0.049 0.006 −0.450 0.636

Fig. 4 Predicted and experimental Groove X-Sectional Area (Training & Validation Phase)

The results stated that the GP model could predict the groove area deterioration
near the experimental results. Additionally, this GP model can be an effective and
reliable model for groove closure prediction with a high degree of accuracy.
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Fig. 5 Target sorted fitting of data (Training phase)

Fig. 6 Target sorted fitting of data (Validation phase)
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7 Conclusions

This paper reviewed detail about runway grooving’s contemporary practice,
including potential distress mechanisms and factors involved with groove deteri-
oration. A later different perspective of prediction modeling has been demonstrated.
Finally, a GP Model has been developed successfully.

The coefficient of determination (R2) obtained for training and validation are
0.931 and 0.945, correspondingly. The results indicate that the generated model
fitted with the experimental data reasonably well, an expression of the prediction
models’ reliability.

It was tricky to predict the groove’s service length on the runway in a theoretical
process before. The prediction equation generated through this GP model renders
useful information for the prediction of groove area deterioration derived fromseveral
input factors, including loads, pass number, the thickness of sub-base and Asphalt
layer, and temperature. Airport authorities can refix and fit the model depending on
their specific construction history, loading characteristics, and frequency. This will
deliver a general prediction view of their groove life and timeframe of functional
condition. Moreover, the model will shorten the evaluation time for groove area
changes in a similar situation and calculate the rate of deterioration and the percent
of groove closure regarding aircraft movement realistically.

Moreover, the authority can plan its budget for future repair and maintenance
activities, including groove reinstallation to reinstate surface friction. However, some
other factors like rubber contamination on runway grooves, aircraft wheel speed, and
variation in materials configuration in the runway pavement layer, including funda-
mental characteristics like resilient modulus, could be considered for the modeling.
More detailed examination facilities in the runway in operational conditions could
provide realistic results and associated modeling.

Finally, this study has produced a deterioration model that will provide insight
into the groove closure and groove life prediction for timely maintenance of runway
pavements to ensure adequate surface friction.
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Side Friction as a Cause of Poor
Pavement Maintenance
in India—A Study Using Terrestrial
Laser Scanner Data

Shishodiya Ghanshyam Singh and S. Vasantha Kumar

Abstract Side friction is a peculiar characteristic that can be seen mainly in urban
roads of India where the part of carriageway is utilized for activities like on-street
parking, encroachment, etc. Though there are many studies on speed and capacity
reduction due to side friction, however studies on carriageway width reduction are
very limited. Hence an attempt has been made to measure the carriageway width loss
due to side friction activities using the terrestrial laser scanner data and analyze the
causes of such activities. Two locations with a stretch of about 50 m. each in Vellore,
India was taken as study stretches and laser scanning was carried out using the Leica
BLK 360 laser scanner. The total carriageway width and effective carriageway width
were measured accurately using the point cloud data. It was found that, in one of the
locations, almost one lane was occupied by on-street parking of vehicles. Aggregates
were just poured over it along the lane and because of that vehicles were not moving
on the lane. Hence it encourages illegal on-street parking of vehicles at that location
as the lane was not utilized for vehicle movement. Similarly, at other location also,
pavement maintenance was not carried out and thus a strip of sand particles along
the shoulder-side lane was found which also eventually led to on-street parking as
the lane was not utilized for vehicle movement. Thus, the results clearly says that
lack of pavement maintenance is one of the major causes for side friction activities
in India.

Keywords Side friction · Pavement maintenance · Terrestrial laser scanner ·
On-street parking · Effective carriageway

1 Introduction

Side friction basically refers to the interference caused to the moving vehicles on the
carriage way due to various factors like on-street parking, roadside encroachment,
presence of garbage bins, stopping of buses, pedestrian movement on carriageway,
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entries and exists from approach roads, etc. These side friction elements not only
obstruct the traffic flow and reduce the speed of vehicles but also endanger the
life of drivers especially when hoardings and sand particles are present on the
carriageway as shown in Fig. 1. For example, there are high chances of skidding of
two-wheelers due to lack of proper tyre friction between the wheel and road. Though
the chances of skidding are very less for other vehicle types like three wheelers and
four wheelers, but they are not ready to pass over the sand particles due to the pres-
ence of banners/hoardings with sharp edges as seen in Fig. 1. Thus, the presence of
side friction elements leads to under-utilized carriageway which eventually results
in loss of efficiency and also raises safety concerns.

Many studies have attempted on the impact of these side frictions on travel
time, speed, capacity and level of service (LOS) reduction. Salini and Ashalatha [1]
attempted a study on four lane divided urban roads to assess the impact of side fric-
tions on flow of traffic. Analysis revealed that the average speed of vehicles reduced
considerably with bus stops, pedestrians and on-street parking by 21%, 27% and
15% respectively. Pallavi and Mehar [2] have studied the influence of side friction
activities on vehicular speed. In their study they found that there is a 9% reduction
in the capacity due to the presence of side friction elements. Ashish [3] developed
a model to study the influence of crossing pedestrians at the undesignated locations
on capacity of 4-lane urban midblock sections. Based on his study he concluded that
the capacity reduces from 18 to 30% when the pedestrian cross-flow of 800 to 1500
pedestrians per hour is observed. Rao et al. [4] found that the average stream speed
has reduced to 49–57%due to bus stops and bus bayswith reduction in the capacity of
10–53%. The authors also reported that the on-street parking caused 45–67% of the

Fig. 1 Influence of side friction on traffic flow
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stream speed reduction and 28–63% reduction in the capacity which thus adversely
disturbing the functionality of the urban arterials. Pal and Roy [5] have studied the
impact of roadside friction elements on travel speed and LOS of rural highways in
India. It was found out that because of the impact of side friction in the market area,
the design speed of the vehicles decreases and level of service gets altered from C
to E. It can be seen that the most of the reported studies have focussed on the reduc-
tion in travel speed and/or capacity/LOS due to side friction elements. Studies on
carriageway width reduction are very limited. Hence in the present study, an attempt
has been made to measure the carriageway width loss due to side friction activities
using the terrestrial laser scanner data and analyze the causes of such activities. The
details of study area and data collection are explained in the following section.

2 Materials and Methods

2.1 Details of Study Area

The study area selected for the present work is located in Vellore city in the state
of Tamil Nadu, India. Two study stretches with a distance of 50 m and 100 m were
selected as shown in Fig. 2.

The study stretch-1 in Gandhi nagar is basically a sub-arterial road whereas the
study stretch-2 near VIT is located on a state highway. The reason for selecting
these two study stretches is at both the locations the side frictions were present. For
example, in both the study stretches, illegal on-street parking was observed as seen in
Fig. 2. Though both the study stretches are divided roads withmedian in between, but
only one side of the road was considered as illegal parking was observed in one side
only. In India, normally the single lane roads have 3.75 wide carriageway whereas
the two-lane roads have 7 m carriageway with 3.5 mwide lanes. The roads that fall in
between them are called intermediate lane roads as they have carriageways between
5.5 m and 6.0 m [6]. The study stretch in Gandhi nagar is basically of intermediate
lane type as the width of the carriageway is 6 m with each lane of 3 m wide. The
study stretch-2 near VIT is a 4-lane highway with two lanes in each direction and
the carriageway width is 7 m in one direction.

2.2 LIDAR Data Collection

The Light Detection and Ranging (LIDAR) also called as laser scanning is a remote
sensingmethod inwhich light is emitted continuously from a rapidly firing laser. This
light after reflecting from earth surface features like buildings, tress, etc. returns to
the LIDAR sensor where the distance to the target is calculated which is then used to
make digital three-dimensional (3D) representations of the earth surface feature. The
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Fig. 2 Map showing the location and photos of study stretches (map Source Google maps)

LIDAR data can be collected from either aerial or ground based terrestrial systems
and in case of terrestrial systems, the laser scanner is normally kept over a tripod and
then scanning is done. In the present study, terrestrial laser scanning was done using
one of the popular instruments called Leica BLK 360 laser scanner (Fig. 3).

The scanner has a capability of emitting 3,60,000 laser pulses per second and thus
can produce a point cloud of millions of data points of X, Y, Z values. The range of
the scanner is 60 m. which means the objects that are within a distance of 60 m. can
be covered in one scan. For distances of more than 60 m, the instrument needs to be
shifted with sufficient overlapping between the subsequent scans. The scan time is
generally 3 min/scan and the advantage of BLK 360 is it provides photos also taken
with high-definition camera along with point cloud data. In the present study, a total
of 4 scans were done with 2 scans in each location during the mid-day on January
20, 2021. The collected data were then transferred to the Cyclone Register 360 post
processing software and the results are discussed in the following section.
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Fig. 3 LIDAR survey using Leica BLK 360 at Study stretch-1

3 Results and Discussion

The results of point cloud data collected at the study locations using LIDAR were
shown in Fig. 4. A total of 16.299 million points with X,Y,Z values were collected
at study stretch-1. Similarly, for the study stretch-2, 15.601 million points were
collected. Registration of scans were automatically carried out by the Cyclone
Register 360 as the scans were taken with sufficient overlap between them. The
bundle error is an important parameter to determine the accuracy of the LIDAR data
collected and in the present study, the errors were calculated as 0.005 m and 0.004 m
for the study stretches 1 and 2 respectively. An error of less than a ‘cm’ basically
indicates that the collected LIDAR data is very accurate and hence can be used for
measurement purposes. Using the registered point cloud data, measurements were
taken in Cyclone Register 360 as shown in Fig. 5. The total carriageway width (in
one direction) at both the study stretches was measured accurately. Then the width
of carriageway covered by on-street parking & sand particles at stretches-1 and 2
respectively were measured. It was found that out of total carriageway width of 6 m,
only 3.608 m is available as effective carriageway for the vehicles to go which means
almost one lane width is occupied by on-street parking in study stretch-1 which is
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Fig. 4 Point cloud data of study stretch-1 (top) and 2 (bottom)

Fig. 5 A sample measurement using point cloud data
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really unacceptable. The reason for this unauthorized parking on the carriageway
is the shoulder-side lane was dug few months ago for pipe laying work and after
that the pavement was not constructed (Fig. 3). Aggregates were just poured over
it along the lane and because of that vehicles were not moving on the lane as sharp
aggregates may puncture the tyres. Hence it encourages illegal on-street parking
of vehicles at that location as the lane was not utilized for vehicle movement. In
study stretch-2, out of total carriageway width of 7 m, almost one-third was covered
with sand particles (1.259 m on shoulder side and 0.624 m on median side) and
remaining portion only was available as effective carriageway width for vehicles to
pass. This encourages vehicular parking as witnessed in Fig. 2. The sand particles
not only reduce the carriageway width but also poses serious safety issues especially
for two-wheelers and cycles as the chances of skidding is high when they drive over
the pavement covered with sand particles. Thus, the results clearly says that lack of
proper pavement maintenance is one of the major causes for side friction activities
in India.

4 Conclusion

One of the important factors in India that affect the roadway capacity and LOS is
the presence of side friction elements which not only hinder the traffic flow but also
leads to safety issues especially when banners and sand particles are present on the
carriageway. In the present study an attempt has been made to study how much
carriageway is lost due to side friction elements using the terrestrial LIDAR data.
The results showed that almost one-third to one-half of the carriagewaywas occupied
with illegal on-street parking due to the poor pavement maintenance. The findings
recommend that periodic maintenance of urban and rural roads is very essential in
order to eliminate the side friction activities which act as a medium of obstruction
to smooth flow of traffic.

References

1. Salini S, Ashalatha R (2020) Analysis of traffic characteristics of urban roads under the influence
of roadside frictions. Case Studies on Transport Policy 8(1):94–100

2. Pallavi G, Arpan M (2018) Analysis of side friction on urban arterials. Transp Telecommun
19(1):21–30

3. Ashish D (2017) Influence of crossing pedestrians at undesignated locations on capacity of
4-lane urban midblock sections. J Traffic Logistics Eng 5(1):10–14

4. Rao AM, Velmurugan S, Lakshmi KMVN (2017) Evaluation of influence of roadside frictions
on the capacity of roads in Delhi India. Transp Res Proc 25:4771–4782

5. Pal S, Roy S (2016) Impact of roadside friction on travel speed and LOS of rural highways in
India. Transp Develop Econ 2(9):1–12

6. Indian Highway Capacity Manual (Indo-HCM) (2017) Council of scientific and industrial
research (CSIR)—Central Road Research Institute (CRRI), New Delhi, India



Solar Energy Harvesting and Pavement
Sensing

Kang-Won Wayne Lee , Michael Greenfield , Austin DeCotis ,
and Kevin Lapierre

Abstract An attempt wasmade to generate the required voltage in asphalt pavement
to operate roadway sensors utilizing a temperature difference between two thermo-
electric generators (TEGs). To enable output voltage by the TEGs below the asphalt
surface layer, the harvester was installed with the copper plate 25 mm (1 in.) below
the top surface layer. The copper plate is heated from the sun’s rays penetrating
the asphalt surface layer and transferring the energy into the harvester system. The
power generated from the TEGs allows temperature difference readings, as well as
maximum power output voltage. Optimizing the harvester for efficiency and sustain-
ability were top priorities. Once the copper plate receives the required voltage from
the heat generation, the Arduino can be turned on. To communicate with the Arduino
board in the current set-up, a USB cord gets plugged into the Arduino with the other
end into the computer. The software program Arduino should then be opened on the
computer to read data from the apparatus. An SD card or Bluetooth receiver was
implemented into the solar harvester unit. This allows data for retrieval to be stored
without an external power source (i.e., computer), allowing the harvester to operate
freely. The strain transducer was installed into the asphalt surface layer for strain
monitoring of the roadway. The SD card/USB would be able to store the information
from the pavement strain transducer. Data retrieval would be achieved simply by
unplugging the card from the harvester unit and uploading it to a computer.

Keywords Solar energy harvesting · Thermoelectric generator · Copper plate ·
Arduino · Asphalt pavement sensing · Strain transducer
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1 Introduction and Background

1.1 Project Motivation

The properties of asphalt pavement allow the accumulation and dissipation of solar
energy on a daily cycle. Heat is absorbed in pavements, causing many detrimental
effects such as the degradation of pavement, heat island effect, and increased costs
for cooling nearby structures [8]. Harvesting solar energy from pavement has the
potential to provide many substantial benefits such as extending the service life of
pavements, improving the air quality, lowering impacts to the climate, and producing
energy [6]. The Rhode Island Transportation Research Center (RITRC) team at the
University of Rhode Island (URI) investigated important aspects of energy harvesting
via an embedded solar harvester system, which was created to reduce pavement
distresses and to enhance evaluating pavement performance [7].

Typically, sun shining on pavement provides it with thermal energy throughout the
day. Past studies have confirmed that pavement temperature rises and falls each day,
and the magnitude of the daily fluctuations varies with albedo (fraction of reflected
sunlight), light absorption by the pavement, and emission, all of which can vary
with latitude, with season of the year, and with the pavement itself [4]. Pavement
temperature falls at night as it radiates heat back into the atmosphere and as heat is
conducted into underlying layers and subgrade soils.

Harvesting energy from pavement refers to injecting engineered processes into
this daily thermal cycle. The goal is to capture part of the daily energy flow and to
channel it to other uses. The benefits cited above for energy harvesting arise from
the lower temperatures that can result from extracting energy from pavement more
quickly than can be obtained in a typical daily cycle.

1.2 Objectives and Tasks

Efforts focused on building an apparatus that can harvest thermal energy from a pave-
ment by a thermoelectric approach rather than relying on harvesting thermal energy
directly. Opposing semiconductors in a “thermoelectric generator” create electrical
voltage when they are brought to different temperatures. A ceramic barrier provides
electrical insulation between the opposing surfaces and cuts down on direct heat
transfer. Instead, energy flows from higher to lower electrical potential through a
wire, transferring the energy electrically rather than thermally. This creates a possi-
bility of harvesting energy by powering an external circuit with this voltage. The
electrical power becomes available for use within the pavement itself.
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2 Energy Harvesting and Advanced Technologies for Road
Assessment

The URI research team performed experiments utilizing the Seebeck Effect [7, 13].
The Seebeck principle comprises two dissimilar electrical conductors or semicon-
ductors that have a difference in temperature, which produces a voltage difference
between the two substances [3, 10]. Recently, an experiment using the Seebeck
principle was performed to develop a self-powered battery-less structural health
monitoring (SHM) system for transportation infrastructure [5]. The system would
be capable of processing analog voltage input from a variety of sensors, such as strain
gauges, traffic counters and piezoelectric weighing strips [9]. An energy harvester
driven by thermoelectric generators (TEGs) powered their system. TEGs function
on the Seebeck/Peltier principle, allowing thermal differences between the upper
and lower layers of asphalt concrete to be translated into electrical energy [11]. The
surface heat of the pavement would be transferred from the surface to the lower
layers through insulated copper plates, and the lower part of the harvester was kept
cool through a heat sink [12]. Thermoelectric generators can power SHM systems
when enough of a temperature differential exists to power the TEGs. This SHM
system developed by the Texas A&M University (TAMU) team appeared to be
successful. The system accepts analog voltage input from a variety of sensors, is
readily programmable, functions without a storage battery, and can continuously
retrieve wireless data. The URI research team has been conducting similar studies
independently. Literature review utilizing the Seebeck/Peltier Effect (thermoelectric
effect) was further researched and reviewed. An effort was made to harvest solar
energy for developing a road performance assessment tool, as described below.

2.1 Methodology

The setup has two broad functions. Thefirst setup harvests someof the thermal energy
that is available by converting it into electric voltage. This provides a capability to do
useful work in real time. The second setup uses the electrical power provided by the
energy harvesting system to power a strain sensor. The sensor monitors pavement
deformation or strains of passing traffic. This second setup involves conversion of the
generated voltage into a steady flow that can operate the sensor and its electronics.
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2.2 Apparatus to Harvest Solar Energy

2.2.1 Thermoelectric Generators

TEGs power the system by translating a thermal difference in temperature between
their upper and lower layers into electrical energy. They convert the environmental
energy that exists in the form of a thermal gradient into electrical energy. Normally
heat would flow down a temperature gradient in the form of thermal conduction.
Instead, the TEG replaces that energy flowwith a form of electrical energy that flows
froma higher voltage to a lower voltage. This voltage that drives that electrical current
can be directed through a circuit, which provides for extracting useful electrical work
from the pavement.

The layers within a TEG consist of two different semi-conductor materials (p-type
and n-type elements) between two ceramic substrates to generate voltage. As one
side of the TEG becomes hot due to heat transfer from the upper pavement layer,
the other same remains a colder temperature, allowing a voltage to be produced. A
cartoon depicts the overall structure (Fig. 1a) and a photograph depicts the system

Fig. 1 Solar energy
harvesting system. a Cartoon
of the harvesting system
depicted next to an asphalt
pavement. b Photograph of
the TEGs between the
copper plate and heat sink
during benchtop testing.
Pairs of black and red wires
indicate the parallel physical
and electrical geometries

(a) Computer generated model of harvesting system

(b) Copper plate, TEGs, aluminium heat sink  
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during benchtop testing (Fig. 1b). A TXL-287–03 TEG from TXL Group Inc was
used in this study. It employs a bismuth telluride thermoelectric material. Further
information is available at TXL Group, Inc. Two TEGs in parallel were used to
increase the available current.

2.2.2 Copper Plate Apparatus

Afirst step is to deliver heat from the hot pavement surface to theTEGs that extract the
useful energy. Normally this heat flows from surface to interior directly through the
pavement. This creates a temperature gradient within the pavement that is incapable
of allowing energy to be extracted. To circumvent this typical equilibrium, an easier
path was created for channeling heat flow to the embedded TEGs. This took the form
of a long, thin plate. The main experimental setup consists of an “L” shape design
470 mm (18.5 in.) long × 150 mm (6 in.) wide × 1.59 mm (0.0625 in.) thick copper
sheet that absorbs heat from the asphalt pavement. The size of the copper plate was
determined in correspondence with the size of the TEGs. The lower end of the copper
has a 63mm (2.5 in.), 90-degree bend, where it meets the TEGs. Copper was selected
because it is an excellent heat conductor and has a high thermal conductivity. Copper
is also very durable and has a specific heat of 385 J/kg C at 25 °C [1].Multiple on-line
sources cite a density of 8.96 g/cm3 and a thermal conductivity of 401 W/m–K at
0 °C. This copper sheet connects to two TEGs, which are electrically connected in
parallel, by a thin layer of thermal paste (Fig. 1b).

The role of the copper plate is to deliver heat to the TEG, so the upper surface of
the TEG becomes much warmer than its bottom surface. To decrease losses along
the copper, Styrofoam insulation was added to the solar harvester. The R value of the
insulation was approximately 2.8. The insulation was added to the 150 mm (6 in.)
bent part of the copper plate on both sides. The two insulation pieces were wrapped
in electrical tape to mimic a seal around the insulation. An adhesive was used to hold
the insulation in place. The insulation enables heat transfer to stay within the vicinity
of the copper.

2.2.3 Heat Sink

Attached to the bottom side of the TEGs was an aluminum heat sink, which is used
to dissipate the heat away from the TEGs (Fig. 1). Dissipating the heat away from the
TEG allows for a greater temperature difference between the two sides of the TEG,
producing an electrical current for sustainable power generation. The heat sink is
attached to the colder (bottom) side of the TEG. The heat sink is 180.3 mm (7.1in.)
long × 99 mm (3.9in.) wide × 45.7 mm (1.8in.) tall.
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2.3 Apparatus to Use Solar Energy—Strain Sensing
as an Example

Electrical energy must be used in real time unless a reservoir such as a rechargeable
battery is present to utilize the electrical voltage and current. As a demonstration that
energy harvesting can work, and as an added benefit, the energy harvesting apparatus
was used to power a strain sensor that can monitor pavement durability. The system
to power and activate the sensor requires a steady voltage within a narrow range.
Thus, electrical circuitry and hardware was implemented to employ the TEGs as the
power source. Programming of the strain sensor controller (the “Arduino” board)
was also required.

2.3.1 Boost Converter

A boost converter is used to amplify the voltage of the solar apparatus and to keep
the available voltage around 7 V. It can take an input voltage of 2–24 V and make
an output of 5–28 V. Without the boost converter, the TEGs would only be able
to produce a certain temperature-dependent voltage that is not a constant power to
supply the Arduino. The TEGs are then connected to a boost converter to amplify
the voltage produced by the TEGs. A boost converter allows a low voltage to be
converted to a higher voltage easily while stepping down the current. The TEGs
must maintain an output voltage of at least 2 V to power the boost converter. This
boost converter is connected directly to an Arduino Uno board to allow programming
of a road performance monitoring sensor.

2.3.2 Analog Digital Converter

An HX711 analog digital converter is used to power the Wheatstone bridge connec-
tion sensor, whose characteristics and specifications are listed in Table 1. The
converter easily converts the analog signal of the strain sensor into a digital signal, to
allow electrical signals for data processing purposes. Without the digital converter,
the signal from the sensor would not be easily readable.

2.3.3 Arduino Uno Board

The Arduino Uno is the control behind the solar apparatus. It is a microcontroller-
based board that can be easily programmed to control sensors via an Arduino code
written in a form of Java. The Arduino requires an input voltage of 7 to 12 V, so the
boost converter is required to maintain the minimum voltage of 7 V. The Arduino
Uno is then connected to an HX711 Analog Digital Converter to power the roadway
sensor.
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Table 1 Characteristics of dynatest PAST sensor

Specifications

Type PAST II (For AC or PCC) PCCST (for PCC only)

Range Up to 1500 µstrain Do.

Configuration Single strain gage (1/4 bridge) Do.

Cell material Epoxy—Fiberglass Do.

Coatings Epoxy—Silicon—PFT—Titanium Epoxy—Silicon—PFT

Resistance 120 � ±1.0%; GF=2.0 Do.

Voltage Up to 12 V (full bridge) Do.

Temperature −30° to 150 °C −22° to 300 °F −30° to 150 °C −22° to
300 °F

�E-modulus ≈2200 MPa ≈320 ksi ≈14,000 MPa ≈2000 ksi

Cross section ≈0.5 sq. cm ≈0.078 sq. in ≈0.25 sq. cm ≈0.04 sq. in

Cell force 0.110 N/µstrain ≈0.024 Ibf/µstrain 0.35 N/µstrain ≈0.08
Ibf/µstrain

Fatigue life Theoretically up to 108 cycles Do.

Service life Typically >36 months Do.

2.3.4 Wheatstone Bridge Sensor—5 kg Load Cell (Strain Sensor)

The Wheatstone bridge circuit is attached to the Arduino board. This sensor chosen
was a 5 kg load cell (Fig. 2). It contains a Wheatstone bridge connection, which is
accurate in measuring very low resistances without requiring a lot of power (Table
1).

Fig. 2 Dynatest wheatstone
bridge connection sensor
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2.4 Procedure to Build Solar Harvester

The two TEGs were connected in parallel by connecting the positive and negative
wires with solder. Thermal epoxy was applied to the bottom end of the copper plate
to act as an adhesive for the TEGs. The 2-bond epoxy was mixed with a stirring stick
to ensure a proper homogenous mixture. The epoxy was then placed onto the hot side
of the TEGs and attached onto the lip of the copper plate. After drying of the epoxy,
shrink tubes were added to the negative and positive leads of the TEGs to secure the
connection. The heat gun was applied to the shrink tubing which allowed the tubing
to connect to the wiring. The shrink tubing replaced the black electrical tape and
would ensure proper a moisture barrier from temperature changes. The epoxy was
set for 24 h to allow proper drying time [9, 11].

Next, the thermal heat sink was attached to the cold side of the TEG. Another
24 h was required to allow the heat sink to dry completely. Styrofoam insulation with
an R value of 2.8 was then cut out and attached to both sides of the 150 mm (6 in.)
tall section copper plate. Electrical tape bonded the copper between the two pieces
of insulation. Another section of Styrofoam was also attached to the bottom side of
the 470 mm (18.5 in.) section. The insulation allows the heat loss from the sides and
bottom the copper plate to be minimized, transferring the heat to the TEGs rather
than to the surrounding pavement. An adhesive was used to hold the insulation in
place.

The positive and negative ends of the TEGs were then soldered to the input side of
the DC-DC boost converter. The boost converters set screw was turned to maintain
a correct input voltage of 10 V for the Arduino board. The Arduino board can be
powered from 7 to 12 V of power supply. The boost converters output pins are
then soldered to a DC power cable (18 AWG), connecting into the DC barrel jack,
allowing power to the Arduino Uno. The Arduino then connects to HX711 analog
digital converter and the output connects to the 5 kg load cell sensor [5]. Code for the
load cell was written in Java using the Arduino software. This code can be changed
and altered depending on the type of sensor used.

2.5 Procedure to Install Solar Harvester and Sensor
in the Field

To install the solar harvester and strain sensor, a cross section of asphalt pavement
structure was developed as shown in Fig. 3. There was a preliminary survey with URI
Facility officers at the Plains Road Extension on May 8, 2020. When a contractor
cut out pavement sections, solar harvester and strain sensor were installed on June
29, 2020.

Figure 4 shows connections among the TEGs, boost converter, Arduino Uno,
amplifier, and load cell sensor. Together, these units constitute the electronics of the
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Fig. 3 Cross section of Solar Harvester, embedded in shoulder of road 25 mm (1in) below asphalt
surface

TEG’s

Arduino Uno

Load 
Cell Sensor

Boost Converter

Amplifier

Heat Sink

Fig. 4 Connections between TEGs, Boost converter, Arduino Uno, Amplifier, and load cell sensor

energy harvesting system. They were encased within an irrigation protection box for
use in the field to protect them from moisture, rain, snow, and groundwater.

2.6 Verification Before Field Installation

In a laboratory-scale test of the electronics for powering the sensor, two AA batteries
were connected in series as an initial test for a power supply to the Arduino Uno. The
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Fig. 5 Temperature of the hot side of TEGwith its corresponding voltage; ambient air temperature
23 °C (74°F)

batteries were soldered to the boost converter and then the DC cable jack produced
a current of approximately 200 mA, which successfully powered the Arduino.

The solar energy harvester was tested in the laboratory by applying a heat gun
to the top layer of the copper. The copper was heated to approximately 54 °C (130o

F). The copper was able to effectively transfer heat to the top layer of the TEG,
resulting in a power generation of 3 V. This voltage exceeds the minimum two volts
required for the boost converter, resulting in a powered Arduino. Varying the heating
rate altered the temperature on the upper surface of the TEGs, which subsequently
altered the voltage generated (Fig. 5). Even a hot-side temperature of 32.2 °C (90°F)
was enough to generate some voltage when the cold-side temperature was 23.3 °C
(74°F).

The load cell and Arduino were tested by using the five-volt USB jack on the
Arduino and connecting it to a computer. The load cell was calibrated using Arduino
software. The Arduino code allowed the Arduino to property read any loads (in
grams) the sensor experiences; with collecting data continuously. Examples of these
data are in Fig. 5.

2.7 Installation

The solar harvester was installed along Plains Road near the URI campus on July
29, 2020. The site was chosen to satisfy requests from the URI facilities office, who
kindly incorporated the construction work into the scope of work of an existing
project elsewhere at the university. Plans for the installation are shown in Fig. 6. A
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Fig. 6 Plans for the location, layout, and geometry of the installed energy harvester and strain
sensor on Plains Road in Kingston, RI

realization of the plans on the road and shoulder, prior to construction, is shown in
Fig. 7.

The first step was to dig a hole (Fig. 8) for the irrigation protection box to be
inserted, which holds the electronics of the harvester. The hole was dug to the height
of the irrigation box to make it flush with grade. The dirt was then back filled and
compacted to hold the irrigation box securely.A 900× 900× 106mm(36× 36× 4¼
in.) section of pavement was saw cut and removed from the road for the strain sensor.
Next, the copper plate was inserted into the box with temperature gauges along the
top, middle, and end section of the top surface. This allows for data collection of the
varying temperatures along the copper heat plate.

The Dynatest strain sensor was placed into the base of the pavement cutout with
the middle section of its H bar parallel with the roadway. The sensor was placed
within the average passenger-side wheel path. The wiring of the sensor was placed
in a 6¼mm (¼ in.) sawcut line and sealed with silicon epoxy. Asphalt pavement was
carefully placed over the sensor and hand tamped due to the sensitivity of the sensor.
The remainder of the asphalt cutout was filled and compacted with a compacting
machine, keeping away from the sensor. The asphalt temperature reading just before
placement was recorded to be 110 °C (230°F). A 50 mm (2 in.) thickness of asphalt
was then placed over the copper apparatus. It was compacted with the hand tamp
and then properly dried. The next day, a hole was cut into the irrigation box to allow
the end of the sensor wiring to be accessible in the irrigation box. The irrigation box
has two bolts and two caps to make the top cover air/watertight.
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Fig. 7 Markings for the sawcuts for strain sensor (in the road) and energy harvester (in the shoulder)
on Plains Road

Fig. 8 Digging a hole for the irrigation box in the shoulder
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2.8 Strain Measurement

The installed energy harvester and load cell strain sensor are now ready for in-field
experiments. As a start, the sensor can be tested by using a P-3500 Strain indicator
provided for the project by Kevin Broccolo of URI Civil Engineering. The wires
connect into the wire jacks and the strain can be monitored.

2.9 Summary and Future Works

Further testing is needed to evaluate this implementation of the energy harvesting
device into the roadway. Now that the solar harvester has been installed into the
shoulder of a roadway, the ability of heat transfer to generate electrical energy needs
to be tested in this real-world application. The temperature difference between the two
TEGs will generate the required voltage to operate the roadway sensors. To enable
output voltage by theTEGsbelow the asphalt surface layer, the harvesterwas installed
with the copper plate 25 mm (1 in.) below the top layer. This allows temperature
difference readings as well as maximum power output voltage. This copper plate will
be heated from the sun heating the asphalt surface layer and transferring the energy
into the harvester system.

During installationof the solar harvester apparatus,multipleK type thermocouples
were placed among the solar harvester in the following areas:

1. Top part of road surface
2. Top of copper plate along two ends and middle
3. Hot temperature side of TEG junction
4. Cold temperature side of TEG junction
5. Cold temperature sink portion
6. Intermediate points along copper that transfers heat to/from the semiconductor,

but not near it
7. Any sort of measurement in duplicate or triplicate for reliability.

These thermocouples will allow data to be collected. Subsequent analysis will
enable estimatingwhere thermal losses occur. Optimizing the harvester for efficiency
and sustainability are top priorities.

RITRC recommends that a SD card or Bluetooth receiver be implemented into
the solar harvester unit. This will allow data for retrieval to be stored without an
external power source (i.e., computer), allowing the harvester to operate freely. The
SDcard/USBwill be able to store the information from thepavement strain transducer
or other structural healthmonitoring sensors.Data retrievalwould be achieved simply
by unplugging the card from the harvester unit and uploading it to a computer.

RITRC also recommends that the Dynatest Pavement Strain Transducer gets
installed into the asphalt surface layer for strain monitoring of the roadway. This
sensor is capable of 100,000,000 cycles and has a service life that exceeds 36months.
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Another recommendation is a box for the Arduino itself so it can be mounted
inside the irrigation box without any movement of the electronic components. A box
can be easily printed using the 3D printers if an appropriate size is not found in a
commercial source.

This solar apparatuswill allow any type of roadway sensor/roadmonitoring device
to be installed.Any sensor canbeprogrammedand configured into theArduinoboard.

The solar apparatus can be further developed by creating a “manhole” for the elec-
trical configuration of the harvester. A manhole will enable access to the electrical
connection to allow different sensors to be tested from the Arduino board. It also
prevents outside parameters from damaging the electrical connections. The recom-
mended box configuration should be like an irrigation system box because it forms
a watertight seal. Water cannot be allowed to enter the box because the electrical
components would be compromised from the environment. The box will have to be
approximately 300 mm by 300 mm (one foot wide by one foot) deep to allow proper
room for the configuration. A small hole will have to be drilled through the box for
the sensor wires going into the roadway. This hole can then be watertight by corking
the remaining gaps in the hole.

It is also recommended adding an energy storage device such as a capacitor to
the TEG’s output wires to store voltage that is produced. The TEGs send current to
the boost converter, but if there is not a continuous supply of two volts, the boost
converter will not amplify the voltage to power on the Arduino Uno.

The Arduino can be turned on by a powered button that gets pressed/reset. Once
the copper plate receives the required voltage from the heat generation, the Arduino
can be turned on. To communicate with the Arduino board in the current set-up, a
USB cord gets plugged into the Arduino with the other end into the computer. The
software program Arduino should then be opened on the computer to read data from
the apparatus. Code must be written in the software to run the sensor properly.

3 Thermodynamic Analysis of Solar Energy Harvesting
Processes

The goals of thermodynamic modeling work are to assess the viability of the energy
harvesting strategies that were considered. Most calculations were done for the
thermoelectric energy generation approach.

3.1 Example of Heat Flow Condition During Thermoelectric
Energy Harvesting

The energy harvesting system that uses a thermoelectric generator (TEG) was
described earlier. It relies on bringing heat from a hot pavement surface down to
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the top surface of a TEG. Simultaneously the opposite side of the TEG is in thermal
contact with cooler temperatures below the road. The temperature difference causes
a voltage across a semiconductor. Connecting the opposite ends through a circuit
allows for electrical work to be performed.

The heat is brought to the TEG through a copper plate. A wide upper surface
warms the copper with an intent of it reaching the pavement temperature. Insulation
along its sides is intended to allow heat to transfer through the copper and thus down
from the surface while simultaneously blocking heat flow from the copper into the
surrounding asphalt that is less hot.

A first calculation illustrates the rate that thermal energy can be carried through
the copper to the TEG. Applying the First Law of thermodynamics within a thin
section of the copper (the “system”) indicates that heat flow changes the internal
energy of the copper,

dQ = Md Û ≈ MCpdT (1)

The driving force for heat flow through an insulated portion of the copper is that
there is a temperature difference between the asphalt near the surface and the buried
location of the TEG. Fourier’s Law of heat conduction expresses this driving force
by using the thermal conductivity of copper,

Q̇

A
= k∇T = k

dT

dx
(2)

Multiple sources cite a thermal conductivity k = 401 W/mK near room
temperature for copper. Its heat capacity is Cp = 0.385 J/g°C at 25 °C [1, 2].

An estimate of the heat transfer rate can be made by replacing the derivative in
Eq. (2) with finite differences in temperature and position. Here we assume a linear
temperature gradient between 140°F (60 °C) and 68°F (20 °C) for simplicity along
the 6′′ length of copper. Inputting the dimensions of the copper plate and employing
unit conversions as needed indicates

Q̇ = kA
dT

dx
= (6.5 × 0.0625 in2)(401 W/mK)

(
40K

6 in

)
(
0.0254m

in

)
= 27.6W (3)

We note that the temperature change of (60–20 °C)= 40 °C is identical in degrees
Kelvin. The first factor on the right side provides the cross-sectional area of copper
normal to the flow direction.

This calculation indicates that heat flow can proceed as quickly as 27.6Wbetween
hot pavement and a cool TEG. The experiments of Chap. 3 involve work production
rates that are closer to a range of 1–3 W. It can be concluded that sufficient energy is
potentially available through heat transfer through the copper.
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3.2 Example of Heat Flow Dynamics During Energy
Harvesting

Amore detailed example of the heat flow dynamics within the vertical section of the
copper plate during energy harvesting can be obtained by combining Eqs. (1) and
(2) into Fourier’s second law of heat conduction,

∂T

∂t
= k

ρCp
∇2T (4)

which can then be solved for the time- and position-dependence of temperature in
the copper between positions x = 0 at the upper part with a hotter temperature (such
as 140 °F or 60 °C) and x = L at the lower part with a cooler temperature, such as
68°F or 20 °C. Solving this differential equation requires two boundary conditions
in position and one initial condition in time. A possible initial condition specifies
this lower temperature throughout the copper at t = 0. At x = 0, assume the hot
temperature is maintained. To track the rate that the copper can heat up, neglect heat
transfers out of the copper at x = L. From Eq. (2), this sets the temperature position
derivative to zero.

When the thermal conductivity, mass density, and heat capacity are sufficiently
independent of temperature, Eq. (4) can be solved analytically by using the separation
of variables method. Briefly, it first is rewritten in terms of a dimensionless change
in temperature compared to the warm and cool extremes,

θ = T (x, t) − T0
T1 − T0

(5)

Equation (4) remains the same with this substitution, other than T being replaced
by θ . The boundary conditions become θ = 0 at x = 0 at all times, θ ‘ = 0 at x = L
at all times; the initial condition is θ = 1 everywhere at t = 0.

Next, the function θ (x,t) is written as a product of a time-dependent function f (t)
and a position-dependent function g(x). Substituting these into Eq. (4), applying the
derivatives, and rearranging leads to the differential equations

ρCp

k

1

f

∂ f

∂t
= 1

g

d2g

dx2
= −(constant) (6)

The two equations for f and g must equal a constant because they are equal for
various times and positions, with time affecting only the f equation and position
affecting only the g equation. The negative sign in front of the constant is chosen for
convenience later. Solving each side, applying the initial condition, and applying the
boundary conditions leads to the following equation for the temperature change,
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θ = T (x, t) − T0
T1 − T0

=
∑
n

2

π

1

(n − 1/2)
exp

(
− k

ρCp

π2

L2
(n − 1/2)2t

)

sin
(
π(n − 1/2)

x

L

)
(7)

Theoretically, the integer n spans from 1 to infinity. In practice, the exponential
term ensures that contributions become negligible for large enough n at long enough
times.Here, amaximumof 200 termswas chosen. The ratio (k/ρCp) is called thermal
diffusivity. It is often notated as α and has units of (length squared per time).

As an example of using Eq. (7), the temperature profile along the length L = 6
in of the copper plate going into the ground can be calculated. Temperatures of T 0

= 140°F = 60 °C and T 1 = 68°F = 20 °C are specified. Thermal conductivity k
and heat capacity Cp are listed near Eq. (2) above and in Sect. 2. The density ρ =
8.96 g/cm3.

Figure 9 shows results from themodel over times from0 to300 s.As a consequence
of the high thermal diffusivity of copper, which is largely attributed to its high thermal
conductivity, the temperature rises rapidly along the copper plate. The temperature
is predicted to exceed 110 °F over the first inch after only 10 s. The entire plate is
predicted to reach 100 °F after about 1 min and 120°F after just over 2 min. After
5 min, nearly the entire plate has reached its upper surface temperature of 140 °F.
This suggests that the copper plate setup will be effectively at bringing heat from
near the hot asphalt surface down to the TEG.

While this model calculation is encouraging, it is not expected to correspond
precisely with experimental measurements. It assumes that the temperature near
the asphalt surface instantaneously reaches 140°F (60 °C) at time zero, as does the
horizontal copper plate. In reality, the asphalt will heat up over time due to incoming

Fig. 9 Model results for temperature within the vertical copper plate, assuming perfect insulation
along the sides and an instantaneous rise to 140°F at the top
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solar radiation, and some time will be required to transfer that heat into the adjoining
copper. This would provide a less sudden driving force for bringing heat to the TEG.

The calculation also neglects heat losses into the neighboring asphalt through the
insulation. Such heat losses would cause a temperature gradient across the copper
plate in its thin dimension at each time. The better the insulation, the smaller this
effect. The rate of heat conduction into the insulation from the copper and into the
asphalt from the insulation would each mediate these effects. Indeed, the intent of
the Styrofoam insulation is to minimize the extent of this heat flow.

Calculations were not performed for the extraction of heat from the TEG via the
heat sink. Fewer details about the geometry and the physical relationship between
the heat sink and the road subbase were available for the calculations.

3.3 Summary from Modeling

A heat flow analysis of the TEG setup indicates that enough thermal energy flow
is possible through the vertical copper plate to allow the TEG to generate electrical
work at the desired voltages, though at low currents. A dynamic analysis shows that
if the insulation works sufficiently well such that heat flow is channeled along the
copper plate rather than through its sides, the temperature at the upper surface of the
TEG can become very close to the upper pavement temperature. Thus, it is reasonable
to consider a hot-side temperature driving force that is near the hot temperature of
an asphalt pavement surface that receives solar heating.

4 Conclusions and Recommendations

An effort was made to create an efficient asphalt pavement solar collector using ther-
moelectric generators. Thorough testing was needed to evaluate the implementation
of the energy harvesting device into the roadway. The temperature difference between
the two TEGswill generate the required voltage to operate the roadway sensors. Now
that the solar harvester has been installed into the shoulder of a roadway, the ability of
heat transfer to generate electrical energy needs to be tested in this real-world appli-
cation. To enable output voltage by the TEGs below the asphalt surface layer, the
harvester was installed with the copper plate 25 mm (1 in.) below the top layer. This
allows temperature difference readings as well as maximum power output voltage.
This copper plate will be heated from the sun heating the asphalt surface layer and
transfer the energy into the harvester system. Calculations show that this heat transfer
is reasonable if heat flow along the plate into deeper asphalt layers can be neglected.

During installation of the solar harvester apparatus, multiple K-type thermocou-
ples were placed among the solar harvester in the following areas: Top part of road
surface, Top of copper plate along two ends andmiddle, Hot temperature side of TEG
junction, Cold temperature side of TEG junction, Cold temperature sink portion,



Solar Energy Harvesting and Pavement Sensing 267

Intermediate points along copper that transfers heat to/from the semiconductor, but
not near it, and any sort of measurement in duplicate or triplicate for reliability.
These thermocouples will allow time and temperature data to be collected. Subse-
quent analysis will enable estimating where thermal losses occur. Optimizing the
harvester for efficiency and sustainability are top priorities. An SD card or Blue-
tooth receiver was implemented into the solar harvester unit. This will allow data for
retrieval to be stored without an external power source (i.e., computer), allowing the
harvester to operate freely. The SD card/USB will be able to store the information
from the pavement strain transducer or other structural health monitoring sensors.
Data retrieval would be achieved simply by unplugging the card from the harvester
unit and uploading it to a computer.

Another recommendation is a box for the Arduino itself so it can be mounted
inside the irrigation box without any movement of the electronic components. A box
can be easily printed using the 3D printers if an appropriate size is not found in a
commercial source. This solar apparatus will allow any type of roadway sensor/road
monitoring device to be installed. Any sensor can be programmed and configured
into the Arduino board.

The solar apparatus can be further developed by creating a “manhole” for the elec-
trical configuration of the harvester. A manhole will enable access to the electrical
connection to allow different sensors to be tested from the Arduino board. It also
prevents outside parameters from damaging the electrical connections. The recom-
mended box configuration should be like an irrigation system box because it forms
a watertight seal. Water cannot be allowed to enter the box because the electrical
components would be compromised from the environment. The box will have to be
approximately 300 mm by 300 mm (one foot wide by one foot) deep to allow proper
room for the configuration. A small holewill have to be drilled through the box for the
sensor wires going into the roadway. This hole can then be watertight by corking the
remaining gaps in the hole. It is also recommended adding an energy storage device
such as a capacitor to the TEG’s output wires to store voltage that is produced. The
TEGs send current to the boost converter, but if there is not a continuous supply of
two volts, the boost converter will not amplify the voltage to power on the Arduino
Uno. The Arduino can be turned on by a powered button that gets pressed/reset. Once
the copper plate receives the required voltage from the heat generation, the Arduino
can be turned on. To communicate with the Arduino board in the current set-up, a
USB cord gets plugged into the Arduino with the other end into the computer. The
software program Arduino should then be opened on the computer to read data from
the apparatus. Code must be written in the software to run the sensor properly.

The Dynatest Pavement Strain Transducer was installed into the asphalt surface
layer for strain monitoring of the roadway. This sensor is capable of 100,000,000
cycles and has a service life that exceeds 36 months.

A combination of dynamic heat transfer and thermodynamics modeling indicates
that the use of a copper plate should enable heat fromnear a pavement surface to reach
a TEG that is further below the surface to enable a voltage-generating temperature
difference to be obtained.
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If the advanced technology approaches begun in this research are successful, they
will enable pavement lifetime through extracting energy from asphalt pavement,
enabling it to persist at a lower temperature. Sensing equipment that is powered
through thermally generated electrical energy will enable for ongoing monitoring of
road quality and stress–strain conditions without ongoing external power require-
ments. This in situ power generation enables technologies that are being pursued
within other projects of the RITRC [7].
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Texture and Skid Resistance of Asphalt
Concrete Surface Course Incorporating
Geopolymer Artificial Aggregates
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Januarti Jaya Ekaputri, and Ervina Ahyudanari

Abstract Skid resistance is required to prevent vehicle wheels from slipping on a
road surface. The skid resistance is influenced by surface texture of the road, which
is a function of aggregate properties and grading characteristics. This study aimed
to examine the effect of using artificial aggregates on the texture depth and the skid
resistance of two asphalt concrete surface course (ACSC) mixtures (dense and open
graded). The artificial aggregate, whichwasmade from amixture of a locally sourced
fly ash geopolymer paste and an alkaline activator, was used to partially substituting
the coarse aggregate in these ACSC mixtures. ACSC slab samples, without and with
25% artificial aggregate, were produced in laboratory. The texture depth and skid
resistance characteristics were subsequently determined. This study found that the
differences in texture depth and skid resistance of the two ACSC mixtures were
contributed by the difference in gradation of the mixtures and the properties of
the coarse aggregate in the mixtures. The ACSC mixture containing 100% natural
coarse aggregate (crushed stone) has a deeper and rougher texture depth than those
containing 25% rounded artificial aggregate. Post-wheel track loading, the texture
depth and skid resistance of open graded ACSCwere found to be higher than those of
dense graded ACSC. These trends were consistent regardless the type of aggregates
used in these ACSC samples. Overall, all tested samples showed skid resistance
values meeting the requirements for heavily trafficked roads in urban areas where
the traffic speed does not exceed 95 km/h.
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1 Introduction

Surface textures can represent different levels of roughness and/or smoothness of
pavement surfacing. One of them is macrotexture that is broadly formed by graded
aggregate mixtures, bonded and compacted to produce a relatively smooth running
surface but with some irregularities. In this context, larger irregularities can be asso-
ciated with voids between aggregate particles, and these are often contributed by size
and physical characteristics of aggregate particles [1]. Macrotexture is also essential
in providing escape channels to water during the dynamic tyre-surface interactions,
and therefore reducing risk to hydroplaning [2]. The macrotexture parameter is often
represented as either texture depth or mean profile depth [3].

Skid resistance is the most important safety parameter in preventing incidents
on road and airfield runway pavements. Therefore, careful consideration should be
taken when selecting the right material, design, and construction of these pavements
[4, 5]. Skid resistance can prevent the wheels from slipping on the pavement surface
[6]. External factors such as traffic speed, wheel load, surface water film thickness,
and depth of wheel tyre-tread, can also affect skid resistance. Low skid resistance
increases the stopping distance of running vehicles and can increase the risk of safety
incidents [7–9]. Variations in vehicle speed and thickness of surface water are known
to compromise skid resistance [8]. In the context of carrying out mix design for
asphalt concrete surface course (ACSC), excessive bitumen content must be avoided
to prevent bleeding which can cause slippery on the pavement surface. Aggregate
characteristics such as micro texture, shape, size and resistance to polishing, are
known to influence skid resistance of the compacted asphalt mixture [5, 10].

Previous research has reported development of artificial aggregate, manufac-
tured from by-product ofmanufacturing industry [11–13]. The resulting construction
materials can help reduce dependence on non-renewable resource materials [5]. In
addition, it will help the environment with regard to waste and reduce high energy
consumption in the procurement of these materials [11]. However, the manufac-
turing process resulted in aggregate having relatively porous but rounded shape. The
apparent shape and microstructure (under Scanning Electron Microscopy, SEM) of
the artificial aggregate are illustrated in Fig. 1.

Figure 1a shows the form of artificial aggregate produced using granulator. The
size of artificial aggregate depends on the addition of alkali activator, the angle
of granulator and the rotation speed of granulator [12]. Figure 1b presents the
microstructure of the artificial aggregate [13].

Further study was considered necessary to assess the impact from incorporating
the relatively porous but rounded artificial aggregate on the macrotexture and skid
resistance of ACSC. This paper presents findings from the study, aiming to examine
the impact from using the artificial aggregate on the macrotexture (texture depth)
and skid resistance of dense and open graded ACSC mixtures.
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Fig. 1 Artificial aggregate: a apparent shape [12] and b microstructure [13]

2 Material

2.1 Component Materials

Based on the recommendation from the previous studies [11, 13], artificial aggregate
was manufactured from a mixture of fly ash geopolymer paste and activator alkali
at a ratio of 75:25%. The alkali activator was a mixture of sodium hydroxide and
sodium silicate with a ratio of 2.5 [11–13]. In addition, natural material is mineral
quarried aggregate which have been crushed into different fractions, namely: coarse
aggregate, fine aggregate and filler. The physical properties of the natural and the
artificial aggregates, as well as the organoleptic check of the apparent shape and
surface texture (microtexture) of these aggregates, are summarized in Table 1.

The binder used to produce asphalt mixture was paving grade bitumen 60/70. The
component materials used for producing the asphalt mixture met the requirements
of the Indonesia National Specification (SNI) [14]. These component materials are
illustrated in Fig. 2.

Table 1 Properties of artificial and natural aggregates

Properties Unit Test method Artificial aggregate Natural aggregate

Specific gravity gr/cm3 SNI 1969:2008
SNI 1969:2008

1.9 2.5

Water absorption % 6.1 2.3

Durability (soundness) % SNI 3407:2008 5.2 9.7

Toughness (Los Angeles) % SNI 2417:2008 22.8 30.8

Apparent shape – – Rounded Angular

Apparent microtexture – – Porous Dense
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Fig. 2 a Artificial aggregate, b coarse aggregate, c fine aggregate, d filler, and e bitumen

2.2 Target ACSC Mixtures

Two sets of ACSC mixtures were produced, namely open and dense graded ACSC
mixtures. These two mixture gradations are illustrated in Fig. 3.

Each sample set comprises either 100% natural aggregate (therefore without arti-
ficial aggregate), or, a mixture of 25% artificial aggregate and 75% natural aggregate.
The proportions between artificial aggregate, natural aggregate and bitumen in each
sample set are summarized in Table 2.

3 Methodology

This section presents the methodology for sample manufacturing and testing.

(a) (b)

Max limit
Mid point
Min limit

Max limit
Mid point
Min limit

Fig. 3 Combined aggregate gradations: a dense graded and b open graded ACSC mixtures
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Table 2 The proportions of material for each set of asphalt mixture

Sample set Density
(g/cm3)

Total sample
weight (g)

Artificial
aggregate
weight (g)

Natural
aggregate (g)

Bitumen
weight (g)

Dense graded
without artificial
aggregates

2.330 10,490 0 9871 619

Dense graded
with 25%
artificial
aggregate

2.180 9810 2328 6982 500

Open graded
without artificial
aggregates

2.320 10,440 0 9814 626

Open graded
with 25%
artificial
aggregate

2.220 9990 2345 7036 609

Fig. 4 Asphalt slab manufacturing process: a material preparation, b heating of the material, c
mixing process, d compaction process, e samples ready to be tested

3.1 Sample Manufacturing

The four sets of ACSC samples were manufactured by using a laboratory roller
compactor. Each loose asphalt mixture was compacted in a mould with a dimension
of 30 cm × 30 cm × 5 cm (see Fig. 4). The four sets of compacted ACSC samples
are illustrated in Fig. 5.

3.2 Macrotexture and Skid Resistance Measurements
of Samples

Surface characteristics of the ACSC sample sets were assessed under two conditions:
(1) pre-wheel track loading and (2) post-wheel-track loading. Wheel track loading
was carried out using a laboratory small scale wheel track tester, running at 21 passes
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Fig. 5 Four asphaltmixture sample sets: a dense gradedwithout artificial aggregate,b dense graded
with 25% artificial aggregate, c open graded without artificial aggregate, d open graded with 25%
artificial aggregate

Fig. 6 a Sand patch to measure texture depth, b BPT to measure skid resistance

per minute for 60 min at 60 °C. Measurement of surface characteristics includes:
(a) determining texture depth using the sand patch method, and (b) assessing skid
resistance using a British Pendulum Tester (BPT). These methods are illustrated in
Fig. 6. Test results and discussions are presented in Sect. 4.

3.2.1 Macrotexture

The sand patch tests were carried out on the test section to determine an equivalent
mean texture depth (MTD) [15]. The texture depth was calculated based on the
amount of fine sand that is required to cover irregularity and pores of the sample
surface. This process involves pouring fine sand with a certain volume (Vs) over the
sample surface and then spread evenly with a circular motion in a circle until the
sand is levelled with the surface (ASTM E965-06) [16]. The final diameter of the
circled sand (d) is measured in 4 directions (horizontal, vertical, and diagonal) and
the results are averaged. The area of the circle (As = 1/4πd2), then the mean texture
depth (MTD), can be calculated using “Eq. (1)”.
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Fig. 7 Texture measurements on the ACSC sample (pre-wheel track loading): a the sample, b the
sand is poured onto the sample surface, c the sand is leveled using a circular motion, dmeasurement
of the diameter of the sand circle in four positions

Fig. 8 Texture measurements on the ACSC sample (post-wheel track loading): a the sample under
the wheel track load conditions, b the sand is poured onto the sample surface (outside the track),
then leveled, c measurements in the four directions of the circle diameter, d the sand is poured and
smoothed on the track, e measurement of the length of the sand distribution on the track

MTD = Vs/As = Vs/(1/4πd2) = 4Vs/πd2 (1)

The texture depth was measured in two conditions: pre- and post-wheel track
loading. For the post-wheel track loading condition, two set of measurements were
made, namely outside and inside the wheel track. The pre loading test process is
shown in Fig. 7, and post loading in Fig. 8.

3.2.2 Skid Resistance

Skid resistance was determined using a BPT. For this test, a small rubber foot (75mm
× 25 mm) was used. The pendulum was released, swinging over the test surface and
the skid resistance value was determined as the British Pendulum Number (BPN).
The final BPN value is the average of the five readings after temperature correction
was applied to normalize the test condition to 20 °C, according BS EN 13036-4; see
Table 3 [17].
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Table 3 Temperature
correction for BPN when
tested at other than 20 °C [17]

Measured slider temperature
(°C)

Correction to measured value

36–40 +3

30–35 +2

23–29 +1

19–22 0

16–18 −1

11–15 −2

8–10 −3

5–7 −4

Note The temperature correction can be affected by the texture of
the surface

The samples used for skid resistance testing were the same sample as those
subjected to the texture depth assessment. With a note that the skid resistance assess-
ment was carried out before measuring the texture, so that the test surface remained
clean without contamination from traces of sand on the surface.

The skid resistance assessment was carried out under two conditions: pre and post
wheel track loading. In the post-loading condition, the skid resistance test was only
carried out on the outside of the wheel track. The section within the wheel track was
not tested, because the pendulum head is wider than the track width, which prevented
it from reaching the tracked surface. The pre loading test process is shown in Fig. 9,
and post loading in Fig. 10.

Fig. 9 Measure the skid resistance on the ACSC plate using a BPT (pre-wheel track loading): a
the sample, b setting the BPT, c wetting the sample surface, then swinging the pendulum, d reading
the dial
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Fig. 10 Measuring the slip resistance on the ACSC plate using a BPT (post-wheel track loading):
a a sample plate that has been given a wheel track load, b setting the BPT, c wetting the sample
surface, then swinging the pendulum, d reading the dial

4 Results and Discussion

The properties of artificial aggregates show advantages over the natural aggregates,
specifically in terms of durability and toughness, as shown in Table 1. The dura-
bility by soundness test showed that the artificial aggregate has better resistance to
degradation than the natural aggregate. Also, the toughness by Los Angeles abra-
sion test showed that the artificial aggregate has better wearing resistance than the
natural aggregate. The organoleptic check of the apparent shape and microtexture of
these aggregates suggested that the more rounded and porous artificial aggregate has
surface characteristics which are less favourable than those of the more angular and
dense natural aggregate. These can be seen as potential risks to compromising the
surface characteristics of the asphalt mixtures, therefore, subsequent assessment of
texture depth and skid resistance on the ACSC samples containing these aggregates
were carried out.

Figure 11 shows that the inclusion of artificial aggregate did not have practical

(a) (b)

Pre-
loading

Post-
loading

Pre-
loading

Post-
loading

Fig. 11 Comparison of the results of ACSC texture depth measurements without (0%) and with
25% artificial aggregate a dense graded, b open graded, pre- and post-wheel track loading
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impact to the texture depths of both sets of ACSC samples, dense and open graded.
The texture depth values appear to be comparable for both samples sets. Similar
trend is also observed for the texture depth values obtained before and after wheel
track loading where the observed reduction in texture depths appear to be of a similar
magnitude for both sample sets. Note that the reporting requirement for texture depth
values is typically to the nearest 0.1 mm, however the test results are presented to the
nearest 0.01 mm for the purpose demonstrating the slight differences in the values.

Higher skid resistance value is known to be related to rougher surface. In the
BPT test, the measurement scale starts from 0 to 120. A scale of 0 means that the
surface is very slippery (zero resistance against skidding). Conversely, the value
120 is the maximum value at which the pendulum does not swing further, after
touching on the test surface. The test results show that for dense graded ACSC
samples, the skid resistance value for those without artificial aggregate is higher than
those with artificial aggregate. In contrast, for open graded ACSC samples, the skid
resistance of those with artificial aggregates is slightly higher than those without
artificial aggregate, after being loaded by the wheel tracking test (see Fig. 12).

Figure 12 explains the impact from apparent aggregate shape on skid resis-
tance. For the ACSCmixture without artificial aggregate (therefore containing 100%
angular natural aggregate), the skid resistance value seems to be higher than those
containing 25% artificial aggregate. As stated previously, the apparent shape of the
artificial aggregates was rounded. These results suggest that the rounded artificial
coarse aggregate used in themixture has contributed to the skid resistant values being
lower than those containing 100% crushed natural aggregate. Overall however the
skid resistant values for these samples are not less than BPN 65, indicating good skid
resistance characteristics under the adopted test condition. When compared against
the site category for the minimum values of ‘skid resistance’ as measured with the
portable tester suggested by Road Note 27 [18], the BPN results for these samples

(a) (b)

Pre-
loading

Post-
Loading

Pre-
loading

Post-
Loading

Fig. 12 Comparison of the results of ACSC skid resistance measurements without (0%) and with
25% artificial aggregate a dense graded, b open graded, pre- and post-wheel track loading
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Table 4 Suggested minimum values of ‘skid resistance’ [18]

Category Type of site Minimum ‘skid-resistance’ (wet surface)

A Difficult sites such as:
(a) Roundabouts
(b) Bends with radius less than 150 m on
unrestricted roads
(c) Gradients, 1 in 20 or steeper, of
lengths greater than 100 m
(d) Approaches to traffic lights on
unrestricted roads

65

B Motorways, trunk and class 1 roads and
heavily trafficked roads in urban areas
(carrying more than 2000 vehicles per
day)

55

C All other sites 45

Note For category A and B sites where speed of traffic is high (in excess of 95 km/h) an additional
requirement is a minimum ‘texture depth’ of 0.65 mm

meet the requirements for category B, for site where traffic speed does not exceed
95 km/h (reproduced in Table 4).

5 Conclusion and Recommendation

Tests on aggregate properties demonstrated durability and toughness values of the
artificial aggregate being better than those of the natural aggregate. Themacrotexture
of the ASCS produced with a blend of artificial and natural aggregates was found to
be comparable to that producedwith 100%natural aggregate. The apparent aggregate
shape and surface texture seems to have influenced the skid resistance. The results
showed that the use of 25% artificial aggregate resulted a decrease in skid resistance
of the ACSC surface. Dense graded ACSC showed slightly lower texture depth and
skid resistance values than the open graded ACSC. Post-wheel track loading, the
texture depth and skid resistance of open graded ACSC were found to be higher than
those of dense graded ACSC, regardless the type of aggregates used in these ACSC
samples.

It is necessary to explore in the next research how to increase the skid resistance on
the ACSC surface. The scope of the study on the shape of the aggregate, the strength
of the aggregate, its impact on the area of contact with tyre and the grading of the
aggregate still needs to be developed. Therefore, further research is recommended
to explore these and other influencing factors such as finding alternatives to assess
the sensitivity of the dimension of the contact area between the rubber wheel and the
ACSC surface on the skid resistance value and carrying out field validation testing.
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Analysis and Numerical Simulation
of Semi-circle Bending Fatigue Crack
Propagation of Asphalt Mixture

Likui Huang, Pan Zhang, Wei Song, Xiaodong Feng, and Shu Yang

Abstract In order to study the fatigue crack propagation characteristics of asphalt
mixture, a model of fatigue crack dynamically propagating was established based
on the Paris law modified with fracture energy release rate. Four different types of
asphalt mixture were tested using semi-circular bending fatigue test (SCB fatigue
test) to obtain the corresponding N-a curves. The extended finite element method
(XFEM)was adopted to simulate the SCB fatigue tests for 4 types of asphalt mixture.
The results show that the N-a curve obtained from the finite element model is highly
consistent with the experimental results, which verifies the feasibility of fatigue
crack propagation analysis based on modified Paris Law characterized by fracture
energy release rate for asphaltmixtures. The extendedfinite elementmethodwas used
to establish the fatigue crack dynamic propagation model of the asphalt mixtures.
The fatigue crack propagation process of the specimen was simulated to verify the
effectiveness of the method.

Keywords Asphalt mixture · Semi-circular bending test · Extended finite element
method · Crack propagation ·Modified Paris law

1 Introduction

Fatigue cracking is one of the common distresses of asphalt pavement. The fatigue
cracking propagation characteristics is essential and critical for either new building
or maintenance design of asphalt pavement. Many scholars have studied the fatigue
damage and fracture characteristics of asphalt mixture [1–3]. The researches on the
fatigue crack propagation of asphalt mixture can be divided into two categories:
experimental research and numerical simulation. The most popular test methods
for fatigue of asphalt mixture are indirect tensile test, mid-point loading beam test,
Overlay test (OT) and semi-circular bending test (SCB) [4, 5]. Among them, the
semi-circular bending test has beenmore andmore adopted due to the simple loading
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condition and the consistence of test data. However, the fatigue test has poor repeata-
bility and high requirements for the accuracy of test equipment. What’s more, the
test is very time-consuming. Therefore, a numerical analysis method to simulate the
process of crack propagation will greatly help to evaluate the fatigue properties of
asphalt mixture. The existing numerical researches on the fatigue cracking of asphalt
mixture mostly analyze the crack expansion trend based on the stress intensity factor
of the static crack tip [6–8], and but they are difficult to directly describe the dynamic
expansion process of crack. Using the recently developed extended finite element
method (XFEM), it is unnecessary to re-divide the mesh and define the crack propa-
gation path in advancewhen simulating crack propagation, and the crack propagation
process can be simulated automatically [9, 10].

In this paper, the SCB test was used to evaluate the fracture characteristics of 4
types of different asphalt mixture, including AC-25, AC-20, AC-13 and AC-13 (with
SBS polymer modified bitumen) by fracture toughness test and fatigue test. Based
on the modified Paris law, the fatigue crack propagation processes of those 4 types
of asphalt mixture were analyzed. The extended finite element method was used to
establish the fatigue crack dynamically propagating model of the asphalt mixtures,
and the fatigue crack propagation process of the specimen was simulated to verify
the effectiveness of the method.

2 Materials and Specimen Preparing

2.1 Material

The asphalt binders used in these tests are Pen 60–80 bitumen and SBS polymer
modified bitumen (PMB). The coarse aggregate, fine aggregate and mineral filler
used are produced from limestone. For all the asphalt mixture, the gradation of AC-
25, AC-20 and AC-13 are shown in Table 1. For AC-25 and AC-20, the Pen 60–80
bitumen are used, and for AC-13 both Pen 60–80 bitumen and PMB are used. The
asphalt-aggregate ratio of the 4 types asphalt mixtures are 4.0%, 4.3% and 4.8%
respectively. TheMarshall Test parameters of the asphalt mixture are shown in Table
2.

Table 1 Gradation of asphalt mixtures

Material Mass percent passing the following sieve(mm)/%

31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

AC-25 100 95.0 82.5 74.0 66.5 55.0 38.0 27.3 19.1 14.1 10.0 7.5 4.4

AC-20 100 95.0 85.0 71.0 61.0 41.0 29.2 20.1 14.7 11.0 7.6 4.5

AC-13 100 95.0 76.5 52.8 36.0 24.3 17.4 12.4 8.9 5.4
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Table 2 Marshall Test parameters of asphalt mixtures

Material Marshall stability/kN Flow value/mm Void ratio/% VFA/% VMA/%

AC-25 (PEN) 11.5 3.98 5.5 60.7 14.2

AC-20 (PEN) 12.8 3.94 5.2 65.3 15.1

AC-13 (PEN) 10.3 3.37 4.9 67.7 15.3

AC-13(PMB) 11.2 3.26 5.0 66.6 15.6

2.2 Specimen Preparing and Test Device

The cylindrical specimen with a diameter of 150 mm and a height of 150 mm are
prepared by a rotary compactor, and the cylindrical specimen are cut into the semi-
circular specimen with a diameter of 150 mm and a thickness of 50 mm.

UTM-30 (Universal Testing Machine) and semi-circular bending testing kit are
used in this research. The test model is shown in Fig. 1, in which the distance of
the supporting points is 120 mm, and the load and displacement are automatically
collected by the test system.

3 Fracture Toughness Test

The J-integral can reflect the intensity of the stress–strain field in the crack tip
region, which is unrelated to the loop path of crack tip. Based on a large number of
experiments, Bagley and Landes [11] established the J-integral criterion. When the
J-integral of the crack tip reaches the critical value J IC, the crack begins to expand.

Fig. 1 Semi-circle bending experiments devices
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The J IC represent the integral fracture toughness and characterizes the anti-cracking
performance of thematerial, which can be determined by laboratory tests. The greater
the fracture toughness, the better is the anti-cracking performance of the material.
The fracture toughness J IC can be calculated by Eq. (1).

JIC =
(
U1

b1
− U2

b2

)
1

a2 − a1
(1)

where, U1 and U2 are the load work, N mm; b1 and b2 are the thickness of the
specimen, mm; and a1 and a2 are the depth of notches, mm.

In order to obtain the fracture toughness of AC-13 (PEN), AC-20(PEN), AC-
25(PEN), and AC-13 (PMB), the semi-circular bending tests are carried out on the
three specimens with pre-cut depths (notch length) of 15 mm, 25 mm, and 35 mm
respectively. The loading speed is set 0.5mm/min and the circumambient temperature
maintains at 15 °C. The load–displacement curves are obtained by UTM-30 test
system for all specimens. The area enclosed by the curve is calculated when the
maximum load (peak value) is reached in the load–displacement curve, and the
energy required when the three types of notched specimen reach a state of failure
respectively. The data of fracture energy and the depth of the specimens are fitted
with straight lines, and the absolute value of the slope is the fracture toughness J IC of
the asphalt mixture at this temperature. It is shown that the fracture toughness J IC of
AC-13 (PEN), AC-20 (PEN), AC-25 (PEN), and AC-13 (PMB) specimens are 0.925,
0.890, 0.885, and 1.010 kJ/m2, respectively. The fracture toughness of AC-13 (PMB)
is the largest, and the one of AC-25 (PEN) is the smallest, but the values of J IC of 4
types of asphalt mixtures are not much different. The AC-13 (PMB) manifests the
best resistance to cracking.

4 Fatigue Test

4.1 Test Method

In the SCB fatigue test, a notch with a depth of 5 mm is precut at the center of the
semicircle for each specimen to simulate the initial crack in the asphalt mixture.
The loading schema is shown in Fig. 1, and the stress-controlled loading pattern is
adopted. The loading form of a half sine wave with a frequency of 10 Hz is set,
and the test temperature maintains at 15 °C. The load is in range of 340–1700 N for
AC-13(PEN), AC-20(PEN) and AC-25(PEN), and 400–2000 N for AC-13(PMB).
Considering the extension paths of fatigue crack are complicated, the projection
length in the vertical direction are selected as the propagation length of the crack to
calculate the stress intensity factor and fracture energy release rate of the crack tips.
The crack extension area is painted with white paint, a calibration line is drawn in the
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crack extension area with a red pen, and the size of the calibration line is recorded
for each specimen, as shown in Fig. 2.

The relationship between crack length and loading times is recorded by taking
pictures of the testing process during the crack extension from 5 to 40 mm, as shown
in Fig. 3.

(a)AC-13(PEN) (b)AC-20(PEN)

(c)AC-25(PEN) (d)AC-13(PMB)

Fig. 2 Fatigue crack propagation of asphalt mixture specimens

Fig. 3 N-a curve of different types of specimen
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According to the results in Fig. 3, when the cracks extend to the same maximum
length (40 mm), the times of cyclic load acted on AC-13 (PMB) is the most, and the
applied load is also the largest, while the loading cycle is the least for AC-25 (PEN).
That is, the AC-13 (PMB) has the longest fatigue life, and the AC-25 (PEN) has the
shortest fatigue life.

4.2 Analysis of Crack Propagation Process

The ways used to study the fatigue cracking mechanism of asphalt mixtures mainly
include the phenomenological and mechanical ways. The phenomenological way
is mainly based on the fatigue test of asphalt mixtures to understand the fatigue
characteristics. The mechanical way is to analyze the fatigue crack growth process
of asphalt mixtures by using the principles of linear elastic fracture mechanics, and
predict the fatigue life, which can characterize the formation and development of
the fatigue crack more intuitively. It is generally believed that the Paris equation can
be used to describe the crack propagation of the asphalt mixture well, as shown in
Eq. (2).

da

dN
= A(�K )n (2)

where, a is the crack extension length; N is the loading times; A and n are material-
related parameters; �K is the difference between the maximum and the minimum
stress intensity factor under cyclic loading, namely, �K = Kmax − Kmin.

The traditional Paris equation ignores the fatigue life at the initial stage of crack
propagation, and it is applicable only after the crack extends to a certain length.
Therefore, in the process of simulating the fatigue crack propagation of asphalt
mixtures using the extended finite element method, the traditional Paris equation
needs to be modified. The difference of the stress intensity factor in Eq. (2) should
be replaced by the difference of the fracture energy release rate. The stress intensity
factor means the cracking tendency of the crack tip under load, and it is a quantitative
indicator to reflect whether the crack will expand. The energy release rate signifies
the energy released per unit area of the crack when the crack extends one unit length
forward. In linear elastic mechanics, there is a conversion relationship, as shown in
Eqs. (3)–(5).

da

dN
= C(�G)m (3)

GI = K 2
I

E
(1− ν2) (for plane strain) (4)
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GI = K 2
I

E
(for plane stress) (5)

where, C and m are material-related parameters; E is the elastic modulus; v is
the Poisson’s ratio. �G is the difference between the maximum and the minimum
fracture energy release rate under cyclic loading, namely �G = Gmax − Gmin.

The curve of modified Paris equation in fracture mechanics can completely simu-
late the expansion process of fatigue crack of asphalt mixtures, which can be divided
into three stages, namely stage I—low-speed stable expansion, stage II—medium-
speed stable expansion, and stage III—rapid expansion, as shown in Fig. 4. Gthresh is
the threshold of fracture energy release rate, and the fatigue crack does not expand
when the �G of crack tip is smaller than Gthresh. Gpl is the upper linear limit of the
fracture energy release rate, the fatigue crack propagation speed will accelerate when
the �G exceeds Gpl, and the remaining fatigue life is small and negligible. Gequivc

is the ultimate fracture energy release rate when the material is broken. According
to relevant literatures, the value of Gthresh is taken as 0.01 times of Gequivc, and the
value of Gpl is taken as 0.85 times of Gequivc in this paper.

A phenomenological model [12] is used to describe the first stage of crack low-
speed stable expansion, defined as Eq. (6).

N0 = c1�Gc2 (6)

where, N0 is the loading times; c1 and c2 are the parameters related to the material
properties, particularly, the value of c1 is related to the unit system used in the
calculation model.

In the second stage of crack propagation, the slope of the curve is relatively stable.
The crack propagation length under each cyclic load is controlled by the modified
Paris equation, shown in Eq. (7).

Fig. 4 Fatigue crack
propagation process
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da

dN
= c3(�G)c4 (7)

where, c3 and c4 arematerial-related parameters, particularly, the value of c3 is related
to the unit system used in the calculation model.

It is necessary to accurately fit the N-a curve from the test, so as to obtain the
parameters required for fatigue crack propagation analysis. The N-a curve is fitted
by a second-order exponential growth function, in pattern of Eq. (8).

y = aebx + cedx (8)

The relationship between the fatigue crack growth rate da/dN and the fracture
energy release rate �G can be obtained by taking the logarithm of Eqs. (6) and (7),
and deriving Eq. (8), as shown in Fig. 5.

According to the slope of fitted curve in Fig. 5, each curve can be divided into
three segments, which respectively represent the low-speed stable stage I, medium-
speed stable stage II, and rapid expansion stage III. The first and second stages are
fitted, and the results are shown in Figs. 6 and 7.

Considering the unit system adopted by the extended finite element model, from
the results shown in Figs. 6 and 7, the parameters of the first and second stages of
fatigue crack propagation for AC-13(PEN), AC-20(PEN), AC-25(PEN) and AC-13
(PMB) are obtained, as listed in Table 3.

For 4 types of asphalt mixtures, the fatigue crack propagation life ranks as AC-
13(PMB) > AC-13(PEN) > AC-20(PEN) > AC-25(PEN), which implies that the
longer is the fatigue life of the asphalt mixture, the larger are the parameters c1 and
c4, and the smaller are the parameters c2 and c3.

Fig. 5 Crack propagation rate of asphalt mixtures
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Fig. 6 First stage of fatigue crack growth

Fig. 7 Second stage of fatigue crack growth

Table 3 Model parameters of SCB crack propagation

Material c1 c2 c3 c4

AC-25(PEN) 3854 −0.5769 3.9643 × 10–7 0.4474

AC-20(PEN) 4339 −0.5966 3.5574 × 10–7 0.4606

AC-13(PEN) 4481 −0.6048 3.4152 × 10–7 0.4639

AC-13(PMB) 6058 −0.6292 2.658 × 10–7 0.4822
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5 Comparison Between Numerical and Experimental
Results

5.1 The Basic Principle of Extended Finite Element Method

The extended finite element method is based on the theory of unit decomposition.
A discontinuous function is added to the conventional displacement function of the
node to characterize the asymptotic displacement field at the crack tip, so that the
crack calculation is independent of the finite element mesh. The level set method is
used to realize the pass of crack through the inside of the mesh, so that the automatic
expansionof the crack canbe realizedwithout the need to define the crackpropagation
path in advance.

5.2 Parameters of Numerical Model and Analysis Results

A two-dimensional model to the SCB fatigue test is established refer to the method
used in literature [13]. The material parameters for 4 types of asphalt mixtures are
shown in Table 4.

Based on the modified Paris equation, the two-dimensional model established
using the extended finite element method can simulate the dynamic expansion of
fatigue cracks in asphalt mixture specimen. The relationships between crack length
and cyclic loading times are recorded when the fatigue crack of each SCB spec-
imen expands from 5 to 40 mm. The crack propagation processes of AC-13(PEN),
AC-20(PEN), AC-25(PEN) and AC-13(PMB) specimens under cyclic loading are
simulated with the model parameters in Tables 3 and 4, and the stress cloud diagrams
are plotted in Fig. 8.

In actual situation, the expansion paths of fatigue cracking in asphalt mixture
are complicated. In order to calculate the stress intensity factor and fracture energy
release rate at the crack tip, the crack extension length is taken as the projection
length of the crack in the vertical direction. Therefore, only the open cracks (type I)
propagation are studied in tests and simulation analysis in this paper.

According to the fatigue crack expansion processes shown in Fig. 8, the relation-
ship between the crack propagation length and loading times is obtained for each

Table 4 Material parameters of SCB specimen

Material Elastic modulus/MPa Poisson ratio Ultimate fracture energy release rate/m

AC-25(PEN) 1400 0.25 900

AC-20(PEN) 1600 0.25 900

AC-13(PEN) 1800 0.25 900

AC-13(PMB) 2000 0.25 1000
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a = 8 mm N = 2012       a = 40 mm N = 18588
(a) AC-13(PEN) 

a = 8 mm N = 1848       a = 40 mm N = 17076
(b) AC-20(PEN) 

a = 8 mm N = 1604       a = 40 mm N = 15126
(c) AC-25(PEN) 

a = 8 mm N = 2204       a = 40 mm N = 20156
(d) AC-13(PMB)

Fig. 8 Stress nephogram of fatigue crack growth
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SCB specimen. The comparison between simulation and test results are shown in
Fig. 9.

Fig. 9 Relation diagram
between crack propagation
length and load cycle number

(a) AC-13(PEN)

(b) AC-20(PEN)

(c) AC-25(PEN)
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Fig. 9 (continued)

(d) AC-13(PMB)

According to Fig. 9, the simulation results of crack expansion are highly consistent
with the test results. It is believable that the expansion process of fatigue crack for
asphalt mixture SCB specimen can be reasonably simulate by using the extended
finite element method based on the modified Paris equation.

5.3 Analysis of the Fatigue Crack Propagation Process

During the crack propagation process, the fracture energy release rate at the crack
tip changes with the crack propagation length. The relationships between the
fracture energy release rate and the crack length for AC-13(PEN), AC-20(PEN),
AC-25(PEN), and AC-13 (PMB) are shown in Fig. 10.

As shown in Fig. 10, the fracture energy release rate of the asphalt mixture
increases with the crack propagation length, and the longer is the crack propaga-
tion length, the faster the fracture energy release rate increases. The growth rate of
the fatigue crack also increases with the crack propagation length, which may be due
to the reduced area and ability of the specimens to resist loading deformation.

The fatigue life ranks as AC-13(PEN) >AC-20(PEN) >AC-25(PEN) for the same
loading condition.When the crack extends to the same length, fracture energy release
rate forAC-13(PEN) is the lowest,whichmeans that the fatigue life of asphaltmixture
can be increased, and the expansion of fatigue crack can be delayed by reducing the
fracture energy release rate at the crack tip.

It is worth pointing out that the loads applied for AC-13(PEN), AC-20(PEN) and
AC-25(PEN) are the same in SCB fatigue tests, and the load applied forAC-13(PMB)
is slightly larger than other asphalt mixtures to shorten the test time.
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Fig. 10 Relationship
between the fracture energy
release rate and the crack
length

(a) AC-13(PEN), AC-20(PEN), AC-25(PEN)

(b) AC-13 (PMB)

6 Conclusions

(1) The fatigue crack growth process of SCB specimen for asphalt mixtures can be
completely described using the Paris lawmodified with fracture energy release
rate. The N-a curve obtained from the SCB fatigue test can be fitted by the
second-order exponential growth function. Themodel parameters related to the
crack low-speed andmedium-speed stable expansion stages are calculatedwith
theN-a curve functions. The parameters are favorably related to the fatigue life
of asphalt mixtures. The longer is the fatigue life, the larger are the parameters
c1 and c4, and the smaller are the parameters c2 and c3.

(2) The dynamic expansion process of fatigue crack in asphalt mixtures can be
simulated using extended finite elementmodel, and the simulatedN-a curve are
highly consistentwith the test results,whichmeans the relationship between the
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fatigue crack propagation length and the cyclic loading times can be accurately
estimated by the numerical experiment.

(3) The fracture energy release rate at the crack tip of asphalt mixture specimen
increases with the crack propagation length. As the crack propagation length
increases, the growth rate of the fracture energy release rate also increases. The
fatigue life changes reversely with the fracture energy release rate at the crack
tip.
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Applications of Molecular Dynamics
in Asphalt Pavement Mixture Studies

Huiping Wan, L. Chu, and T. F. Fwa

Abstract The rapid development of high-performance computing facilities and
techniques in recent years has made molecular dynamics (MD) a feasible tool for
studying the behaviors of asphalt mixtures under various operating conditions. MD
is capable of building relationships between chemical structures of material and its
macroscopic properties. This study first conducts a literature review of the various
applications ofMD in asphalt mixture studies. A summary is made on the techniques
and approaches adopted by researchers, and the main application areas of MD in
asphalt mixture studies so far. Next, based on the basic concepts of MD, an anal-
ysis is performed to evaluate the strengths of the different techniques and approaches
adopted, including the types of molecular models employed. Also evaluated are their
relative abilities in explaining the behaviors of asphalt mixtures, such as mechan-
ical properties, self-healing and rejuvenator diffusion behaviors, and the stability of
asphalt-aggregate interfacial bonding under the influence of several factors. Based
on the results of these evaluations, the limitations of MD applications in asphalt
mixture studies would be identified. Finally, taking into consideration the strengths
and limitations of MD, possible new techniques and potential new application areas
are proposed and explained.

Keywords Molecular dynamics · Asphalt pavement mixtures ·Mechanical
properties · Diffusion behavior · Interfacial behavior

1 Introduction

The majority of pavements throughout the world are surfaced with asphalt mixtures
[1]. Asphalt pavements are exposed to the external environment from the beginning
of its use, and have to bear the repeated loading effects of vehicles, leading to various
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physical distresses [2]. Ensuring the performance of asphalt pavements during long-
term service and reducing the possibility of pavement diseases have been a focus of
pavement engineering researchers.

Numerous laboratory tests havebeendeveloped to identify the durability of asphalt
mixtures, and quantify their performance in rutting resistance [3–5] and moisture
resistance [6, 7] etc. However, these experiments are performed at the cost of consid-
erable time andmoney.Once any variance thatmay influence the properties of asphalt
mixture is adjusted, the whole experiment needs to be conducted again. Sample
preparation and testing condition are also restricted. Experiments at the macro scale
can only provide a final result and phenomenon to researchers, while deeper explo-
ration to mechanism at smaller scale cannot be demonstrated. Nevertheless, macro-
scopic properties of asphalt mixture are closely related to its microstructures [8–10].
Understanding the relationships among changes in the microstructure, composition
of an asphalt mixture and its macroscopic properties is of great importance to modi-
fying asphalt mixture design and improving field performance of asphalt pavement.
Molecular Dynamic (MD) simulation provides an efficient approach to fulfill this
need.

As an effective computational simulation tool, MD has been applied in many
researches to investigate interaction between chemical microstructures of materials
and its reflection onmacroscopic properties [11–13].MDcan perform simulations for
extreme conditions that are difficult to realize in experiment, such as high temperature
and pressure. MD also does not need to prepare samples and conduct experiment,
which greatly reduces time and cost. In addition, it can predict changes of macro
properties for modified asphalt mixtures by changing their microstructure in the
simulation process [14, 15].

To fully understand the MD applications in investigating asphalt mixtures prop-
erties, this paper firstly explains the concept of MD. Then asphalt models devel-
oped by past researchers are introduced, followed by their applications in studying
the mechanical properties, diffusion behaviors, and interfacial behaviors of asphalt
mixtures. Next, two case studies are exemplified to show the typical technique and
process of utilizing MD to exploring adhesive properties at asphalt-aggregate inter-
face considering anisotropic mineral surfaces and moisture effect. Finally, the limi-
tations of MD are presented and its potential application areas in asphalt pavement
mixtures are pointed out.

2 Literature Review

2.1 Concept of MD

Molecular dynamics (MD) is a computational technique used to simulate molecule
behaviors under different conditions. Each atom in the materials is considered to



Applications of Molecular Dynamics in Asphalt Pavement … 301

follow the law of classical Newtonian mechanics. By predicting atom motions char-
acterized by their positions, velocities and accelerations, one can understand how
macroscopic properties are influenced by the collective behaviors of atoms [16].

The general simulation process starts with constructing a molecular model, then
force field is assigned to every atom in the system to describe their interactions.
Dynamic simulations are conducted to an ensemble of molecules with given veloci-
ties and positions until reaching an equilibrium state. Finally, desired properties are
obtained through statistical analysis to the trajectory of system [17].

2.2 Asphalt Molecular Model

Asphalt Binder Model Zhang et al. first put forward two kinds of three-component
asphalt bindermodels composed of asphaltene, naphthene aromatic and saturate [18].
Figure 1 shows the structures of these components. This model realized qualitatively
but not quantitatively simulation of experimental data in SHRP program.

To overcome the shortcomings in former asphalt binder model, Zhang et al.
proposed a new six-component model targeted toward core asphalt AAA-1 in SHRP
program [19]. Its polarity was increased by adding polar aromatics molecules. Later,
Li and Greenfield increased molecular sizes and types for previous six-component
model [19] to create twelve-component models for AAA-1, AAK-1 and AAM-1
asphalts in SHRP program [20]. Figure 2 shows the detailed molecular structures
of asphalt components. Among three asphalt models, model for AAA-1 asphalt was
found to have much closer density value to experimental data than previous asphalt
systems, resulting in its wide applications in molecular dynamics. There were also

(a) asphaltene 1 (b) 1,7-Dimethylnaphthalene

(c) asphaltene 2 (d) n-C22

Fig. 1 Components for three-component asphalt model [18]
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(a) asphaltene (b) aromatic

(c) resin (d) saturate

Fig. 2 Components for twelve-component asphalt model [20]

some asphalt models whose element ratios and fraction proportions were controlled
to be close to other real asphalts [21, 22].

Aged Asphalt Binder Model Aging effect on asphalt mixture properties has
attracted many researches’ interests. When asphalt molecules interact with oxygen,
they will be oxidized to form new functional groups, mainly ketones formed at the
benzylic carbon atoms and the sulfoxides formed in the sulfide functional groups
[23].

Based on this mechanism, an aged asphalt binder model was developed by
replacing possible functional groups susceptible to oxygen with ketones and
sulfoxides in 12-component AAA-1 virgin asphalt [24]. Considering that asphalt
microstructure varies with aging degree [25], asphalt binder models with different
aging levels were generated by adding different numbers of oxygen atoms to virgin
asphalt [26]. In addition to molecule oxidation, the changes in saturate-aromatic-
resin-asphaltene fractions are also observed in experiments [27–29]. Based on this
principle, an aged three-component asphalt model was proposed by increasing the
mass percentage of asphaltene [30]. There are also aged asphalt models considering
both the change of molecular structure and component content. Molecular structures
of aged asphalt binder were chosen from above researches, while SARA fractions
were mainly determined by experiments [11, 31, 32].

Modified Asphalt Binder and Asphalt Mastic ModelsModified asphalt binder
models were generally constructed by mixing modifiers with asphalt components
according to certain mass fractions. The modifiers used in MD researches include
styrene–butadiene–styrene (SBS), carbon nanotube (CNT), graphene, exfoliated
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graphite nanoplatelets and rubber [22, 33–36]. Rubber was represented by natural
rubber (NR), cis-polybutadiene rubber (BR) and styrene butadiene rubber (SBR).
Figure 3 shows structures of all modifiers except for SBR which is a random
copolymer.

Silica particle model (Fig. 4) was used to represent filler by Zhu et al. since silica
accounted for the majority of most aggregates [37]. Then it was packed with asphalt
components to construct asphalt mastic model.

(a) Linear SBS (b) CNT (c) Graphene (d) Exfoliated 
Graphite 

Nanoplatelets

(e) NR (f) BR

Fig. 3 Structures of SBS,CNT, graphene, exfoliated graphite nanoplatelets,NRandBR[22, 33–36]

Fig. 4 Silica particle [37]
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2.3 Applications of MD in Asphalt Mixtures

Once asphalt model is constructed, molecular dynamics can be applied to investigate
someengineeringproperties for asphaltmixtures, such as theirmechanical properties,
diffusion behaviors and interface properties.

Mechanical Properties Micro-mechanical study has attained interests. MD was
applied to study modifier effect on mechanical properties of asphalt under static
condition through parameters such as Poisson’s ratio, bulk modulus, shear modulus
and Young’s modulus. Modifiers including SBS [38], graphene and carbon nanotube
(CNT) [34] and rubber [36]. It was found that they enhanced mechanical properties
within a certain dosage. Filler also had a positive impact on mechanical properties
of asphalt mastic probably due to its agglomeration [37].

Mechanical failure behaviors of virgin and aged asphalt were investigated under
applied tensile and compressive stresses with different stress rates. The results
showed that aged asphalt performed better in deformation resistance under both
tensile and compressive stresses [24]. Hou et al. set vertical velocities to asphalt
molecule groups in order to simulate crack initiation under tensile loading [39].
They found that during stretching process, gaps occurred among molecules in weak
region might be the cause of crack.

Diffusion BehaviorsMD has been applied to study two kinds of diffusion behav-
iors in asphalt mixtures, namely self-healing behavior and rejuvenator diffusion
behavior.

Self-healing Behaviors For asphalt mixtures, self-healing refers to a process that
gradually closes microcracks and partially recovers its mechanical properties (i.e.
stiffness and strength) during rest periods [40].

Bhasin et al. first introduced molecular dynamics into asphalt self-healing by
establishing self-healing model (Fig. 5) and applying diffusion coefficient, one-sixth
of mean square displacement (MSD) versus time, to evaluate healing ability [41].
Based on Bhasin et al.’s work, Shen et al. found that asphalt healing was triggered
by the diffusion of asphalt molecules and had high correlation with temperature
and crack width [42]. The same conclusion was drawn by Qu et al. [22]. Sun et al.
found asphalt binder had the strongest healing ability within phase transition (PT)
temperature range while it healed slower outside this temperature range [43].

Fig. 5 Self-healing model
for asphalt [41]
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Temperature dependency of asphalt self-healing was further expressed by activa-
tion energy and pre-exponential factor derived from Arrhenius law [44]. The former
represented the starting energy required for self-healing while the latter indicated
instant healing after crackwetting. These two indicatorswere used to study the effects
of modifier and oxidative aging on asphalt self-healing capability by Sun et al. [44]
and Xu et al. [45]. The results showed that SBS modifier improved healing ability
of asphalt binder while oxidative aging weakened it. Another MD demonstrated by
He et al. also supported this conclusion [46]. Besides, He et al. observed that among
SARA fractions, asphaltene moved slowest and saturates diffused fastest. Moreover,
Sun et al. simulated healing test to prove the feasibility of MD to investigate healing
phenomenon in macroscale tests from a micro perspective [47].

Rejuvenator Diffusion For energy saving purpose, reclaimed asphalt pavement
(RAP) has gained popularity around the world and rejuvenator has been added into
aged asphalt binder to improve recycling efficiency [48]. Through MD, the blending
of rejuvenator and asphalt binder was found to be a diffusion process and related to
temperature and adding sequence of rejuvenator [30]. Xu et al. found that rejuvenator
diffused faster into virgin asphalt binder than aged asphalt binder by simulating reju-
venator diffusion into virgin and aged asphalt binder simultaneously [49]. Xu et al.
hold opposite opinions [50]. They were also skeptical about the rationality of using
Fick’s law to calculate the diffusion coefficient of rejuvenator. For the effect of
severity level of asphalt aging on rejuvenator diffusion, Xiao et al. found that rejuve-
nator diffused faster in severer aged asphalt binder, contrary to Sun et al.’s simulation
results [26, 51]. The reason might be differences of model and calculation method
of rejuvenator diffusion coefficient. However, they both agreed on that molecular
structure of rejuvenator influenced its diffusion efficiency. Furthermore, rejuvenator
dosage was also found to affect adhesion ability of rejuvenated asphalt binder [52].

Interface PropertiesAsphalt-aggregate interface property has a strong influence
on overall performance and durability of asphalt pavement [53]. Researchers have
also usedmolecular dynamics to do work in interface properties for asphalt mixtures.

Mechanical Property at Asphalt-aggregate Interface Efforts have been made on
simulating asphalt-aggregate interface failure behaviors at the atomistic scale. Lu
et al. conducted a micro uniaxial test at asphalt-aggregate interface and found that it
was the rapid growth of nanovoids in asphalt model that caused final interface failure
[13]. However, another tensile test simulated by Xu et al. demonstrated different
result in which interface failure was mainly adhesive while cohesive failure existed
if loading rate decreased to a certain level [54]. This tensile failure model was further
applied to study asphalt-aggregate interface failure behavior under wet conditions.
It was found that water intruded into asphalt-aggregate interface reduced adhesive
strength but its influence level varied with asphalts with different compositions [55].
The simulated AFM test results of Xu et al. indicated that chemical structures of
asphalt compositions also had an important impact on its adhesive properties [56].

Interfacial Bonding Property For interfacial bonding properties, Yao et al. found
that it was aggregate’s hydrophilicity that caused the displacement of asphalt from
aggregate by building asphalt-aggregate and aggregate-water interface molecular
models [57]. The asphalt-aggregate interface models under dry and wet conditions
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were first proposed by Xu et al. [58]. They also put forward three parameters, namely
adhesion energy, work of debonding and energy ratio (ER) to characterize interfacial
bonding strength. Equations (1–4) define these parameters.

�Ea−ag = Etotal − (Ea − Eag) (1)

Eadhesion = �Ea−ag/A (2)

Wdebonding = (�Ea−w + �Eag−w − �Ea−ag)/A (3)

ER = ∣
∣Eadhesion/Wdebonding

∣
∣ (4)

where �Ea − ag refers to interaction energy between asphalt and aggregate in dry
conditions and Etotal is total potential energy of asphalt-aggregate interface system
while Ea and Eag are potential energies for asphalt layer and aggregate layer respec-
tively. Besides,�Ea − w is interaction energy between asphalt andwater and�Eag − w

is interaction energy between aggregate and water. A refers to interface area of
interface systems.

The two-layered and three-layered interface models and three parameters were
widely used to investigate interfacial bonding properties considering the effects of
aggregate mineral, moisture and oxidative aging.

Similar phenomenon was obtained for the effect of aggregate mineral type that
more alkaline the mineral was, stronger adhesion it had with asphalt in dry and mois-
ture conditions and more susceptible it was to moisture on asphalt-aggregate inter-
face [59–63]. Furthermore, surface anisotropy of aggregate minerals also affected
adhesion and debonding properties of asphalt-aggregate interface [62–64].

Same as Yao et al.’s findings [57], Xu et al. observed that water adversely affected
adhesion between asphalt and aggregate by separating asphalt fromaggregate sponta-
neously [58]. Interfacial water was also found to change asphaltene self-aggregation
and distribution characteristics of SARA fractions near aggregate [65, 66].

Oxidative aging was found to improve adhesion ability between asphalt binder
and silica under dry condition [32, 57]. However, there hasn’t reached a unified
conclusion on the effect of oxidative aging on asphalt-aggregate interfacial bonding
properties when water existed. Xu et al. found that aged asphalt binder was more
susceptible to moisture damage nomatter water was at asphalt-aggregate interface or
penetrated into asphalt [45]. The MD results of Gao et al. showed that the coupling
effects of aging and moisture determined adhesion of interface systems [67]. Sun
et al. found that interfacial water content had relations with adhesion between aged
asphalt binder and aggregate [65].

Diffusion Behavior at Asphalt-aggregate In addition to adhesion, diffusion char-
acteristics of asphalt components at asphalt-aggregate interface were also investi-
gated by some researchers. Guo et al. found that temperature, molecular weight and
absorbed medium were all influencing factors to the mobility of asphalt molecule at
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asphalt-aggregate interface [68], in agreement with the opinions of Du et al. [69].
Interfacial diffusion mechanism was investigated from the perspective of energy and
the result indicated that asphalt diffusion at asphalt-aggregate interface was driven
by Van der Waals forces between molecules [70].

3 Case Studies

Two case studies are presented to introduce the typical process and techniques ofMD
simulations to study the effects of aggregate mineral surface anisotropy andmoisture
on bonding strength at asphalt-aggregate interface.

3.1 Effect of Aggregate Mineral Surface Anisotropy
on Bonding Strength at Asphalt-Aggregate Interface [62]

This research first studied how aggregatemineral surface anisotropy affected asphalt-
aggregate interfacial bonding characteristics. The whole research was divided into
three parts including model construction, molecule dynamics simulation and result
analysis.

The asphalt-aggregate interface model was composed of asphalt referred from the
work of Guo et al. [71] and acidic and alkaline aggregates represented by silica and
calcite crystals fromCambridgeStructuralDatabase (CSD).Toobtain a configuration
with global minimum energy, annealing was performed on asphalt model. The close
values of simulated density and glass transition temperature to experimental data
validated the accuracy of asphalt model. For aggregates, silica crystal was cleaved
into {0 0 1} {1 0 0} and {1 0 1} surfaces respectivelywhile calcite crystalwas exposed
into {1 0 4}, {2 1 4} and {0 1 8} surfaces separately. The cleaved mineral crystals
were then expanded to create supercells in order to match with asphalt model’s
geometric size. Asphalt-aggregate interface models were constructed by combining
asphalt model and aggregate mineral supercells with 50 Å vacuum slab on the top to
avoid the influence of periodic boundary conditions.

The interface models went through geometric optimization and dynamics simu-
lations under canonical ensemble successively in order to reach equilibrium. Frames
were extracted from trajectory for further analysis.

In result analysis stage, adhesion energy calculated by Eqs. (1) and (2) was used
to characterize interfacial bonding strength between asphalt and aggregate. Through
analysis, itwas found that alkaline aggregate hadhigher bonding strengthwith asphalt
than acidic aggregate, same as previous experimental findings [72]. Van der Waals
interaction played a more important role than electrostatic interaction in adhesion
energy for acidic aggregate while for alkaline aggregate, both of them made signif-
icant contributions to interfacial bonding strength. It was also found that aggregate



308 H. Wan et al.

surface anisotropy had an effect on interfacial bonding characteristics. For α-quartz-
asphalt interface models, the ranking of adhesion energy was {1 0 1} > {1 0 0} >
{0 0 1}, while that was {0 1 8} > {2 1 4} > {1 0 4} for calcite-asphalt interface
models. The former could be explained by relatively high surface atom density on
surface {1 0 1}. For the latter, the differences in Van der Waals energy also resulted
from surface atom density while the number of dangling bonds for each Ca2+ ion at
calcite surface was the reason for electrostatic energy difference.

3.2 Effects of Aggregate Mineral Surface Anisotropy
and Moisture on Bonding Strength at Asphalt-Aggregate
Interface [63]

This study considered the effect of both aggregate mineral surface anisotropy and
moisture effect on asphalt-aggregate interface bonding properties.

Asphalt model applied in this research was derived from Li and Greenfield [20].
Acidic aggregate was represented by α-quartz crystals with exposed surfaces {0 0
1} and {1 0 1}. Their hydroxylated surfaces were also considered. {1 0 4}, {2 1
4} and {0 1 8} surfaces of calcite crystals were chosen to represent alkaline aggre-
gates with different surface anisotropy. The procedures of asphalt-aggregate inter-
face model construction under dry condition were same to case study one [62].When
developing interface models under wet condition, aggregate-water interface models
with different water layer thicknesses were firstly generated to simulate the process
of aggregate wetting. After a period of dynamics equilibration, asphalt model was
added at the top of wetted aggregate to build the asphalt-water-aggregate interface
system. Two-layered and three-layered interface models then underwent geometry
optimization and dynamics equilibration under canonical ensemble respectively. The
dynamics simulation results were exported for energy analysis.

From the results, it was found that under dry condition, the effect of aggre-
gate surface anisotropy on interfacial bonding strength for calcite-asphalt interface
model was the same as in case study one [62]. Hydroxylation on α-quartz surfaces
reduced surface atom density but increased the number of hydrogen bonds formed
by hydroxyl groups and functional groups in asphalt, resulting in its weaker Van der
Waals interaction but stronger electrostatic interaction with asphalt.

An improved energy ratio (ER) considering residual adhesion between asphalt
and aggregate was proposed to evaluate the moisture susceptibility of asphalt-water-
aggregate interfacemodels. Through calculation, ERvalues of three-layered interface
system were found to decrease at first then remain stable at a certain value with the
increase of interfacial moisture content. This might stem from continuous reduc-
tion of residual adhesion between asphalt and aggregate until it was zero. When
comparing stabilized ER values among asphalt-water-aggregate interface models
with anisotropic mineral surfaces, the performance of calcite surfaces for moisture
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susceptibility varied due to their surface dangling bond densities while for α-quartz
surfaces, that was related to their surface atom densities and hydroxyl groups.

4 Limitations and Further Study

Althoughmolecular dynamics has many advantages in the study of asphalt materials,
there are also limitations in its applications. First of all, due to the limitations in
time and length scales, only small size models (several nanometers) were generated
to conduct MD simulations for a short period of time (hundreds of picoseconds).
Secondly,MD simulation is able to investigatemolecular interactions at the atomistic
scale, but cannot simulate chemical reactions. However, during the use of asphalt
materials, the change ofmacroscopic propertiesmay also be related to some chemical
reactions. Finally, though the mechanism of material macroscopic properties can be
explained in MD simulation, it is hard to make a direct comparison between micro
performance parameters and experimental values because of large size difference
betweenmicromodels and a real material, and non-homogeneity of asphalt materials
at the atomic scale.

There are still some other potential aspects that MD can be applied to asphalt
mixtures. For example, currently aging model is only developed for virgin asphalt
binder, but lack in modified ones such as SBS modified asphalt binder. More work is
needed to analyze aging effect onmass fractions andmolecular structures ofmodified
asphalt binder components based on experiments and generate agedmodified asphalt
binder model according to these changes. Laboratory tests have proved that graphene
can improve performance of asphalt binder [73, 74].But there are only a small number
of MD researches on graphene modified asphalt related to its thermodynamic prop-
erties, self-healing behavior, mechanical behaviors and interfacial interaction [22,
34, 35, 75]. The mechanism difference between graphene and other modifiers with
asphalt components is not clear. The influence of graphene on other properties such
as interfacial bonding properties still requires further study. Furthermore, when simu-
lating dynamic mechanical behaviors of asphalt mixtures, tensile stress is applied to
asphalt binder model or asphalt-aggregate interface model. Limited researches on
other mechanical behaviors such as shear and torsion are conducted. Other potential
fields like warm asphalt mixtures also deserve MD researches.

5 Conclusion

The applications of Molecular Dynamics (MD) in asphalt pavement mixtures were
reviewed in this paper. The following conclusions can be drawn:

(1) Asphalt molecular model is the foundation of MD simulations. Improved
molecule representation would make asphalt models more accurate and closer
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to real asphalt materials. In this way, MD models can be better connected with
real asphalt materials so that the mechanism of their macroscopic properties
can be explained from an atomistic scale through MD simulations. Further-
more, the construction of more kinds of asphalt models considering aging and
modifier effect would enhance MD applications in the study of more asphalt
materials.

(2) MD acts effectively in investigating mechanical behavior, diffusion behavior
and interfacial interaction for asphalt mixtures and evaluating the effects that
related influencing factors can bring.

(3) MD has the inherent limitations in time and length scale, rendering it difficult
to simulate long-term behaviors and quantitatively compare with experimental
values. Besides, MD cannot reflect chemical reactions. The improvement in
computational technology and multiscale investigations can help to overcome
these limitations.

(4) By selecting an accurate force field type,MDcan provide a feasible approach to
study various properties for asphalt mixtures. There still exist potential aspects
in asphalt mixtures thatMD can be applied to, such as agedmodel construction
of modified asphalt binder and investigations for graphene-modified asphalt
binder and warm asphalt mixture.
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Assessment of Laboratory and Field
Compaction of Dense Graded Aggregate
Bases (DGAB)
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Abstract Dense Graded Aggregate Base (DGAB) construction is a major
contributing component in flexible pavement construction in terms of pavement
structural capacity and the project cost. However, the production processes related
to DGAB construction impose more significant financial, environmental, and social
concerns, which stresses the effective compaction in DGAB construction. DGAB
compaction process is controlled by three governing factors: moisture content (MC),
compaction effort, and layer thickness, where compaction effort can be minimized
when field compaction takes place at MC levels closer to the estimated Optimum
Moisture Content (OMC). Hence, the relationship among maximum dry density
(MDD), OMC, and compaction effort should be well established for a given layer
thickness in such a laboratory method that best interprets the field practice. Infor-
mation on the current industry compaction practices was gathered by conducting a
questionnaire survey. Simultaneously, laboratory and field tests were carried out to
compare the compaction behavior of DGAB at different MCs and energy levels.
Moisture density plots of different laboratory and field compaction tests were
compared to determine the most suitable laboratory compaction method to simu-
late the field compaction of DGAB. The study revealed that the vibratory hammer
test resulted in the highestMDDand the lowest OMC,wheremoisture-density curves
of the field compaction tests were approaching the vibratory hammer test curve with
the increase of compaction effort, emphasizing that the vibratory hammer test best
simulates field compaction, when compared to other laboratory impact compaction
tests.
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1 Introduction

Aggregate Base Course (ABC) is a significant component of the pavement structure
that facilitates the stress attenuation of the traffic loads, providing the desirable struc-
tural support for the asphalt surface layer and protection of the subbase and subgrade
layers [1, 2]. Thus, DGAB is amajor contributor to the pavement’s stability, function-
ality, and durability. Performance of the DGAB relies on the material characteristics
of the constituent aggregates and their interlocking behavior within the matrix [3–6].

Compaction of aggregate bases is defined as the reduction of void spaces among
aggregate particles by densifying the aggregate materials through the application
of mechanical energy to achieve the desired engineering performance [4, 7]. Many
properties of aggregates can be enhanced through compaction, such as; increase in
shear strength, reduction in permeability, decrease in compatibility, decrease in void
ratio, and increased unit weight [8, 9]. Dense Graded Aggregate Base (DGAB) is
a mechanically crushed rock aggregate mixture where the gradation has been engi-
neered to minimize void spaces between aggregate particles when compacted [4,
10]. Three major governing factors control the DGAB compaction process: moisture
content (MC), compaction effort, and layer thickness. However, as stated before,
individual characteristics of aggregate such as shape, angularity, and texture will
also affect the interlocking behavior in a packed matrix, like DGAB [3, 4]. The rela-
tionship between maximum dry density (MDD), optimum moisture content (OMC),
and compaction effort should be well established for a given layer thickness before
commencing the field operation. It will lead to an effective compaction process by
saving energy, cost as well as the environment.

Standard Specification for Construction and Maintenance of Road & Bridges
(SSCM) published by the Institute for Construction Training and Development
(ICTAD) is the main guideline used for aggregate base course (ABC) compaction in
this field study. However, these specifications vary from country to country [11–13].

Usually, for compaction of crushed rock material type, vibrating smooth drum
equipment is used [12, 14]. Clause 405.3(b) of SSCMclearly states that “The required
amount of water and MC shall be determined by carrying out field trails, but shall
normally be within 2% of the predetermined OMC at the time of compaction” [11,
13]. However, practicing this norm is a question when the ABC construction process
at present is examined. Variations in MC affect the material properties and pavement
performance significantly [15]. Compaction of DGAB in the field is done under
higher moisture content than stipulated in SSCM. As a result, segregation occurs,
and fine particles migrate to the top surface of the layer by changing the gradation
of the mix, which leads to an improper compaction process during the construction
stage, resulting in the long term total permanent deformation (rutting accumulation)
in highway pavements during the service life [1, 16, 17]. Consequently, the DGAB
layer will not provide the expected structural capacity to the pavement due to this
poor construction practice. Segregation control is an important task required to ensure
proper compaction of DGAB [18]. The above poor construction practice has been
reported worldwide [19].
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Laboratory aggregate compaction tests used to establish target density for field
evaluation of compaction are based on impact/dropped loading [8]. AASHTO T 99,
AASHTO T 180, ASTM D698 and ASTM D1557 are such laboratory compaction
test standards [4]. Moreover, according to the guideline given by SSCM, maximum
dry density and optimum moisture content are determined by the Modified Procter
Compaction Test (AASHTO T180). However, due to the use of much heavier
vibrating rollers in compaction, field densities reach higher levels than that of labo-
ratory density [20–23]. Although modified proctor compaction results in improved
properties of the laboratory characterization of roadway base materials for some
types of base course layers, the precision and compatibility of the laboratory charac-
terization of the base layer to that in the field is questionable, especially for DGAB
layers [23]. Besides, many studies have concluded that the impact compaction results
in a finer gradation due to the fracturing of the aggregate particles under the heavy
crushing load, which is not exactly resembling the actual scenario at the field [4,
24]. Laboratory compaction test methods such as the Vibratory Compaction Test
and Gyratory Compaction Test have been engaged to overcome these problems in
the global context [25, 26].

In this research, a questionnaire survey was carried out to obtain the current
practices of DGAB compaction in the local context. According to the gathered data,
field and laboratory compaction tests were done to examine the correlation between
actual site compaction characteristics and the laboratory compaction characteristics.

2 Research Objectives

The research’s ultimate goal is to evaluate the current practice in compaction of
dense graded aggregate bases and identify the differences between field and labora-
tory compactions. Following tasks were carried out to achieve the objectives of the
research.

1. Evaluate the current field practices used for ABC compaction
2. Identify the effects of compaction at the high moisture content (Segregation and

change of gradation of DGAB)
3. Verification of the relationship between moisture content, dry density, and

compaction efforts at different laboratory and field conditions.

3 Experimental Study

3.1 Survey Results

According to the questionnaire responses, the moisture level of DGAB is mainly
controlled on four occasions—At the stockpile, at the site while laying, at the site
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just before the compaction begins and at the site while compacting. Table 1 shows
the field practices of adding water on DGAB to control the MC of the mix. Figure 1
shows the survey results of the construction practice for the addition of water in
DGAB.

Table 1 Stages of controlling MC

At stockpile

• Water is added to graded DGAB at the stockpile
• ABC is well mixed at its OMC and transported to site
• Uniform MC can be maintained throughout the layer during compaction

While laying

• Dry ABC is transported to the site
• Water is added to dry ABC, mixed, and laid by using a motor grader, before
compaction begins

• Uniform MC can be maintained throughout the layer while compacting

(continued)
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Table 1 (continued)

Just before
compacting

• Dry ABC is transported to the site
• Uniformly lay ABC on a flat ground surface
• Water sprayed on top of ABC layer and compaction is commenced MC will
not be uniform within the layer

While
compacting

• Dry ABC is transported to the site
• Uniformly lay ABC on a flat ground surface
• Water sprayed on top of ABC layer during compaction
• Only the top surface gets wet and excessive water flows on the surface,
forming a segregated ABC layer

3.2 Laboratory Experiments

Five different tests were carried out at the laboratory to compare the moisture content
(MC), and dry density (DD) relationship at different energy levels: Modified proctor
compaction test (AASHTO T180, Method D), Standard proctor compaction test
(AASHTO T99, Method C), Modified proctor compaction test with 25 blows per
layer, Standard proctor compaction test with 25 blows per layer and Vibratory
hammer test. Figure 2 shows theMCversus DD relationship for different compaction
efforts under laboratory conditions. 98% compaction line is drawn for the test results



320 A. R. Bambarandage et al.

Fig. 1 Tendency to add water at different stages as a percentage of total number of survey locations

Fig. 2 MC versus DD in laboratory conditions over different compaction efforts
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Table 2 MC ranges obtained for 98% compaction

Test method Range of moisture for 98%
MDD (%)

OMC (%) Tolerance (%)

Standard proctor compaction
test

– 6.9 –

Modified proctor compaction
test

5.1–8.4 6.75 −1.65 to +1.65

Standard proctor compaction
test method with 56 blows per
layer

6.72–7.12 6.9 −0.2 to +0.2

Modified proctor compaction
test method with 25 blows per
layer

6.49–7.57 7.0 −0.54 to +0.54

Vibratory hammer compaction
test

2.7–7.9 5.3 −2.6 to +2.6

obtained for the Vibratory hammer test, which gave the lowest OMC and highest
MDD.

Table 2 shows theMC ranges obtained from different laboratory compaction tests
for 98% MDD compaction.

3.3 Field Experiments—Compaction Tests

Welioya–Kalthota section (Chainage 43 + 500 − 43 + 900) of Bodagama-
Hambegamuwa-Kalthota (B528) Road was selected as the case study location for
field trials. The test section was a flat-straight section, and the cross-section of the test
location is represented in Fig. 3. For the verification of theDD-MC relationship under
field conditions, five no. of field trial strips were conducted under five different mois-
ture levels. Six no. of field density tests were carried out at different energy levels
(2, 4, 6, 8, 10 & 12 no. of roller passes) in each test strip. The in-situ density of
compacted layers was obtained from the sand cone test, which is considered to be
the common practice of density measurement in the field (Umashankar et al. 2016).
Uniform layer thickness was maintained as 200 mm, while an 11-ton single drum
vibratory roller was used as the compactor (Speed = 2.5 km/h, Frequency = 31 Hz,
Amplitude = 1.97 mm, Drum width = 2100 mm) for all the trial strips.

DGAB thickness of the section is 200 mm, which was laid over the subbase layer.
Six field trials were carried out at different strip locations for different moisture
levels, as shown in Fig. 4. The dimensions of the strip are approximately 100 m in
length and 3.1 m in width. The thickness of the DGAB layer was 200 mm for the
entire case study. Figure 5 shows the variation of DD of field strips with MC under
field conditions.
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Fig. 3 Road cross-section of the test location

Fig. 4 Field trial strip plan [MC%]

3.4 Field Experiments—Gradation Change of DGAB Under
High Moisture Content

When ABC is compacted at higher MC, fines will pump out with water, causing
variations to the layer’s designed gradation. Therefore, the gradation change that
occurred is measured for 9.3%MC. Four such scenarios were chosen for conducting
the sieve analysis test, such as the laid sample (before compaction) and after 4, 8 &
12 no. of roller passes. Two test samples were extracted for gradation test in each
case from the top 100 mm layer & bottom 100 mm layer. Tables 3 and 4 represent the
results of sieve analysis in the top 100 mm and bottom 100 mm layers, respectively.
A graphical representation of the particle distribution is shown in Figs. 6 and 7.
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Fig. 5 DD versus MC under field conditions

Table 3 Sieve analysis test results of top 100 mm of DGAB

Sieve size
(mm)

Spec limit Design
gradation

Top 100 mm layer

SSCM table 1701.5 Laid 4 Roller
passes

8 Roller
passes

12 Roller
passesMin Max

50 100 100 100 100 100 100 100

37.5 95 100 100 100 100 100 100

20 60 80 74 64.6 60.1 62.8 67.1

10 40 60 53.3 51.3 46.3 47.1 48.9

5 25 40 34.7 32 33.2 37.3 38.5

2.36 15 30 25.2 22.7 27.3 29.1 33.3

0.425 7 19 15.3 12.1 16.3 17.8 21.1

0.075 5 12 8.7 4.5 4.2 4.9 4.8

When DGAB is compacted under high MC than optimum, fine particles in the
mixture will move to the surface. In Tables 3 and 4, this fine particle displacement
can be clearly notified. In the bottom layer, fine particle percentage decreases with
the number of roller passes. Meanwhile, in the top 100 mm, the fine percentage
increased with the number of roller passes.
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Table 4 Sieve analysis test results of bottom 100 mm of DGAB

Sieve size
(mm)

Spec limit Design
gradation

Bottom 100 mm layer

SSCM table 1701.5 Laid 4 Roller
passes

8 Roller
passes

12 Roller
passesMin Max

50 100 100 100 100 100 100 100

37.5 95 100 100 100 100 100 100

20 60 80 74 75.1 65.9 68.3 67.9

10 40 60 53.3 52.6 53.3 51 50.8

5 25 40 34.7 39.6 40.8 40.3 40.3

2.36 15 30 25.2 33.1 34.4 28 30.2

0.425 7 19 15.3 21.7 21.9 12.8 13.1

0.075 5 12 8.7 4.5 5.4 5 5.6

Fig. 6 Gradation change in top 100 mm of DGAB at 9.3% MC

4 Results and Discussion

4.1 Field Experiments

Laboratory test results verified that the increase of compaction effort would increase
the MDD and decrease the OMC requirement. Field trial tests revealed that the
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Fig. 7 Gradation change in bottom 100 mm of DGAB at 9.3% MC

required density could be achieved with lesser no. of roller passes if compaction
occurs close to the estimated OMC (Fig. 8).

At 6.9%moisture level close to OMC, less than eight roller passes can accomplish
98%compaction. If theMChas slightly deviated fromOMC, the required compaction
should be achieved with more compaction effort. If the MC is vastly different from
OMC (at 2.4 & 9.3 moisture levels), 98% compaction cannot be achieved even after
12 roller passes, as shown in Fig. 8.

Fig. 8 Dry density versus roller passes
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When the laboratory and field test results are compared, the MDD at modified
proctor compaction curve is slightly close to that of the compaction curves of 10 &
12 no. of roller passes, as shown in Fig. 9. However, there is a significant difference
of the OMC in the modified proctor compcation and the field compaction curves.
The Vibratory Hammer test’s moisture-density curve is higher than the field test
results, yet closer to 12 no. of roller passes curve. Most importantly, the vibrator
hammer test’s OMC is closer to the field compaction test results than modified
proctor test results. OMC of impact compaction tests has deviated from that of the
field compaction tests. OMC is one of the most critical parameters to be maintained
with more significant concern in the construction. Therefore, out of the laboratory
compaction methods used in this research, the vibratory hammer test gave closer
results to field compaction.

Fig. 9 Lab and field moisture-density plot comparison
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Fig. 10 Gradation curve of 9.3% MC test strip after 12 no of roller coverages

As determined from the questionnaire survey, moisture control is not properly
conducted in the field. Even though OMC obtained from impact compaction tests
(axial compaction in hammer compaction) is higher than that of field compaction
tests, the moisture levels are maintained even above the impact compact test’s OMC
levels in usual field practice. Therefore, sieve analysis tests were carried out to deter-
mine the gradation change due to the presence of higherMC. Following observations
were made with the use of field test results.

1. Fine particlesmove from the top surface to the bottomwhen an excessive amount
of water is added to the laid sample.

2. After four no. of roller passes, fines tend to move upward again.
3. At the end of 8 roller passes, more finesmove upward. However, in that instance,

both top & bottom layers grading are within the specified limits.
4. But after 12 no. of roller passes, an excessive amount of fines move upward &

accumulate on the top surface, as shown in Fig. 10, eventually leading to
deviations of the gradation of the entire layer from the specified limits.

5 Conclusion

From the questionnaire survey results, it is revealed that the ABC compaction is
carried out at higher moisture levels in most cases, leading to gradation deviations
of top and bottom layers of DGAB.

It is shown that during the case study ABC cannot retain MC more than 10%.
When MC is higher than 10%, then the excess amount expels through sides, top, or
underneath the ABC layer.
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98% compaction can be achieved by eight no. of roller passes of the 11-ton roller if
the MC is around OMC (6.9%). However, if MC differs from OMC, proportionately
more compaction effort should be deployed.

Dry Density—Moisture Content relationship of Modified compaction test and
Vibratory Hammer test is similar to field compaction done by 10 & 12 roller passes
of the 11-ton roller.

MDD obtained from vibratory hammer test results was higher than that of field
compaction test results. However, OMC of field compaction is closer to OMC
obtained from the vibratory hammer test.
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Areca Fiber Reinforced Alkali-Activated
Black Cotton Soil Using Class F Fly Ash
and Limestone Powder for Pavements

B. A. Chethan and A. U. Ravi Shankar

Abstract Alkali activation has gained importance in place of cement treatment in
construction due to reduced CO2 emissions. The precursors that are rich in silica,
alumina, and calcium can be used for soil stabilization with a suitable alkali solution.
In this investigation, 0–45% class F fly ash with a constant 5% limestone powder
was used to stabilize black cotton soil. These mixes were reinforced with 0.5%
areca fibers and stabilized using the alkali solution. Alkali solution was prepared
using 8 molar NaOH solution and Na2SiO3 solution with Na2SiO3/NaOH of 1.5.
The use of limestone powder has favoured the quick UCS gain on 3 days of room
temperature curing. Fiber reinforcement has shown a significant influence on flexural
strength and fatigue life improvement. Areca fibers reinforcement has resulted in
enormous resistance to plunger penetration during the unsoaked CBR test. However,
on further 4 days of soaking, samples lost the bonding and exhibited low CBR. The
SEM images showed the compact microstructure of the set mix. The formation of
cementitious products is evident from the XRDmicrograms due to the dissolution of
silica, alumina, calcium, and other compounds by the alkali solution.When subjected
towetting–drying and freezing–thawing durability tests, the setmixeswere failed due
to leaching ofmineral constituents and further breaking of soil structure. Even though
stabilized specimens exhibited significant strength improvement in dry conditions,
they are unsuitable in wet conditions.

Keywords Alkali activation · Black cotton soil · Class F fly ash · Limestone
powder · Areca fiber

1 Introduction

Black cotton soils are characterized by swell-shrink behaviour due to clay minerals
like montmorillonite, kaolinite, illite, etc.; hence, they are considered a poor foun-
dation material. Expansive soils will shrink during the draught due to moisture
loss; thus, large cracks will form and propagate to the different pavement layers.
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In contrast, due to floods during the rainy season, the material wets and loses its
shear strength substantially [1]. The moisture imbalance leads to its high volumetric
instability, causing severe foundation problems [2]. Various treatment methods were
adopted to improve the weak soil properties, like preloading, replacing with good
quality earth material, stone columns, stabilization with cementitious additives using
industrial byproducts, etc. [3]. Cement is found to be the most common binder
adopted [4].Alkali activated binderswere investigated nowadays due to their environ-
mental friendliness. The alkali-activated binders reduce theCO2 emission byutilizing
various industrial byproducts, which otherwise lead to disposal problems [5]. The
addition of lime has gained importance for soil stabilization, and for every 10% clay,
it was suggested to use 1% lime [6]. With shallow mixing of highly compressible
clay using 5% lime, the swelling was reduced by 99.8% [7]. Fine-grained soil (CL)
treated with 5% lime showed excellent load-bearing capacity due to the formation
of a flocculated and reticulated well-developed cemented crystalline structure [8].

Extensive ongoing research has shown that fly ash has gained importance as a soil
stabilizer [9]. Precursor class F fly ash, a rich aluminosilicate material mixed with
calcium-rich compounds, can become a cementitious binder with a suitable alkali
activator [10, 11]. Waste materials containing silica, alumina, and ferrous oxide can
be effectively utilized to form cementitious materials. A compact microstructure,
good volume stability, higher mechanical strength, and low shrinkage were observed
for alkali-activated clayey soil using NaOH and Na2SiO3 solutions [12]. The combi-
nation of NaOH and Na2SiO3 solutions can act as the best activator [13–16]. The
NaOH solution dissolves Na2SiO3 (which provides Na+ and Si4+) and aluminosili-
cates during polymerization reaction [17]. An alkaline solution preparedwith 8molar
NaOH solution concentration and Na2SiO3 solution, even though increased the UCS
of loose sands, the leaching of the fluid motor at the wet side of OMC resulted in
strength loss due to diminished reaction [3]. It was recommended not to use SS/SH
ratio >1.5, as it may result in strength reduction of geopolymer treated black cotton
soil [18].

Stabilization using natural fiber can be more economical due to its abundance
[19–21]. The use of fiber reinforcement in the soil can enhance tensile strength. Coir
fiber reinforced soil can exhibit better resilience when used for subgrades [19]. As
the natural fibers are biodegradable, different chemical treatments were adopted in
order to increase their lifespanwhen used for reinforcing the soil [22, 23]. Linseed oil
treatment effectively improved the interface friction and tensile strength of the treated
fibers [24]. The use of arecanut coir of length 20–30 mm up to 0.5% increased OMC,
UCS, CBR, and reduced MDD of lateritic soil, and at higher dosages, distribution
of fibers becomes difficult [25].

Aim of the investigation: Black cotton soil taken for the study has low strength
and is highly susceptible to volume change due tomoisture variation. A huge quantity
of class F fly ash ends up in landfills. Limestone powder was used to increase the CaO
content of the mix. In order to reduce shrinkage cracks on drying, natural areca fibers
were used. Conventional activators NaOH and Na2SiO3 were blended to prepare
alkali solution and used with precursors to evaluate stabilized soil performance
concerning strength and durability criteria for use in pavements.
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2 Materials and Experimental Program

2.1 Black Cotton Soil

Black cotton soil spread over theChikmaglur region ofKarnataka, India, is unsuitable
as a foundation material for constructing any structure. A major portion of this soil
has silt size particles in the IS sieve range of 75–2 μ. As per ISCS, it is classified
as silty soil of high compressibility (MH) by considering liquid limit and plasticity
index (Table 1). This soil has considerable swell potential and exhibits low strength
when it comes in contact with water. The chemical properties of black cotton soil
are tabulated in Table 2.

Table 1 Physical properties of black cotton soil

Test properties Unit Results

Specific gravity, Gs [26] – 2.56

Modified Proctor compaction [27] γd kN/m3 18.1

OMC % 16.0

Consistency limits [28] Liquid limit % 60

Plastic limit % 33

Plasticity index % 27

Shrinkage limit [29] % 23

Grain size distribution [30] Gravel % 2

Sand % 26

Silt % 68

Clay % 4

Free swell index [31] % 58

Organic content [32] % 2.25

Indian Standard Soil Classification System [32] – MH

Table 2 Chemical properties of the materials

Test properties Unit Black cotton soil Class F fly ash Limestone powder

pH – 8.24 10.7 11.4

SiO2 % 75.4 70.5 6.6

Al2O3 % 7.06 10.98 0.15

Fe2O3 % 2.64 1.84 0.05

CaO % 0.007 0.003 72.1

SO3 % 0.16 0.15 0.65

LOI % 2.30 1.70 42.9
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2.2 Fly Ash

Fly ash collected from M/s Udupi Thermal Corporation Ltd. was found to be rich in
silica and alumina (Table 2). The total percentage of silica, alumina, and iron oxides
is >70%. It has a low CaO percentage (<18%). As per ASTM C618-19 [33], fly ash
satisfies class F requirements. For the black cotton soil, the precursors with higher
CaO content were found to be beneficial. However, due to the production of a large
quantity of low calcium fly ash creating disposal problems, it was utilized in the
investigation considering the environmental benefit.

2.3 Limestone Powder

In order to increase the calcium content in the mix, crystalline whitish limestone
powder was used. It is mainly composed of calcite (93.85% CaCO3) and other
minerals like silica, aluminium, iron, magnesium, etc. The collected limestone
powder has rich calcium content that may favour the development of calcium-based
hydration products in an alkaline environment. A 5% limestone powder dosage was
found to be suitable depending on the literature, as it considerably increases the mix
pH. The chemical properties of limestone powder are tabulated in Table 2.

2.4 Areca Fiber

Areca fibers are natural, hence, considered environment friendly. Arecanut husk
consists of fibers of various diameters. Fibers of smaller diameters break easily under
the application of tensile force of smaller magnitude. Therefore, only strong fibers
of an average diameter of 0.35 mm were extracted from the mature arecanut shells.
These fibers were subjected to linseed oil treatment to help in the improvement of
surface friction. Such treatment can provide enhanced bonding at the interface of
stabilized soil and fiber. An optimized dosage of 0.5% fibers with 25 mm length is
obtained from various trail mixes. A low fiber dosage of 0.25%was not significant in
strength improvement. Whereas, at higher fiber dosages of 0.75 and 1%, the proper
distribution of fibers becomes difficult. Also, at these higher dosages, the grouping,
overlapping of fibers can not be avoided. But, adequate and homogeneous distribu-
tion is possible by carefully spreading soil-fiber mix in layers at optimized dosage.
Due to this, compact packing of the mix is observed, contributing to a significant
improvement in strength.
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2.5 Alkali Solution

An integrated analysis of strength and cost wasmade byRios et al. to evaluate the best
mixture, shown that a solution of 7.5molar concentration gives better strength at a low
cost. The lower concentration of 5 molars gives low strength, and the higher concen-
trations of 10 and 12.5 molar increase the cost. A concentration >10 molar produces
high pH, delaying polymerization and reducing initial strength [34]. Therefore, a 8
molar NaOH solution blended with Na2SiO3 solution to achieve a Na2SiO3/NaOH
(or SS/SH) ratio of 1.5 is considered suitable for treatment. 1 L of 8 molar NaOH
solution was prepared by dissolving 320 gm of sodium hydroxide flakes of 97%
purity in distilled water. Due to the exothermic reaction of NaOH flakes with water,
enormous heat was produced. Therefore, the NaOH solution is allowed to cool down.
3-parts of Na2SiO3 solution, which is available in the form of a viscous liquid, was
mixed with 2-parts of NaOH solution to achieve the 1.5 SS/SH ratio. The prepared
alkali solution was leftover for 24 h for proper dissolution of minerals contents.

2.6 Sample Preparation and Curing

Fiber treatment: Commercial linseed oil was used for pretreating areca fibers.
Initially, the arecanut shells were immersed in water for 15 days. Linseed oil of
quantity equal to 0.6 times the dry weight of fibers was added and mixed homoge-
neously. It was allowed to dry for 30 min at room temperature of 29 ± 1 °C. Then
fibers were oven-dried for 2 h at 120 °C. This process gives a rougher morphology to
the fiber surface, which improves the interaction between fiber surface and stabilized
soil. Also, it helps to minimize the decomposition under seasonal variations when
used for soil reinforcement, as found in earlier studies [24].

Mix preparation: The oven-dried (at 105–115 °C for 24 h) soil sample is pulver-
ized. The soil passing through 4.75 mm IS sieve is initially blended with limestone
powder and treated areca fibers on a mass basis. This mix is blended with water and
compacted in the mould using a 4.5 kg rammer by 25 blows/layer in 5 layers for the
compaction test. This process induces compaction energy of 2682 kJ/m3 to the soil.
A calculated quantity of alkali solution equivalent to OMC was added for alkali-
activated mix preparation and mixed until a homogeneous mixture is achieved. The
mix is visually inspected to avoid unblended lump formations and to ensure homo-
geneity. The moisture content of each mix is verified using the oven drying method.
This mix is immediately used for moulding of samples at modified Proctor density.

UCS test: UCS samples of 38 mm diameter and 76 mm height were compacted
in a stainless steel mould using a hydraulic plunger. After extraction weight and
dimensions of these samples were measured and kept for curing at room temperature
for 3, 7, and 28 days. Cured samples were loaded at a rate of 1.2mm/min until failure.
UCS is calculated as follows:
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UCS = Flailure load/corrected area

Average UCS showing the variation within ±3% obtained from 3 specimens are
represented.

Flexure test: This test performed as per ASTM D1635/D1635M-19 [35]. Prism
specimens of 76 by 76 by 290 mm dimensions were cast in a beam mould to achieve
the target density. The samples were extracted immediately, their weight and dimen-
sions measured, and cured for 3, 7, and 28 days at room temperature. The third point
loading method was used for determining the flexure strength of specimens. Bearing
blocks shall ensure that forces applied to the beam will be vertical only without
any eccentricity. While testing, the specimens were turned on their side, considering
their moulded position, and centered on the lower half-round steel supports, which
were placed apart a distance of three times the beam depth. Average flexural strength
showing the variation within ±3% obtained from 5 specimens are represented.

Flexural strength (R) is calculated as follows:
If the fracture occurs in the middle third of span length, R = l ∗ (P + 0.75 W )b

∗ d2.
If the fracture occurs outside of the middle span, not more than 5% of the span

length, R = 3 ∗ p ∗ ab ∗ d2.
where,
R = flexural strength (modulus of rupture) in kg/cm2

l = length of span in cm
W = weight of the beam after curing in kg
P = maximum applied load in kg
b = width of the beam in cm
d = depth of the beam in cm
a = distance between the line of fracture and nearest support measured along the

centerline of the bottom surface of the beams in cm.
CBR test: CBR specimens cured at room temperature for 28 days were tested for

plunger penetration resistance. Further, on 4 days of soaking, CBR depletion was
evaluated. All samples were cured at room temperature (35–40 °C). A strain rate
of 1.2 mm/min was adopted for the test [36]. After the specified curing period, the
change in weight and dimensions was noted to evaluate the achieved density and
visually inspected for the signs of shrinkage cracks. The average CBR of specimens
is calculated as,

CBR = Load sustained by stabilized soil at 2.5 mm penetration/load sustained by
standard aggregates at 2.5 mm penetration.

Permissible variation in CBR values are ±1%, ±2%, ±5% for CBR test values
of <5%, 5–10%, >31% obtained from 3 tests on each mix.

Durability tests: Seven days cured UCS samples are used for durability tests.
In the wetting–drying test [37], two sets of specimens were submerged in water for
5 h. Further, they were transferred to an oven and kept for 42 h at a temperature
of 71 ± 3 °C to complete one test cycle. In the freezing–thawing test [38], two
sets of specimens were frozen for 24 h at <−23 °C. Further, they were thawed in a
chamber for 23 h at 23 ± 2 °C to complete one test cycle. One set of specimens were
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unbrushed. Another set of specimens were brushed after each drying and thawing
cycle. The diameter, height, and weight of specimens were recorded after curing and
completing each durability cycle. Tests were continued until failure or completion
of 12 durability cycles.

Fatigue test: In order to evaluate the fatigue phenomenon, repeated loads tests
were conducted on the stabilized specimens using a fatigue machine. UCS samples
(38 mm diameter and 76 mm height) cured for 28 days were used for testing. The
repeated loading is applied at a frequency of 1 Hz and a rest period of 0.1 s on the
unconfined sample at room temperature (35–40 °C). The applied stress is taken as a
fraction of 28 days of unconfined compressive strength of the sample.

where, Fraction of load stress = Applied stress/28 days UCS.
Chemical and microstructural analysis: Powder samples of various materials

and stabilized specimens are used for chemical analysis (using titration methods as
per IS codes), SEM, and XRD analysis.

3 Results and Analysis

3.1 Compaction

When the alkali solution is added to the mix, the quick setting process initiates,
making it difficult to continue the compaction process. The high alkali solution
concentration on reacting with precursors releases more heat during the mixing.
Also, as observed from trial mixes, compaction using alkali solution and water has
not altered compaction parameters. Therefore, for obtaining modified compaction
parameters, all the ingredients were compacted usingwater. It is observed that at 10%
precursor dosage (5% fly ash +5% limestone powder calculated on a mass basis),
compact packing of themixwas achieved due to the filling up of pore spaces. Beyond
10% precursor dosage, the soil particles were replaced by fly ash and limestone
powder, which reduced the density of mixes. Dropdown in MDD may be related
to the increased amount of low specific gravity of fly ash usage. The fly ash and
limestone powder include finer particles, and due to their higher specific surface
area, there was an increase in the OMC values at higher precursor dosages. Also,
the water affinity of fibers leads to a slight increase in the OMC. Up to a dosage of
15% precursors, OMC was reduced due to lowered plasticity of the mix. The mix
has become more workable with the increment in the precursor dosages (Fig. 1).

3.2 Unconfined Compressive Strength

The untreated BC soil has exhibited a UCS of 1.1 MPa at modified Proctor
compaction. UCS values were significantly increased for the alkali-activated soil
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Fig. 1 Modified Proctor compaction characteristics of fly ash, limestone powder, and areca fiber
added black cotton soil

with the addition of fly ash, cement, and areca fibers. A high dosage of fly ash is
more significant in improving strength. Whereas, at low fly ash dosages, the UCS
improvements were less due to the lesser dissolution of silica, alumina, and other
constituents from the alkali reaction. Early age strength development of themixeswas
excellent. In comparison, as the curing period was increased, a slight enhancement
of strength was observed. This confirms the quick reaction of precursor materials
in the alkaline environment. The plastic failure was observed for untreated black
cotton soil. In contrast, the stabilized soil showed visible major cracks, which were
strongly bonded by the areca fibers. As a result of tensile reinforcement, the crack
propagation was delayed, and gradual splitting damage was observed. The stabilized
specimens, due to the presence of tensile reinforcement, became more ductile. The
sample with 45% fly ash and 5% limestone powder has achieved the highest UCS of
6.7 MPa on 28 days of curing (Fig. 2).

3.3 Flexural Strength

The flexural strength of the mixes was significantly improved with the incorporation
of areca fiber reinforcement. Black cotton soil at modified Proctor density has shown
a low flexural strength value of <0.02MPa. Samples on 3 days of low curing duration
has achieved considerable flexural strength for all combinations. The further curing
period has helped to improve the strength slightly. The alkali solution could be
able to react quickly to provide this early age strength. At 45% fly ash and 5%
limestone powder, the flexural strength of 1.2 MPa was observed on 28 days of
curing. Therefore, a higher dosage of fly ash with 5% limestone powder procured a
higher amount of dissolvable silica, alumina, calcium, and other reactive elements
for favouring the strength gain (Fig. 3).
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Fig. 3 Flexural strength variation of stabilized black cotton soil

3.4 California Bearing Ratio

The effect of increased dosage of fly ash was clearly reflected in the unsoaked CBR
gain of stabilized samples. The natural areca fiber inclusion in the soil mixture
enhanced the strength due to enhanced frictional resistance between the soil and
treated fibers. The high tensile capacity fibers firmly held the soil mixture, and
during plunger penetration, the set soil offered exorbitant resistance. On soaking due
to absorption of water, the samples were softened, lost all their strength, and showed
low resistance to the plunger penetration. Also, high expansion was observed due to
the higher water affinity of the mixes. The slight improvement observed in soaked
CBR values was due to the presence of low soil-fiber interaction (Fig. 4).
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Fig. 4 California bearing ratio variation of stabilized black cotton soil

3.5 Fatigue

Due to the repeated application of wheel loads, the pavement layers will be continu-
ously stressed. The repetition will also accumulate the strain in the pavement layer,
and eventually, its lifespan will reduce. After a certain number of repeated load appli-
cations, the pavement layer may develop microcracks. These cracks will develop in
length and width and convert to macrocracks. Such a cracked pavement layer will
undergo catastrophic failure. In this investigation, a fraction of load calculated from
28 days UCS of each specimen was applied repeatedly until failure. The testing
is conducted on different unconfined cylindrical specimens at different fractions of
the load stresses of 0.5, 0.35, and 0.2 at room temperature. It is observed that the
samples did not fail till 2 × 105 load repetitions at a fraction of load stress of 0.2. As
the fraction of load stress was increased, the samples were failed at less number of
repetitions of the load, as depicted in Fig. 5.

3.6 Durability

Cylindrical specimens of UCS cured at room temperature for 7 days were subjected
to wet-dry (as per ASTM D 559) [37] and freeze–thaw (as per ASTM D 560) [38]
durability tests. In the wet-dry test, the samples were soaked in water after the speci-
fied curing period. As the specimens came in contact withwater, the bonding between
the cemented particles was completely lost and collapsed within 5min. The colour of
the soaked liquid changed to blackish, which indicates the leaching of alkali solution
with weak elements. When tested for freeze–thaw, samples did not exhibit any signs
of failure during the first freezing cycle. During the following thaw cycle, samples
absorbed water from felt pads and bulged. These samples could not resist brushing.
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Therefore, for all Na2SiO3/NaOH ratios and irrespective of the dosage of ingredi-
ents, the selectedmix combinations could not resist the deterioration under the severe
weather changes.

3.7 SEM and XRD Analysis

Bc soil without any treatment has developed many shrinkage cracks on drying
(Fig. 6). These cracks were propagated during load application, thereby tending
to fail the specimen at a low-stress value. The addition of fly ash and 5% lime-
stone powder has resulted in a denser microstructure with no shrinkage cracks on
curing. Limestone powder addition with fly ash results in the geopolymer formation
of calcium-aluminosilicate gel in conjunction with amorphous aluminosilicate gel,
which led to the change in the microstructure of composites. The calcium dissolu-
tion from limestone powder is responsible for both early and late age strength gain.
Strength development and reaction rate are fasterwhen fly ash is activated by an alkali
activator of high concentration at ambient curing conditions. Due to the dissolution of
calcium, the geopolymerization reaction continues for a longer duration. Areca fibers
were strongly bonded in the alkali-activated set soil with precursors (Fig. 7). The
interfacial friction between the soil and fiber surface was enhanced due to the depo-
sition of hydrated products. During strength tests, the treated samples were failed at
higher stress values due to the enhanced friction. The pullout of fibers was observed
due to their high tensile capacity. The linseed oil treatment may be contributing to
improving the roughness of the fiber surface. An enlarged view shows the deposits
of hydrated gels on the fiber surface (Fig. 8). The alkali treatment could make the
improved soil a compact mass with reduced void spaces. Also, shrinkage cracks were
disappeared due to strong fiber bonding.
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Fig. 6 Dry black cotton soil with shrinkage cracks

Fig. 7 Areca fiber firmly bound in alkali activated mix

Crystallographic information provided the formation of the following
common products due to the alkali reaction during curing (Fig. 9).
Gismondine (CaAl2Si2O8·4H2O), Calcite (CaCO3), Calcium Sulfate Hydrate
(CaSO4·0.15H2O), Aluminum Oxide (Al2O3), Millosevichite (Al2(SO4)3),
Gorgeyite (K2Ca5(SO4)6·H2O), Sodium Hydrogen Sulfate (NaHSO4), Gypsum
(CaSO4·2H2O), Spurrite (Ca5(SiO4)2CO3), Xonotlite (Ca6Si6O17 (OH)2), Foshagite
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Fig. 8 Enlarged view of hydration product deposition on the areca fiber surface

0

500

1000

1500

2000

10 20 30 40 50 60 70 80

In
te

ns
ity

Position (°2θ)

Gi
CSH
Mi
Go
SHS
XoGi

SHS
Gy
Xo
Gi
CS

CSH
Mi

Ca
CSH
Al
Go
SHS
Gy
Sp
Xo AlAl

Al
Sp
Ma

Mi
Ma

Fig. 9 XRD showing common hydration product formed in the alkali-activated soil with limestone
powder and class F fly ash

(Ca4(SiO3)3(OH)2), Magnesite (MgCO3), Gibbsite (Al(OH)3), and Calcium Sulfate
(CaSO4) are indicated in the XRD graph as per the maximum % of formation.
However, these compounds are spread over different 2θ angles. It can be observed
that these formations include dissolved silica, alumina, calcium, sulfate, potassium,
etc., either obtained from alkali solution or from the soil and precursor materials.
These hydration products are highly capable of retaining the bond between particles
of the mix in the dry state.
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4 Concluding Remarks

Following conclusions were drawn from the experimental studies conducted on the
effectiveness of alkali activation for black cotton soil stabilization from the field
application point of view.

1. The use of 5% limestone powder along with fly ash in the alkali-activated
mix helps to gain early age (on 3 days) strength. On further curing, a slight
improvement in strength was observed.

2. The fiber interaction with the soil enhances flexural strength and unsoaked
CBR values significantly. Low soaked CBR values were observed due to mix
softening and swelling due to absorption of water even in the presence of areca
fibers.

3. The samples subjected to different weathering cycles are highly susceptible to
degradation due to water sensitivity. The leaching of mineral constituents and
breaking of soil structure leads to the nondurability of mixes.

4. The alkali activation of selected precursor materials is significantly effective in
the development of high-strength mixes in a dry state. The hydration products
avoid the formation of shrinkage cracks in the alkali-activatedmix. The fiber soil
boding is also enhanced by hydration product deposition on the fiber surface.

Strength, fatigue, and durability are themain parameters considered to suggest any
stabilizedmaterial for pavement application. Investigations on stabilized black cotton
soil have shown appreciable improvements in strength and fatigue characteristics.
Whereas, when it comes to the field application point of view, the treated mixes are
irresistible to the moisture and temperature variations. Therefore, these mixes can
not be preferred for use in pavements.
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Clogging Resistance of High Strength
Pervious Concrete

Ming-Gin Lee, Yung-Chih Wang, Wei-Chien Wang, E. A. Yatsenko,
and Shou-Zjan Wu

Abstract This clogging resistant study includes high strength pervious concrete
(HSP) and normal pervious concrete (NSP). The HSP concrete aims to carry out 28-
day strength above 42 MPa and porosity as close to 10% as possible to achieve the
technical specifications. Some of the key tests were porosity, compressive strength,
and permeability test. Experimental simulation of sand and soil clogging tests of HSP
pavement specimens were under evaluation. The test results indicate that the 28-day
compressive strength of HSP higher than 42 MPa can be achieved with specific mix
design and compaction energy by Proctor tamper, and their porosity ranged from 7.3
to 11.6%. The coefficient of permeability for HSP and NSP concretes meets Taiwan
code requirements for structural concrete. The sand and soil clogging results show
that all HSP specimens had better maintenance by vacuum sweeping and restored
60–75% of the overall permeability, while the high-pressure washing only improved
the permeability by 4–6%. The reason is that the maximum water pressure of the
test equipment is seriously insufficient. It is presumed that the pressure washing
maintenance caused sand and soil to penetrate into the pores of the HSP specimen.
Furthermore, a predictive model of the clogging potential of porous asphalt mixture
has been found to fit well to HSP pavement.
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1 Introduction

Permeable pavement provides a solution for architects or landscape designers who
wish to use greenery in urban zones and parking lots [1]. The permeable concrete
pavement possessesmany advantages that improve urban and suburban environments
as follows by the U.S. Environmental Protection Agency [1, 2]:

(1) Attenuation of runoff.
(2) Ground water recharge.
(3) Improved road safety because of better skid resistance.
(4) Retention of natural drainage patterns and vegetation.
(5) Decreasing need for curbing and storm sewers.
(6) Water treatment by pollutant removal.
(7) Improved erosion control.

Many plants have difficulty growing in areas covered by impermeable urban pave-
ments, landscaping, and sidewalks, because both water and air have difficulty getting
to the roots. Permeable pavement allows adjacent trees to receive more water and
air into the roots and branches. Pervious concrete pavement is ideal for protecting
trees in urban paved environments [3]. Pervious concrete is a special type of concrete
with a high porosity used for concrete flatwork applications that allows water from
precipitation and other sources to pass through it, thereby reducing the runoff from
a site and recharging ground water levels. The void content can range from 18 to
35%with compressive strengths of 400–4000 psi (2.8–28MPa) and the drainage rate
of pervious concrete pavement will fall into the range of 2–18 gal./min/ft2 (81–730
L/min/m2) on pervious concrete reported by ACI Committee 522 [2, 4]. Pervious
concrete traditionally has little to no fine aggregate and has just enough cement paste
to coat the coarse aggregate particles while maintaining the interconnectivity of the
voids [5]. Pervious concrete is typically used in parking areas, areas with light traffic,
residential streets, pedestrian walkways, and greenhouses. Pervious Concrete is an
important application for sustainable development and construction [5, 6]. The results
of the pervious concrete study by Lee et al. [7] on parking lot in Taiwan composed
of 8-in surface layer (pervious concrete) and a 4-in base layer (gravel) showed that
the compression strength of the surface layer exceeds the ordinary concrete structure
specification. The in site permeability test for the parking lot is about 1000 ml/15 s.
The water penetration of the above pervious concrete is very good and no cracks
were present on surface for over ten years.

Pervious concrete pavements have also been selected as an integral solution to the
problem of hot pavements in the Cool Communities program. The hot pavements
bring the phenomenon of heat island effects in the big city [8, 9]. Generally, the air
temperature over pervious concrete parking lots is cooler than the temperature over
asphalt parking lots. Pervious concrete parking lots also reduce snow and ice build-
up. In addition, pervious concrete is considered a non-pollutant to the environment [4,
9–11]. Atmospheric deposition or suspended solids, heavymetals, and hydrocarbons
are distributed over pavement surfaces by automobile exhaust and crankcase leakages
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[8]. Motor vehicle pollutants accumulate on road surfaces until a precipitation event
carries these pollutants away in runoff that finally enters waterways or groundwater
[9, 10]. The above pollutants can potentially damage sensitive ecosystems in nearby
bodies ofwater or enter thewater supply throughwells and surfacewaterwithdrawals,
which can be harmful to human health. Various water quality studies of permeable
concrete pavement systems report pollutant removal from water runoff [12].

The study tried to produce a high strength pervious concrete and it aims to carry
out 28-day strength above 42MPa and porosity as close to 10% as possible to achieve
the technical specifications. The research tried to produce a high strength pervious
concrete and use carbon dioxide for curing to find out whether it could enhance the
compressive strength. The results show that the compressive strength of the control
group increases rapidly and its 90-day compressive strength closed to 60 MPa [13].
However, the small pore structure of high strength pervious concrete might become
clogged by sediment particles and its ability to drain storm-water runoff gradually
decreases presented a recent review of this topic [14–16].

This high strength clog-resistant pervious concrete (CRP) was prepared by intro-
ducing straight pore channels of varying size and number into self-compacting
mortar. The CRP can be engineered with high strength (>50 MPa), low porosity
and high permeability, but does not clog despite extensive cyclic exposure to flow
containing sand and clay [14]. The pervious concrete has merits in water retention,
cooling, improving drainage and water purification, however, with the increase in
traffic and age, the pervious pavement will gradually reduce its drainage function
after the pores clogged, which is one of the major problems.

2 Materials and Methods

2.1 Pervious Concrete Material and Concrete Mix

The pervious concrete used in this study was type � Portland cement conforming
to ASTM C 150 which was manufactured by the Asia cement corporation. The
coarse aggregate used was a commonly-used crushed stone with maximum diam-
eter of 6 mm and fine aggregates are nonexistent in pervious concrete mixture. The
specific gravity of superplasticizer (SP) is 1.05 and its solid content is 30%. The
above materials including cement, crushed gravel, SP, and water were used to make
the normal strength pervious concrete (NSP) mixture with zero-inch slump. High
strength pervious concrete (HSP) mixtures with silica fume and SP have zero inch
slump and water to binder ratio less than 0.2. Table 1 show three kinds of pervious
concrete mixture designs used in this study. The first mix (NSP) is normal strength
pervious concrete mixture. The second one (HSP1) and the third one (HSP1.2)
are high strength pervious concrete mixture with different aggregate size of 3.0
and 3.6 mm individually. The HSP aims to carry out 28-day compressive strength
above 42 MPa and porosity as close to 10% as possible to achieve the technical
specifications.
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Table 1 Mix proportions of normal and high strength pervious concrete

Mix Target porosity (%) Batch weight (kg/m3) A/C F/A

C W A SF SP

NSP 20 340 100 1530 0 2 4.5 0

HSP1 10 475 68 1484 119 11 3.1 0

HSP1.2 10 475 68 1484 119 11 3.1 0

C—cement, W—water, A—coarse aggregate, F—fine aggregate, SF—silicate fume, SP—super-
plasticizer, W/B—water-binder ratio

2.2 Clogging Treatment

The porous pavement has merits in water retention, cooling, and improving drainage,
however, with the increase in falling dust, sand, waste soil, or traffic and age, the
porous pavement will gradually reduce its drainage function after the pores clogged,
which is one of the main problems [12]. The major source of clogging materials on
pervious concrete pavements has been the sand and clay deposited from vehicles
carrying waste soils or construction materials. The study would simulate clogging
effect induced by falling sand and soil on high strength pervious concrete pavement
and explore the changes of permeability after the cycles of clogging treatment by
vacuum cleaner or high pressure washer.

The component of the waste soil with sizes smaller than 1.18 mm was employed
as the cloggingmaterial in the clogging treatment developed by Fwa et al. [16]. At the
beginning of each cycle, an amount of 35.2 g cloggingmaterial was spread uniformly
on the top face of the test unit of 0.31 m× 0.37 m. The clogging treatment followed
by filling water flow to bring the clogging material into the test specimen. The next
cycle of clogging treatment followed immediately with the application of another
35.2 g of clogging material. The clogging treatment was continued until there were
negligible changes in the measured permeability in successive cycles of the clogging
treatment [16]. The clogging treatment procedure including vacuum cleaner and high
pressurewasherwas shown schematically in Fig. 1. TheHSP clogging treatment tests
and variables used in the experiment are shown in Table 2. Three different thickness
of HSP test unit were 10 cm, 15 cm and 20 cm respectively.

3 Results and Discussion

3.1 Mechanical Properties of Pervious Concrete

Thewater cement ratio, unit weight, compressive strength, porosity andwater perme-
ability test results of NSP and HSP concretes are shown in Table 3. The water
permeability of NSP and HSP concretes can be measured by a simple falling head
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(a) Clogging material addition  (b) Water injection (c) Outlet water

(d) High pressure washing (e) Vacuum cleaning 

Fig. 1 Schematic diagram of procedure for laboratory clogging tests

Table 2 HSP clogging test variables used in the experiment

Experimental content Variables

Concrete thickness (cm) 10, 15, 20

Pervious concrete specimen HSP1, HSP1.2

Table 3 Properties of normal and high strength pervious concrete

Specimen code HSP1 HSP1.2 NSP ACI 522

Water cement ratio 0.17 0.17 0.30 0.25–0.45

Unit weight (kg/cm2) 2157 2157 1972 1600–2000

Compressive strength (MPa) 55.52 41.46 18.26 2.8–28

Coefficient of permeability (cm/s) 0.06 0.06 0.25 0.16–1.22

Porosity (%) 6.9 11.6 16.8 18–35
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permeameter. The test results indicate that the 28-day compressive strength of HSP
concretes higher than 42 MPa can be achieved with specific mix design, and their
porosity ranged from 6.9 to 11.6%. The coefficient of water permeability for HSP
and NSP concretes is 0.06 and 0.25 cm/s respectively, and the unit weight is about
2157 and 1972 kg/cm2 respectively. The coefficient of permeability for HSP and
NSP concretes meets Taiwan code requirements for structural concrete.

3.2 Clogging Simulation Test on High-Strength Pervious
Concrete

Pervious concrete pavements have good drainage capabilities; however, the clog-
ging is more prone to occur in permeable concrete specimens with small porosity
during storm water runoff with the clogging materials. Figures 2, 3 and 4 display the
change in water permeability with increasing number of clogging cycles subjected
to the vacuum cleaner and high pressure washer treatment for all HSP specimens
with 10 cm, 15 cm and 20 cm thickness respectively. The sand and soil clogging
results show that all HSP specimens had better maintenance by vacuum sweeping
and restored 60–75% of the overall permeability, while the high pressure washing
only improved the permeability by 4–6%. Pressure washing of a clogged pervious
concrete pavement can restore 80–90%of the permeability in somecomparison cases,
and it is found that the maximum water pressure of our test is only 10 MPa, which
is normally approximately 20 MPa. For most of the cases, the vacuum sweeping is
faster than but not as effective as pressuring washing. And the highest permeability
recovery was achieved by using vacuum sweeping followed by pressure washing
[17]. These results show that the water permeability deterioration trend of a HSP
concrete caused by clogging simulation test could be very closely represented by
a decreasing exponential function of clogging cycles with very high coefficient of

(a) (b)

Fig. 2 Relationship between permeability and clogging cycle a 10 cm HSP1.2 specimen and b
10 cm HSP1 specimen
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(a) (b)

Fig. 3 Relationship between permeability and clogging cycle a 15 cm HSP1.2 specimen and b
15 cm HSP1 specimen

(a) (b)

Fig. 4 Relationship between permeability and clogging cycle a 20 cm HSP1.2 specimen and b
20 cm HSP1 specimen

determination R2 values (about 0.96) obtained from regression analyses. Table 4 lists
the measured values of P0, NC, k0, DT, β and the number of clogging cycles (NC) to
reach a fully clogged state is greater than 5.

Table 4 Results of HSP clogging and permeability test

Variable/factor β Nc k DT P

HSP1.2–10 cm 0.344 5 0.071 3.636 10.1

HSP1–10 cm 0.305 5 0.070 3.03 9.6

HSP1.2–15 cm 0.279 7 0.145 3.636 9.2

HSP1–15 cm 0.333 6 0.121 3.03 11.1

HSP1.2–20 cm 0.222 9 0.184 3.636 11.6

HSP1–20 cm 0.271 7 0.123 3.03 13.7
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Table 5 Regression models
of HSP clogging induced
permeability deterioration
[16]

Specimen code Regression model R2

HSP1.2 (10 cm) KN = 0.110e−0.344N 0.986

HSP1 (10 cm) KN = 0.093e−0.305N 0.987

HSP1.2 (15 cm) KN = 0.185e−0.279N 0.948

HSP1 (15 cm) KN = 0.191e−0.333N 0.978

HSP1.2 (20 cm) KN = 0.199e−0.222N 0.900

HSP1.2 (10 cm) KN = 0.110e−0.344N 0.986

Inductive equation KN = k0e−βN –

3.3 Modeling of Clogging Performance and Clogging
Prediction

Table 5 shows these regression models of clogging induced permeability deteriora-
tion for all theHSP test units with 10 cm, 15 cm and 20 cm thickness respectively. The
clogging simulation test could be very closely represented by a decreasing exponen-
tial function of clogging cycles with very high coefficient of determination R-square
value 0.90–0.99 obtained from regression analyses. It can be seen that the perme-
ability deterioration in clogging cycles might be described by the inductive equation
(KN = k0e−βN). Where β is a positive regression constant, N the number of clogging
cycles, KN the permeability coefficient after N clogging cycles, and k0 the initial
permeability coefficient before clogging treatment [16]. The measured values of P0,
NC, k0, DT, and β are considered to be factors that could have an effect on the clog-
ging potential of a HSP pavement. The relationships between clogging factor and six
predictor variables are shown in Fig. 5. From Figs. 5a, b, e, f, it is found that their
factors all have very low R-square value 0.07–0.19. It can be inferred that the initial
porosity (P0) and aggregate size (DT) have low effect on the logging potential and
number of clogging cycle. According to Fig. 5c, d, their factors are found to have
moderate and very strength respectively. The predictive models for the two clogging
potential indicators established, namely the clogging potential, β and the number of
clogging cycles to reach a fully clogged state, NC. The predictive regression models
obtained are [16]:

β = −0.004P0 − 0.766k0 − 0.006DT + 0.448,R2 = 0.673 (1)

Nc = 0.193P0 + 2.9452k0 + 0.624DT − 1.183,R2 = 0.962 (2)
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(a) (b)

(c) (d)

(e) (f)

Fig. 5 Relationships between clogging factor and six predictor variables a β versus P0 plot, b Nc
versus P0 plot, c β versus k0 plot, d Nc versus k0 plot, e β versus DT plot and f Nc versus DT plot
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4 Summary

The main findings from this study are summarized as follows:

1. The results indicate that the 28-day compressive strength of HSP concretes
higher than 42MPa can be achieved with specific mix design, and their porosity
ranged from 6.9 to 11.6%.

2. The clogging simulation test results show that high strength pervious concrete
specimens had better maintenance by vacuum sweeping and restored 60–75%
of the overall permeability, while the high pressure washing only improved
the permeability by 4–6%. Pressure washing of a clogged pervious concrete
pavement can restore 80–90% of the permeability in some comparison cases,
and it is found that the maximum water pressure of our test is only 10 MPa,
which is normally approximately 20 MPa.

3. The permeability deterioration in clogging cycles might be described by the
inductive equation (KN = k0e−βN) with very high coefficient of determination
R2 values (about 0.96) obtained from regression analyses. The results indicate
that the number of clogging cycles (NC) to reach a fully clogged state is greater
than 5.

4. The in-site permeability test for asphalt pavements has been found to work and
perform well to high strength pervious concrete pavement. The test might be
used before and after clogging treatment to quantify the effectiveness of a field
permeability technique.

Acknowledgements This study was supported by the Ministry of Transportation and Communi-
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Comparison of Flexible Airfield
Pavement Designs Using FAARFIELD
v1.42 and APSDS 5.0

Gary Chai, Phil Bell, Ken McNabb, Leigh Wardle, and Erwin Oh

Abstract A case study has been carried out to compare the design of airfield pave-
ments for a major airport using FAARFIELD v1.32 and APSDS 5.0. For the aircraft
departure data used in the study, the pavement analysis shows that the APSDS 5.0
design method yielded pavement structure thicknesses that are nearly the same
as FAARFIELD v1.32 for CBR greater than 10%. An adjustment factor kc is
required for APSDS design thickness to produce designs that are consistent with
FAARFIELD for CBR less than 10%. In May 2017, FAA developed new subgrade
failure models for flexible pavements in FAARFIELD v1.41 using the full-scale
traffic test data collected at the NAPTF for Test Sections in Construction Cycles CC3
and CC5. FAARFIELD v1.41 was subsequently updated and evolved to version 1.42
in September 2017. In this paper, a comparison is carried out using the latest version
of FAARFIELD v1.42 to examine if the new subgrade deformation models compute
the design thicknesses that are compatible with that generated by APSDS 5. For the
Boeing 737-800 (Code C) and 777-300ER (Code E) aircrafts spectrum and 100,000
movements analyzed in the study, the new subgrade failure models developed for the
latest version of FAARFIELD generate the flexible pavement thicknesses that are
not significantly difference from that of APSDS 5.0 for subgrade CBR ≥5%. The
new failure model in FAARFIELD v1.42 produces flexible design thicknesses that
differ less from APSDS 5.0 than FAARFIELD v1.32. The design thicknesses are
more consistent for B737-800 with 2 wheels configuration. However, the differences
are observed to be larger for CBR ≤5% when modelled with B777-300ER having
6 wheels configuration. The differences in the design thickness are attributed to the
different coefficients adopted in the subgrade failure models in the design software.
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1 Introduction

Road and airfield flexible pavement design methods are similar in that load-induced
strains are estimated using layered elastic methods. Mechanistic analysis is used
to predict state of stress beneath the wheel load and empirically relate stresses to
performance. The empirical aircraft pavement performance data is obtained from
full-scale test pavements each of which has been loaded with an actual undercarriage
of a particular aircraft. The major differences between airfield and road pavements
are themagnitude of load and the number of load repetition on the structures. Airfield
pavements are subjected to a much higher magnitude of tyre load than that of road
pavements.

The new generation and larger airplanes resulted in higher gross maximum take-
off weight (MTOW), tyre load and contact pressure. Boeing 777-9, the latest series
of long-range, wide-body twin-engine jet aircraft has two six-wheel main landing
gears to support a gross taxi weight of up to 352,442 kg and contact tyre pressure
of 1503 kPa [1]. In Airbus 350 family of aircraft, the gross taxi weight of the A350-
900 is 272,900 kg and with the tyre contact pressure of 1682 kPa. The 575,000 kg
Airbus A380 (with tyre contact pressure of 1503 kPa) has two six-wheel body gears
in addition to two four-wheel wing gears, for a total of 20 wheels in the main gear
assembly. The complex gear loads applied to airport pavements by these new aircraft
types are quite different from the loads applied by the older generation of commercial
airplanes. Complex wheel load interactions within pavement structures contribute to
premature failure of the pavement structures and must therefore be considered in
pavement design analyses [2].

A case study was carried out to compare the design of airfield pavements for
a major airport using FAARFIELD v1.32 and APSDS 5.0 [3]. For the aircraft
departure data used in the study, the pavement analysis shows that the APSDS5.0
design method yielded pavement structure thicknesses that are nearly the same as
FAARFIELD v1.32 for CBR greater than 10%. An adjustment factor kc is required
for APSDS design thickness in order to produce designs that are consistent with
FAARFIELD for CBR less than 10%. In May 2017, FAA developed new subgrade
failure models for flexible pavements in FAARFIED v1.41 using the full-scale traffic
test data collected at the NAPTF for Test Sections in Construction Cycles CC3 and
CC5 [4]. FAARFIELD was subsequently updated and evolved to version 1.42 in
September 2017. In view of the development of the new subgrade failure models,
it is necessary to compare the design thicknesses generated by FAARFIELD v1.42
and to examine if the thicknesses are compatible with that computed by APSDS
5. To meet the objective, Boeing 737-800 (Code C) and B777-300ER (Code E)
aircrafts and 100,000 movements were analyzed at various subgrade CBR using the
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two software programs. The same wander characteristics with a standard deviation
of 773 mm is used in the pavement analysis.

2 Literature Review

The design philosophy for airport pavements in Australia has been discussed by
Emery [5, 6] and Rodway [7]. The use of surfacing is inter-related to the pave-
ment design philosophy. The Australian approach is to design lower cost pavements,
with lighter surfacing, thinner layers, thinner surfacing, and less capable materials.
This is common with South African and New Zealand practice, and differs from
USA practice. Seals are used instead asphalt where possible. Thin asphalt is used
instead of thick asphalt, if possible. And thin asphalt is used instead of concrete. The
design philosophy for lower cost pavements has been successful, and is a reflection
of the relative benign climate, a willingness to stretch designs (reduce reliability),
a high local capability for inspection and maintenance (to repair failures), and less
intense trafficking [5]. The American Federal Aviation Administration (FAA) devel-
oped FAARFIELD and the Australian APSDS (Airport Pavement Structural Design
System) are the two commonly used for airport pavement designs. FAARFIELD
has various default parameters with regard to materials and thicknesses, and some
caution is needed in using it in Australia [6].

Following their full-scale tests on stabilized and un-stabilized pavements in 1948,
the USArmyCorp for Engineers concluded that at elevated temperatures bituminous
bound pavement layers were not superior in load distributing capability to excellent
quality (CBR 100%) base materials. The Corps specifically stated that their tests
indicated that 50 mm asphalt surfacing was adequate over a crushed rock basec-
ourse for 90 tonne wheel loads and 1 MPa tyre pressures. That is, high quality
crushed rock basecourses had sufficient shear strength to withstand the high stresses
produced in the zone directly beneath aircraft wheels and did not require thick asphalt
surface layers to protect them. The Corps early preference for heavily-compacted,
proof-rolled unbound crushed rock basecourses and relatively thin asphalt surfacings
continues. From 1946 Australia adopted the Corps’ approach and continues today to
build flexible aircraft pavements that consist of 60mmof asphalt supported by heavily
compacted, proof-rolled, unbound fine crushed rock basecourse and sub-bases [7].

The development of APSDS in Australia was from a flexible pavement design
program, CIRCLY [8]. Based on layered elastic analysis, APSDS has two unique
features. The first is that it computes subgrade strains for all points across the pave-
ment to capture all damage contributed by all the aircraft wheels. This approach
contrasts with other methods of pavement thickness design that often only compute
a single (maximum) strain value. Using the pattern of strains computed allows the
development of equations to relate load repetitions to pavement rut-depth by cali-
brating against full-scale test data. The second unique feature is that, in order to
adequately reflect the test data, different calibration parameters are used for each
wheel configuration.
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APSDS also uses the Barker and Brabston [9] approach to model unbound base
and subbase layers, standard granular materials designated by FAA as P209 and P154
respectively. Both APSDS and FAARFIELD v1.42 use sub-layering techniques for
these unbound layers to take account of stress-dependence of the materials.

APSDS also considers aircraft wander. Aviation traffic loads differ from road
traffic loads as aircraft wheel loads are spreadmore across the width of the pavement.
This is partly due to a lower degree of channelization and partly due to the wide
variation in spacing of wheels and groups of aircraft wheels compared with the
standardized wheel configuration on road vehicles. Field observations have shown
that successive passes of aircraft along a runway or taxiway pavement follow a bell-
curve distribution about the pavement center-line and follows a normal distribution,
so the degree of aircraft wander can be characterized by the standard deviation. The
standard deviation of wander is significantly different for runways, taxiways and
aircraft docking bays. This affects the required pavement thickness at each of these
locations.

Data collected in the 1970s indicates wander widths of 1778 mm for taxiways
and 3556 mm for runways. The standard deviation for a taxiway is 775 mm and for
a runway is 1524 mm [10]. The wander width is the zone containing 75% of the
aircraft center lines (1.15 standard deviations on either side of the mean value with
a normal distribution).

In 2001, Wardle et al. [11] published a calibration of APSDS 4.0 against S77-1
designs, known as the Chicago Calibration. The performance parameters obtained
in the calibration is shown in Table 1.

Validation of APSDS against the FAAmethodology was performed by comparing
thicknesses calculated from this software to those calculated from theS77-1 empirical
design curve. The comparison covered a range of 108 design scenarios, including
medium to large passenger jet aircrafts in Australia and a wide range of subgrade
moduli. The analysis showed that good general agreement between APSDS and
S77-1 with a medium difference of 36 mm (or 6.7% of the S77-1 thickness) [12].
White [13] confirmed that better agreement between APSDS 4.0 and COMFAA
pavement thicknesses could be obtained by using different calibration parameters
for each wheel configuration. The performance parameters reported in Table 1 were
subsequently recalibrated in 2010and theupdate performanceparameters are referred
toMelbourne calibration [14].

Table 1 Performance parameters obtained from Chicago calibration [11]

Subgrade CBR (%) Subgrade modulus, E (MPa) k B

3 30 0.0032 9.5

6 60 0.0030 10.9

10 100 0.0024 15.0

15 150 0.0020 23.6
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3 Subgrade Performance Models

3.1 Apsds 5.0

In airport pavement design, layered elastic models are used to compute values of
chosen damage indicators, most commonly subgrade strain, which are then related
to pavement life (strain repetitions). The strain value can be converted to damage
using a performance relationship of the form:

N =
(
k

ε

)b

(1)

In this relationship, N is the predicted strain repetitions to cause failure, k is a
material constant determined by calibration, b is the damage exponent for thematerial
determined by calibration and ε is the static load-induced strain.

The introduction of new generation aircraft, such as the Boeing 777 and the
Airbus A380, both of which have 6-wheel configurations was the major impetus for
FAA to conduct new full-scale tests the US National Airport Pavement Test Facility
(NAPTF) to improve the accuracy of pavement thickness designs for such aircrafts.
Using this calibration data, APSDS 5.0 produced pavement thickness designs that
more accurately reflects the performance of the full-scale test pavements than did the
2001 calibration [14]. APSDS 5.0 correlation with the S77-1 designs was improved
by using different calibration parameters for each wheel configuration (see Table 2).
The recalibration of the APSDS 5.0 was referred toMelbourne calibration.

The Damage Factor for the i-th loading is defined as the number of repetitions
(ni) of a given damage indicator divided by the ‘allowable’ repetitions (Ni) of the
damage indicator that would cause failure. The Cumulative Damage Factor (CDF)
is given by summing the damage factors for all loadings in the traffic spectrum using
Miner’s hypothesis:

CDF =
∑ ni

Ni
(2)

where, CDF is the cumulative damage factor, ni is the number of repetitions and Ni

is the allowable repetitions.

3.2 FAARFIELD v1.42

Prior to introduction of the layered elastic method, flexible aircraft pavements were
usually designed using the US Army Corps of Engineers CBR pavement design
method detailed in Instruction Report S-77-1 [15]. Aircraft induced deflections at
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Table 2 Performance parameters obtained from Melbourne calibration [14]

Subgrade CBR
(%)

Wheel
configuration

Weighted error
(mm)

Weighted error
(%)

k b

3 1 wheel 17.10 1.7 0.00382 7.8

2 wheels 20.14 1.9 0.00254 12.4

4 wheels 28.03 2.0 0.00204 17.8

6 wheels 35.67 2.3 0.00200 27.1

All wheel
groups

143.14 11.0 0.00180 25.3

6 1 wheel 9.66 1.6 0.00382 9.3

2 wheels 11.56 1.9 0.00297 12.5

4 wheels 31.72 4.2 0.00216 18.7

6 wheels 29.96 3.6 0.00188 27.1

All wheel
groups

50.65 7.0 0.00204 21.7

10 1 wheel 12.41 3.1 0.00382 10.4

2 wheels 7.46 2.0 0.00300 13.1

4 wheels 17.30 3.9 0.00225 19.0

6 wheels 9.85 2.0 0.00192 27.1

All wheel
groups

25.14 5.8 0.00254 16.2

15 1 wheel 8.71 3.2 0.00382 11.0

2 wheels 7.04 3.0 0.00280 15.1

4 wheels 16.58 6.1 0.00252 18.3

6 wheels 10.60 3.5 0.00217 27.1

All wheel
groups

19.57 7.3 0.00275 16.3

subgrade levelwere calculated usingBoussinesq’s single-layer equationswhichwere
correlated with the load repetitions observed to cause rutting failure in full-scale
tests. The method was adapted from highway design practice in 1942, modified and
extrapolated to cater for higher loads, multiple wheel undercarriages and aircraft
wander. The FAA computerized its S-77-1 design method in its COMFAA software
program.

COMFAA is a general-purpose computer program that operates in two computa-
tional modes: Aircraft Classification Number (ACN) Computation Mode and Pave-
ment Design Mode. In ACN Computation Mode, COMFAA calculates the ACN
number for aircraft on flexible pavements. In Pavement Design Mode, COMFAA
calculates flexible pavement thickness based on theCBRmethod inAC150/5320-6D
for a CBR value specified by the user [16].

In 1995, the FAA introduced its LEDFAA software design to predict wheel-
load interactions and to provide the airport community with a pavement design
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methodology addressing the needs of the B-777 aircraft [2]. The FAA issued an
upgraded version (LEDFAA 1.3) in 2004. It features an expanded aircraft library
with design procedures implemented as a computer program. LEDFAA represented
a significant departure from earlier FAA design philosophies. Apart from design
procedures implemented as a computer program, instead of nomographs, the main
change from the user perspectivewas the replacement of the “design aircraft” concept
design for fatigue failure now expressed by a “cumulative damage factor” (CDF)
using Miner’s Rule. The major material property of the pavement layers was now
uniformly expressed as an elastic modulus instead of the previous CBR (California
Bearing Ratio) for flexible pavements or k-value for rigid pavements [2].

FAARFIELD has now replaced LEDFAA. FAARFIELD software uses elastic
layer theory and finite element methods for flexible and rigid pavement design
respectively. The core of the program is a structural response model that consists
of two programs (LEAF and NIKE3D). LEAF is a multilayer elastic computational
program and NIKE3D is a program based on finite element methods. In May 2017,
FAA developed new subgrade failure models for flexible pavements in FAARFIELD
v1.41. FAARFIELDv1.41was subsequently updated and had evolved to version 1.42
in September 2017. The subgrade failure models FAARFIELD v1.42 are shown in
Eqs. 4 and 5.

FAA [4] used a commercial analysis program, CurveExpert© Basic 1.4 to identify
the best regression of the lower bound of vertical strain to the common logarithm
(base 10) of coverages. From the generated possible models by CurveExpert, the
Bleasdale model was selected as showing the best fit. The format of the Bleasdale
model is shown in Eqs. (3) and (4). For coverages equal or greater than 1000, the
Bleasdale model is used directly. For coverages less than 1000, a straight line model
was adopted, tangent to the Bleasdale curve and parallel to the FAARFIELD v1.3
failure model. The failure models used in FAARFIELD v1.42 to find the number
of coverages to failure for a given vertical strain at the top of the subgrade are
summarized below:

log10 Coverages =
(

1

a + b ∗ ε

)( 1
c )

(3)

log10 Coverages =
(

1

−0.1638 + 185.19 ∗ ε

)0.60586

(4)

when C > 1000 coverages; and

Coverages =
(
0.00414131

ε

)8.1

(5)

when C ≤ 1000 coverages
where:
εv = maximum vertical strain at the top of the subgrade
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4 Previous Study

A case study has been carried out to compare the design of airfield pavements for a
major airport using FAARFIELD v1.32 and APSDS5 [3]. The aircraft spectrum and
movements adopted in the study is shown in Table 3. With a growth rate of 2%, the
total aircraft movements for wide body aircrafts are 212,640 for a design period of
40 years.

For the aircraft departure data, the pavement analysis shows that the APSDS 5.0
design method yielded pavement structure thicknesses that are nearly the same as
FAARFIELD v1.32 for CBR greater than 10%. Figure 1 shows the design thick-
nesses produced by the two design programs. It shows that FAARFIELD produces
design thicknesses that are significantly thicker than designs produced byAPSDS for
subgrade CBR value less than 10%. An adjustment factor kc is required for APSDS
design thickness to produce designs that are consistent with FAARFIELD for CBR
less than 10%. The design thicknesses produced by FAARFIELD correlates to the
thicknesses generated by APSDS by a polynomial equation:

tFAARF I ELD = (kc)(tAPSDS) (6)

Table 3 Aircraft departure data

Aircraft Name Tire pressure (kPa) Total movements

1 B747-400ER 1572 47,280

2 B777-300 ER 1524 147,120

3 A380-800 1338 13,920

4 A340-300 1420 4320

Fig. 1 Pavement thickness
produced by APSDS and
FAARFIELD v1.32
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Table 4 Aircraft traffic movements

Aircraft Name Tire pressure (kPa) Total movements

1 B737-800 1407 100,000

2 B777-300 ER 1524 100,000

kc = (
1.3748 − 0.0399CBR + 0.00123CBR2

)
(7)

where, tFAARFIELD is the design thickness produced by FAARFIELD, tAPSDS is the
design thickness produced by APSDS, kc is the adjustment factor and CBR is the
subgrade California Bearing Ratio (%).

5 Current Study

5.1 Aircraft Traffic Spectrum

The development of the new subgrade failure models in 2017 prompted the need to
compare the design thicknesses generated by FAARFIELD v1.42 and to examine
if the thicknesses are compatible with that computed by APSDS 5.0. To meet the
objective, Boeing 737-800 (Code C) and Boeing 777-300ER (Code E) aircrafts and
with 100,000 aircraft movements (see Table 4) were analyzed at various subgrade
CBR values using the two design software.

5.2 Methodology

Using the traffic spectrum and movements, the pavement models outlined in Table 5
was analysed using subgrade CBR value varying from 3%, 6%, 8%, 12% and 15%.
The minimum thickness requirements specified in AC 150/5320-6F for the P-401/P-
403 Hot Mix Asphalt Surface and P-401/P-403 St (flexible) are adopted. To model

Table 5 Pavement Models for B737-800 & B777-300ER aircrafts

Layer Material type Thickness (mm) Modulus (MPa)

1 P-401/ P-403 HMA surface 100 1,378.95

2 P-401/ P-403 St (flexible) 125 2,757.90

3 P-209 crushed Aggregate H1 Variable

4 P-154 uncrushed Aggregate H2 Variable

5 Subgrade CBR (%) 3, 5, 8, 12 & 15
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the B737-800 and B777-300ER loadings, the pavement structures consist of 100 mm
of P-401/P-403 (HMA) Surface, 125 mm of P-401/P-403 St (flex) which is a plant
mix bituminous material and variable P-209 Crushed Aggregate base course and
P-154 Uncrushed Aggregate subbase layers. Once the models have been developed,
the pavement structures are analyzed iteratively with varying thickness of P-209 and
P-154 layers until the CDF is close to 1.0.

6 Results and Discussions

Tables 6, 7 and 8 present the pavement thicknesses computed by FAARFIELD v1.42
and APSDS 5.0 respectively for B737-800 at subgrade CBR values of 3%, 5%, 8%,
12% and 15%. Tables 9, 10 and 11 are the design thicknesses for B777-300ER at the
range of subgrade CBR specified in the design.

Figure 2 depicts the design thicknesses produced by the two design programs for
B737-800 and Fig. 4 shows the design thicknesses for B777-300ER. For the B737-
800 and B777-300ER aircrafts spectrum and 100,000 movements analyzed in the
study, the new subgrade failuremodels developed for the latest version of FAARFIED
v1.42 generate the flexible pavement thicknesses that are not significantly difference

Table 6 Pavement structures for subgrade CBR of 3% & 5%

No. Aircraft Thickness (mm) Thickness (mm)

Boeing 737-800 FAARFIELD APSDS FAARFIELD APSDS

1 P-401/P-403 HMA surface 100 100 100 100

2 P-401/P-403 St (flexible) 125 125 125 125

3 P-209 crushed Aggregate 300 300 300 300

4 P-154 uncrushed Aggregate 615 665 360 335

Subgrade CBR (%) 3 5

Total pavement thickness (mm) 1140 1190 885 860

Table 7 Pavement structures for subgrade CBR of 8% & 12%

No. Aircraft Thickness (mm) Thickness (mm)

Boeing 737-800 FAARFIELD APSDS FAARFIELD APSDS

1 P-401/P-403 HMA surface 100 100 100 100

2 P-401/P-403 St (flexible) 125 125 125 125

3 P-209 crushed Aggregate 300 270 165 150a

4 P-154 uncrushed Aggregate 110 100a 101 100a

Subgrade CBR (%) 8 12

Total pavement thickness (mm) 635 595 491 475

aMinimum FAA thickness
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Table 8 Pavement structures for subgrade CBR of 15%

No. Aircraft Thickness (mm)

Boeing 737-800 FAARFIELD APSDS

1 P-401/ P-403 HMA surface 100 100

2 P-401/ P-403 St (flexible) 125 125

3 P-209 crushed Aggregate 150a 150a

4 P-154 uncrushed Aggregate 100a 100a

Subgrade CBR (%) 15

Total pavement thickness (mm) 475 475

aMinimum FAA thickness

Table 9 Pavement structures for subgrade CBR of 3% & 5%

No. Aircraft Thickness (mm) Thickness (mm)

Boeing 777-300ER FAARFIELD APSDS FAARFIELD APSDS

1 P-401/ P-403 HMA surface 100 100 100 100

2 P-401/ P-403 St (flexible) 125 125 125 125

3 P-209 crushed Aggregate 450 450 450 450

4 P-154 uncrushed Aggregate 1485 1110 825 615

Subgrade CBR (%) 3 5

Total pavement thickness (mm) 2160 1785 1500 1290

Table 10 Pavement structures for subgrade CBR of 8% & 12%

No. Type Thickness (mm) Thickness (mm)

Boeing 777-300ER FAARFIELD APSDS FAARFIELD APSDS

1 P-401/ P-403 HMA surface 100 100 100 100

2 P-401/ P-403 St (flexible) 125 125 125 125

3 P-209 crushed Aggregate 400 400 300 205

4 P-154 uncrushed Aggregate 250 145 101 100a

Subgrade CBR (%) 8 12

Total pavement thickness (mm) 875 770 626 530

aMinimum FAA thickness

from that of APSDS 5.0 for subgrade CBR ≥5%. The differences in the design
thickness are observed to be marginal (Figs. 3, 4 and 5).

For B737-800 loading, APSDS 5.0 produces design thicknesses that are slightly
thicker than designs produced by FAARFIELD v1.42 at subgrade CBR value of 3%.
The thickness difference is 50 mm in the P-154 Uncrushed Aggregate subbase layer.
This indicates that the new subgrade failure model in FAARFIELD generates design
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Table 11 Pavement
structures for subgrade CBR
of 15%

No. Aircraft Thickness (mm)

Boeing 777-300ER FAARFIELD APSDS

1 P-401/P-403 HMA surface 100 100

2 P-401/P-403 St (flexible) 125 125

3 P-209 crushed Aggregate 220 150a

4 P-154 uncrushed Aggregate 101 100a

Subgrade CBR (%) 15

Total pavement thickness (mm) 546 475

aMinimum FAA thickness

Fig. 2 Design thicknesses
produced by APSDS 5.0 and
FAARFIELD v1.42
(B737-800 aircraft)
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Fig. 3 APSDS 5.0 versus
FAARFIELD v1.42 for CBR
3, 5, 8, 12 & 15% (B737-800
aircraft)
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Fig. 4 Design thicknesses
produced by APSDS 5.0 and
FAARFIELD v1.42
(B777-300ER aircraft)
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thicknesses that is consistent with APSDS for the B737-800 aircraft with 2 wheels
configuration.

On the other hand, for B777-300ER aircraft, FAARFIELD v1.42 produces design
thicknesses that are significantly thicker than designs produced by APSDS for
subgrade CBR value less than 5%. The thickness differences are observed to be
significance for CBR ≤5% when modelled with B777-300ER having 6 wheels
configuration. The P-154 Uncrushed Aggregate layer is 375 mm thicker in the
FAARFIELD model than that of APSDS at CBR of 3%. Overall, the thicknesses
differences are observed to be less for CBR ≥5%. The differences in the design
thickness are attributed to the different coefficients adopted in the subgrade failure
models in the design software.
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7 Conclusions

A brief literature review of the subgrade failure models used in APSDS 5.0 and
FAARFIELD v1.42 has been conducted. The key differences are that in APSDS
5.0 different calibration parameters for the subgrade failure model are adopted for
each wheel configuration, whereas in FAARFIELD v1.42 different failure models
are used for coverages equal or greater than 1000 and for coverages less than 1000.

The development of the new subgrade failure models in FAARFIELD in 2017
prompted the need to compare to the design thicknesses generated by FAARFIELD
v1.42 and to examine if the thicknesses are compatible with that computed by
APSDS5.0. To make an assessment, Boeing 737-800 (Code C) and B777-300ER
(CodeE) aircrafts and 100,000 aircraftmovementswere analyzed at various subgrade
CBR values using the two software programs. The conclusions of the study are as
follows:

• For the aircraft spectrum and movements analyzed in the study, the new subgrade
failure models developed for the FAARFIELD v1.42 generate the flexible pave-
ment thicknesses that are not significantly difference from that of APSDS 5.0 for
subgrade CBR ≥5%.

• For CBR ≤3% and with B737-800 aircraft loading, APSDS5 produces design
thickness that aremarginally thicker than that generated fromFAARFIELDv1.42.
On the contrary, FAARFIELD v1.42 generates thicker pavement than APSDS 5.0
for B777-300ER aircraft on subgrade CBR ≤3%.

• Overall, it is observed that the new subgrade failure model in FAARFIELD
v1.42 produces flexible design thicknesses that differ less from APSDS 5.0 than
FAARFIELD v1.32. The design thicknesses are more consistent for B737-800
aircraft with 2 wheels configuration. However, the differences are observed to be
larger for CBR ≤5% when modelled with B777-300ER having 6 wheels config-
uration on the main landing gear. The differences in the design thickness are
attributed to the different coefficients adopted in the subgrade failure models in
the design software.

At the time of writing, FAARFIELD 2.0 [1] was still in the development phase. It
is recommended that a similar comparison be carried out using a wide spectrum of
aircrafts using the latest version of FAARFIELD in next stage of the study. This will
include the 4 wheels configuration on the main landing gear such as the A350-900
and B787-9 aircrafts.
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Development of Design Guidelines
for Composite-Geogrid Reinforced
Unpaved Pavements

Chamara Prasad Gunasekara Jayalath , Chaminda Gallage ,
and Kasun Wimalasena

Abstract It is well-known that the inclusion of composite geogrids (CGGs) into the
pavement structure assists to maximise the benefits of geosynthetic-reinforcement in
flexible pavements. However, the use of CGGs in practice is limited in Queensland,
Australia regardless of its potential benefits, mainly due to the absence of rational
design guidelines. Therefore, this study was conducted to develop guidelines to
design unpaved granular pavements/working platforms constructed with local pave-
ment materials and reinforced with CGGs at the base-subgrade interface. Firstly,
six laboratory-scale pavement model tests were conducted varying the granular base
thickness as 200, 300 and 400 mm, and with and without the CGG reinforcement at
the interface of the subgrade-base layer. In all these tests, a 500 mm thick subgrade
was prepared to achieve a CBR value of 2.5%, and then the granular layer was
compacted on top of the subgrade to achieve 91% of its maximum dry density, in a
steel box with length, width and height of 1 m, 1 m and 1.2 m respectively. The pave-
ment models were subjected to repeated loading (up to 150, 000 cycles) at the centre
using a 200 mm diameter plate to simulate the maximum tyre pressure of 550 kPa.
By following a step-by-step procedure, design guidelines were developed based on
the rut depths of both the reinforced and unreinforced pavement models obtained
after 5000 load cycles and every 25,000 load cycles up to 150,000. Both economic
and environmental benefits can be obtained by adopting the proposed guidelines.

Keywords Composite geogrids · Unpaved pavements · Design guidelines ·
Design traffic · Rut depth

1 Introduction

It is well-known that weak subgrade materials are commonly found in most areas of
Australia. This is mainly because the majority of Australian soils are expansive in
nature [1–9]. As a result, thick granular layers have to be placed as the subbase or base
of flexible pavements to cater to design traffic. However, in most countries including
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Australia, the availability of required quality aggregate materials for road construc-
tion is limited. It is even rarer for these materials to be available within a shorter
haulage distance [10]. The use of recycled materials in granular base construction
is an alternative option [11–13]; however, fulfilling the demand has become prob-
lematic. Consequently, the abovementioned circumstances have become challenges
for transportation professionals, especially when infrastructure systems are built and
maintained under shrinking budgets [14]. It, therefore, demands a solution to signif-
icantly reduce the required quantity of aggregate materials for the construction and
rehabilitation of roadways.

Geosynthetics, since their introduction in late 1970, have been successfully used
as a pavement-reinforcement material to increase performance. The primary appli-
cations of geosynthetics in the geotechnical-engineering discipline are reinforcing
earth embankments and slopes [15], improving the performance and the service
life of pavements and railways [16, 17], and coastal and landfill protection [18–
22]. Many researchers [14, 23–32] agree that the inclusion of geogrids in pavement
systems with the purpose of subgrade reinforcement is a viable option for reducing
the granular-base thickness, extending the service life of pavements and reducing
costs. The inclusion of both geotextiles and geogrids in a pavement structure has
been identified as the most effective geosynthetic application [26, 29]. It can there-
fore be concluded that the inclusion of composite geogrids (CGGs) which are the
geogrids combined with a nonwoven geotextile component, into the pavement struc-
ture helps tomaximise the benefits of geosynthetic-reinforcement in granular flexible
pavements.

CGGs are the next generation of geogrids for roadway and pavement systems. This
type of geogrid provides both reinforcement and separation functions because it is
combined with a nonwoven geotextile component, and therefore has been identified
as themost effective geosynthetic application in pavement systems [29]. CGGs allow
for direct cost savingswhen designing a roadway structure as they reduce the required
amount of base material and excavation. Therefore, CGGs are generally considered
to be a solution to the excessive demand for natural crushed rocks [1, 2, 11–13, 33,
34]. Furthermore, CGGs do not require two separate installation processes, as is the
case with traditional materials (i.e. geogrids and geotextiles). Therefore, the one-
step installation process associated with CGGs increases overall productivity, which
also results in cost savings. Consequently, CGGs are commonly used by pavement
engineers in the construction and rehabilitation of pavements on weak subgrades
such as expansive soils.

Several design methods are available in designing of the geosynthetic-reinforced
unpaved pavements. According to the literature survey, the ‘Steward et al.’ method
[35], ‘Giroud and Noiray’ method [36] and ‘Giroud and Han’ method [37] can be
identified as the most used design methods in the world to design geogrid-reinforced
unpaved pavements. However, most of the currently available geogrid-reinforced
pavement-design methodologies are both specific to the product and the conditions
under which the testing had been performed. Hence, those design procedures are
not applicable to design geogrid-reinforced granular pavements/working platforms
with different geogrid materials, pavement materials and testing conditions. At the
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same time, design guidelines which can be adapted to design the geogrid-reinforced
granular pavements/working platforms in Queensland, Australia, are also absent.
Therefore, this study was conducted to develop guidelines for pavement-engineering
practitioners to estimate the unbound granular base thickness over a poor subgrade
(i.e. California bearing ratio (CBR) value of 3% or below) reinforced with the CGG
at the base-subgrade interface, complying with testing conditions and the properties
of selected locally available materials. Firstly, the performance of CGG reinforced
unpaved granular pavements was investigated through laboratory-scale pavement
models that were subjected to cyclic loading of 550 kPa tire pressure with a 0.33 Hz
frequency. The subgrade CBR of 2.5% and granular base compaction of 91% of its
maximum dry density were adopted in all model tests (length= 1.0m, width= 1.0m
and height= 1.2m). Finally, by following a step-by step procedure, design guidelines
were developed based on the rut depths of both the reinforced and unreinforced
pavement models obtained after 5000 load cycles and every 25,000 load cycles up
to 150,000.

2 Methodology

2.1 Materials

Geogrid
A CGG (see Fig. 1) made of polypropylene was used in this experimental study.
Table 1 demonstrates the manufacturer-specified properties of the CGG for both the
machine direction (MD) and cross-machine direction (XMD). The nominal strength
of the CGG is 40 kN/m in both directions.

Fig. 1 Composite geogrid
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Table 1 Properties of
composite geogrid

Property Units MD/XMD

Geogrid

Maximum tensile strength kN/m ≥40/≥40

Elongation at nominal strength % ≤8/≤8

Tensile strength at 2% elongation kN/m 16/16

Tensile strength at 5% elongation kN/m 32/32

Aperture size mm 31/31

Geotextile

Maximum tensile strength kN/m 7.5/11

Elongation at maximum tensile strength % 40/30

Subgrade Material
Black Soil which is one of the common soil types in Queensland was used as the
subgrade material. The soil has a liquid limit of 74%, plastic limit of 54% and
linear shrinkage limit of 13.5%. According to the Unified soil classification system
(USCS), this soil is classified as silt of high plasticity (MH). The specific gravity
of the subgrade material is 2.62. Based on the standard Proctor compaction test, the
maximum dry density and the optimum moisture content of subgrade material are
1.32 g/cm3 and 32% respectively.

Base Material
Type 2.3 unbound granular material (As per the technical specifications in “Transport
and Main Roads Specifications MRTS05-Unbound Pavements” [38]) was used as
the base material in this study. According to the Standard Proctor compaction test,
the maximum dry density and the optimummoisture content of granular material are
2.21 g/m3 and 7.5% respectively.

2.2 Pavement Model Testing

Three base course thicknesses, namely 200, 300 and 400 mm, were adopted in this
experimental study. For each base thickness, two identical model pavements: one
without CGG reinforcement and the other with CGG reinforcement at the interface
of the subgrade-base layer were prepared in a steel box with length, width and height
of 1 m, 1 m and 1.2 m, respectively. The 500 mm thick subgrade was prepared to
achieve a CBR value of 2.5%, and then the granular layer was compacted on top
of the subgrade to achieve 91% of its maximum dry density. All pavement models
were subjected to repeated loading at the centre using a 200 mm diameter plate to
simulate the maximum tyre pressure of 550 kPa. The loading was continued until
a 75 mm permanent deformation was accumulated at the centre of the surface or
150,000 loading cycles, whichever occurred first. More details of the methodology
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Table 2 Summary of rut depths

Number of cycles Rut depth (mm)

200 mm base 300 mm base 400 mm base

URFa RFa URF RF URF RF

5000 27.9 21.7 22.2 20.8 16.6 17.0

25,000 56.5 37.3 38.5 40.0 29.5 32.0

50,000 70.3 44.5 46.5 51.5 36.5 45.0

75,000 82.0 49.0 51.5 56.5 43.0 59.0

100,000 90.0 51.6 58.0 60.6 48.0 63.6

125,000 - 53.3 63.0 64.2 50.6 65.8

150,000 - 54.6 67.0 68.0 52.8 68.0

aURF—unreinforced model; RF—reinforced model

of pavement model tests can be found in the published research article on these
experiments [39].

The reduction of permanent deformation with increasing base thickness was
evident when comparing the rut depth development in unreinforced-pavement
models. In the case of 200 mm granular base, the reinforced model has exhibited
a better rutting resistance compared to the unreinforced model indicating that the
CGG is effective as a subgrade reinforcement. However, in the long run, the perfor-
mance of the reinforced-pavementmodels of 300 and 400mmgranular bases became
worse compared to the performance of the corresponding unreinforced pavements,
as shown in Table 2. This permanent-deformation behaviour may be due to the ‘rigid
boundary effect’.

2.3 Development of Design Guidelines

The outputs of the pavementmodel testswere used to develop the guidelines to design
and construct granular pavements/working platforms reinforced with the CGG at the
base-subgrade interface. The guidelines were developed using the following steps.

Step 1: Determine the rut depth (mm) for both the reinforced and unreinforced
pavement models, after 5000 load cycles and every 25,000 load cycles up to 150,000
cycles.

The rut depths after 5000 load cycles and every 25,000 load cycles up to 150,000
cycles were obtained separately for both the reinforced and unreinforced pavement
models of 200, 300 and 400 mm granular bases. Figure 2 demonstrates the way of
obtaining rut depths after 5000 load applications. Rut depths obtained after each
considered number of load cycles have been summarised in Table 2.

Step 2: Plot the variation of the rut depth with the granular-base thickness for both
the reinforced and unreinforced pavement models, separately for each considered
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Fig. 2 Determining the
accumulated-permanent-
vertical deformation after
5000 cycles for the
reinforced and unreinforced
pavement models of the
granular-base thickness a
200 mm b 300 mm c 400 mm

(b) 

(c) 

(a)
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loading cycle (i.e. 5000 load cycles and every 25,000 load cycles up to 150,000
cycles).

Step 3: Determine the equivalent base thickness after each considered loading
cycles.

The equivalent base thickness is defined as the base thickness of the unreinforced
pavement that equals the rut depth development of the CGG-reinforced pavement of
the 200 mm granular base. The determination of the equivalent base thickness for
5000 loading cycles is demonstrated in Fig. 3. The equivalent base thicknesses for
the remaining considered load cycles were determined, and the obtained values were
summarised in Table 3.

Step 4: Refer to the design curve of the structural base thickness for the California
bearing ratio (CBR) of the subgrade equal to or less than 3%, given in ‘Guide to
Pavement Technology Part 6: Unsealed Pavements’ [40].

Fig. 3 Determination of the
equivalent base thickness
after 5000 cycles

Table 3 Summary of the
equivalent base thicknesses
for different loading cycles

Number of cycles Equivalent base thickness

5000 310

25,000 310

50,000 320

75,000 330

100,000 365

125,000 380

150,000 390



382 C. P. G. Jayalath et al.

Fig. 4 Design curves for granular pavements, given in Austroads Standard [40]

As shown in Fig. 4, Fig. 4.3 of the ‘Guide to Pavement Technology Part 6:
Unsealed Pavements’ [40] represents a minimum structural thickness to protect the
subgrade from deformation (rutting) under traffic load during its design life. The
design curve given for CBR = 3% was considered in developing the design guide-
lines of this chapter, and it fulfils the requirement of theminimum structural thickness
for subgrades with CBR ≥3%. However, the Austroads Standard [40] recommends
that subgrades with CBR <3% should be designed as per subgrades with CBR = 3%
but with the initial subgrade layer stabilised to a depth of 100–150 mm.

Step 5: Compare the design curve of the structural base thickness (for the Cali-
fornia bearing ratio (CBR) of the subgrade equal to or less than 3%) to the variation
of the equivalent base thickness for the unreinforced condition with the design traffic.

In Austroads Standard [40], the design tyre-pavement contact stresses for pave-
ment analysis are taken as 750 kPa, referring to the ‘Guide to Pavement Technology
Part 2: Pavement Structural Design’ [41]. In order to develop the proposed design
guide, it was assumed that the variation of equivalent base thickness with the number
of loading cycles is similar for the tyre-pavement contact stress of 550 kPa and
750 kPa. Based on this assumption, the design curve of the structural base thick-
ness (for the California bearing ratio (CBR) of the subgrade equals or less than 3%)
was compared to the variation of the equivalent base thickness for the unreinforced
condition with the design traffic, as illustrated in Fig. 5.
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Fig. 5 Comparison of the curves for the equivalent base thickness and design curve

3 Discussion

Figure 5 shows that the curve for equivalent base thickness,which has been developed
up to always 150,000 ESAs (equivalent standard axles), lies on or below the design
curve. Therefore, the required minimum base thickness is always lower than or
equal to the equivalent base thickness. Thus, as a guideline, it can be recommended
that a 200 mm granular base with the CGG at the base-subgrade interface can be
used to cater to the design traffic up to 150,000 ESAs for subgrades with CBR
≥2.5% of unsealed granular pavements, lightly trafficked granular pavements with
thin bituminous surfacing andworkingplatforms. SubgradeswithCBR<2.5%should
be designed as per subgrades with CBR = 2.5% but with the initial subgrade layer
stabilised to a depth of 100–150 mm. The proposed guidelines can be used globally
on the condition that the physical properties and mechanical behaviour of pavement
material, and properties of material layers of the designed pavements comply with
the testing conditions of the current study.

The cost savingwhen theCGG reinforcement is included in the granular pavement
can be demonstrated through the below example.

Considering,

The design traffic is 25,000 ESAs
The subgrade CBR is 2.5%
The average in-place cost of Type 2.3 standard granular material is 140 AUD/m3

The average in-place cost of CGG is 6 AUD/m2
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Two-lane granular pavement with 3.5 m lane width.

Calculation

In order to cater to 25,000 ESAs,
The required granular base thickness for the unreinforced pavement condition =
310 mm (see Fig. 6).
The required granular base thickness for the CGG-reinforced pavement condition
= 200 mm.
The reduction of the granular layer thickness due to the inclusion of CGG
reinforcement is 110 mm [310–200 mm].

Considering a 1 m long pavement section:

Cost saving due to the inclusion ofCGG= (0.110m× 140AUD/m3 − 6AUD/m2)
× 3.5 m × 2 = 65.8 AUD/m
Material saving due to the inclusion of CGG = (0.110 × 3.5 × 2 × 1000) m3 =
770 m3/km
Cost saving for 1 km long pavement section = 65.8 AUD/m × 1000 m = 65,800
AUD/km.

Figure 6 indicates that for the designed traffic of 25,000 ESAs, an unreinforced
pavement model with a 310 mm granular base can be replaced by the 200 mm gran-
ular base with the CGG at the base-subgrade interface, achieving an approximately

310

25000

Granular saving = (310-200) mm
= 110 mm

Fig. 6 Design calculation
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35% reduction of the base thickness. This implies that 770 m3 of granular mate-
rials can be saved for a one-kilometre road strip that has two 3.5 m-wide lanes,
which is equivalent to 65,800 AUD in terms of savings in material cost. In addi-
tion, the associated costs for material transportation and labour are also reduced.
Thus, this reduction of the granular-base thickness results in a significant saving of
the construction cost of Australian roads/working platforms. Further to the afore-
mentioned economic benefits, there are substantial environmental benefits related
to aggregate savings. For example, less transportation of base materials by trucks
results in less air pollution (gasoline vapours, dust), less carbon emission, less noise
and less energy consumption.

4 Summary

Based on the outputs of the pavement model tests carried out in this research, the
use of a 200 mm granular base with the CGG at the base-subgrade interface can be
recommended to cater to the design traffic up to 150,000 ESAs for subgrades with
CBR ≥2.5% of unsealed granular pavements, lightly trafficked granular pavements
with thin bituminous surfacing and working platforms. Subgrade with CBR <2.5%
should be designed as per subgrades with CBR = 2.5% but with the initial subgrade
layer stabilised to a depth of 100–150 mm. Adaptation of the proposed guidelines
results in both economic and environmental benefits.
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Development of Performance Grade
Specification for Polymer Modified
Bitumen in SEA Region

Lu Jia, Manpreet Sethi, Kluttz Bob, and Fitts Gary

Abstract With the increase of traffic volume and traffic loads, polymer modified
bitumen has been widely used in Southeast Asia (SEA) region under Superpave
Performance grading specification. Because of the tropical climatic in the SEA region
no freezing air temperature, the used PG grade specification in the SEA region only
included the high temperature grade requirement without the low temperature grade.
Consequently, only the DSR (Dynamic Shear Rheometer) and RTFO (Rolling Thin
Film Oven) are used by most of the local PMB producers and test companies without
BBR (Bending Beam Rheometer) and PAV (Pressure Aging Vessel). This paper
reviews the development of Superpave Performance Grading system in the US and
its application. The constraints and limitations of the existing Performance Grading
system used in SEA region have been investigated and are explained. Combined with
the development of latest research for polymer modified bitumen and its test method,
a PG-based polymer modified bitumen specification is proposed at the end of this
paper, which is more suitable for the climatic conditions and existing equipment
setups in the SEA region.

Keywords Polymer modified bitumen · Performance grade specification ·
Superpave · Multi-stress creep recovery (MSCR)

1 Background

With the increase of traffic volume in Southeast Asia (SEA), asphalt pavement
such as rutting, cracking, shoving and potholes is becoming more common. As one
of the most practical solutions, polymer modified bitumen has become more and
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more popular since the 2000s. Meanwhile for quality control and supply contract
requirements, different specifications for polymer modified bitumen have also been
developed and applied in SEAwhich can be divided into 3 categories as listed below:

(1) Superpave Performance Grade (PG) system, such as in Singapore, Malaysia
and Hong Kong;

(2) Superpave Performance Grade (PG) system plus special requirements, such
as Indonesia. In the Indonesian PMB specification, the ductility after RTFOT
aging is required in addition to the normal Superpave PG requirements.

(3) Empirical grading systems based on Pen and softening point, such as Vietnam
and Thailand. PMB products in Vietnam have been classified as PMB I, II and
III depending on the penetration value and softening point value, and elastic
recovery tested at 25 °C. In engineering practice, for important projects, some
of the performance tests in PG are also run to make sure that the PMB prod-
ucts can meet at least PG76 or PG82 requirements. For the PMB specifica-
tion in Thailand, its classification is based on penetration and softening point
value with extra empirical requirements such as toughness and tenacity, elastic
recovery at 25 °C and ductility at 13 °C.

Meanwhile, in some SEA countries, there are several highway projects under
directly foreign financial investment, such as JIIC or China’s Belt andRoad Initiative.
Most of the project design and requirements are directly referenced fromor influenced
by those investing countries. As a result, the specification for PMB also uses the
PMB specification either from Japan or China. Such complex scenarios are beyond
the scope of this paper.

Since almost all of the SEA region has a tropical climate, the Performance Grade
(PG) specifications used in SEA often only includes the high temperature grade
requirements without low PG grade. So formal PG grades such as PG 70-16 or PG
76-16 are simplified to PG70, PG76 or PG82.

For most countries in SEA only Dynamic Shear Rheometer (DSR) for the original
sample and Rolling Thin Film Oven Test (RTFOT) aged sample are required. Some
countries will also include requirements for DSR after RTFOT aging plus Pressure
Aging Vessel (PAV) aging tested at 31 °C for PG70 or 34 °C for PG76 (Indonesia
specification) based on the intermediate temperature formula for PG70-16 and PG76-
16.

Consequently, most PMB producers and 3rd party test laboratories only use
the DSR (Dynamic Shear Rheometer) with 25 mm plates for testing and RTFO
(Rolling Thin Film Oven) for conditioning. 8 mm DSR plates BBR (Bending Beam
Rheometer) and PAV (Pressure Aging Vessel) are not used.

In order to check the reasonableness behind using PG specifications in SEA in
this paper, the development of the Performance Grade specification system in North
America is reviewed, and the rationale behind some aspects of the PG system are
also explained.

Based on the early learnings from implementing PG specifications in North
America, the tropical climate and pavement distresses in SEA are considered and a
PMB specification system suitable for SEA region is proposed.
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2 Superpave PG Specification in North America

2.1 Development of Superpave Specification in US

From 1987 to 1993, the Strategic Highway Research Program (SHRP) conducted
a $50 million research to develop a new system named SUperior PERforming
PAVEments, aka. “Superpave”. And there were 3 main parts in Superpave [1]:

(1) Performance based asphalt binder specification (PG asphalt binder specifica-
tion) and the supporting test methods and equipment.

(2) A design and analysis system based on volumetric properties of asphalt mix.
This is Superpave mix design method.

(3) Mix analysis tests and performance prediction models.

By 2001, the majority of US states had adopted the Superpave PG asphalt binder
specification.

2.2 Superpave Binder PG Grade Selection

Superpave performance grades are represented by two numbers. The first is the
pavement high temperature at a depth of 2 cm and the second is the pavement low
temperature. The original high temperature model was based on the highest average
seven-day maximum pavement temperature while the low temperature is the actual
pavement temperature. More recently, the high temperature model was changed to a
cumulative damagemodelwhichmore accurately represents damage from infrequent
high temperatures versus long term high temperatures. Themodels include reliability
which is normally selected as 95 or 98%.

The original LTPPBind model used weather station data from across North
America. The most recent model uses National Oceanic and Atmospheric Asso-
ciation (NOAA) satellite data and thus can be applied anywhere in the world
[2].

A “base” PG binder grade is determined by the climatic high and low pavement
temperatures. To account for heavy and/or slow moving traffic, “grade bumping,”
increasing the PG high temperature grade, was implemented. The difference between
the PG high and low temperatures is the Useful Temperature Interval (UTI). As a
general rule-of-thumb, for a PG binder if the UTI is more than 90 °C, then the
modification is required.
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Table 1 Performance tests in PG specification and related pavement performance/distress

Bitumen samples Test methods Related pavement
performance/distress

Original sample Rotational viscosity Workability & compactability

DSR Rutting or perpetual deformation
at high temperature

Short-term aging sample RTFO aging Aging during mix production
construction

DSR Rutting or permanent deformation
at high temperature

Long-term aging sample RTFO + PAV aging Aging during asphalt pavement
service life

DSR Fatigue cracking at intermediate
temperature

Bending beam Rheometer (BBR) Low temperature cracking

2.3 Test Methods in PG Specification

The Superpave specifications are designed to be performance-related to address
specific pavement distresses, rutting, fatigue cracking and thermal cracking.

And it is based on the idea that an asphalt binder’s properties should be related
to the conditions under which it is used. For asphalt binders, this involves expected
climatic conditions as well as aging considerations. Therefore, the PG system uses
a series of tests but specifies that a particular bitumen binder must pass these tests at
specific temperatures that are dependent upon the specific climatic conditions in the
area of use.

Superpave performance grading used bitumen binder tests and their link with
pavement performance are listed in Table 1.

2.4 Behind Superpave Specification

Climatic limitation. Although the concept of the Superpave PG specification has
become common around theworld, there is one key factor that can easily be neglected
in tropical or maritime climates. That is the existing Superpave PG specification
was specifically designed or developed for the continental climatic condition in the
U.S. and Canada. Its suitability for other climatic conditions has never been closely
evaluated, especially for the SEA region where the ambient temperature never drops
below freezing.

According to the database from LTPPBind, the typical low temperature PG grade
by weather stations with 98% reliability is illustrated below (Pic. 1) below [3]. From
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the picture, it can be found that the lowest pavement temperature at southern states
in NA is only −10 °C (Fig. 1).

Theoretically, the appropriate base binder grades along theU.S. Gulf Coast should
be PG XX-10. But in reality, most southern states selected −22 as the lowest PG
grading requirement as listed in Table 2 [4]. The only exceptional case are PG 64-10
in California, where a special mixture design method are adopted and different with
all the other states in NA. The reason behind those are ensure that for basic binders
used in asphalt pavement, it should have minimal UTI more than 80 °C.

Fig. 1 Low temperature
grade from LTPPBinder
database, emphasis on
Southern US

Table 2 General performance grade of base bitumen in southern states of US

State Minimal binder grade PG rangea Common binder grade PG rangea

°C °C

HI PG 64-16 80 PG 64-16 80

CA PG 64-10 74 PG 64-16 80

PG 64-16 80

AZ PG 70-10 80 PG 70-10 80

PG 76-16 92 PG 76-16 92

PG 64-16 80 PG 64-16 80

NM PG 64-22 86 PG 64-22 86

TX PG 64-16 80 PG 64-22 86

LA PG 64-22 86 PG 67-22 89

MS PG 64-22 86 PG 67-22 89

AL PG 58-22 80 PG 67-22 89

GA PG 58-22 80 PG 67-22 89

FL PG 58-10 80 PG 67-22a 89

SC PG 64-22 86 PG 64-22 86

aFor unmodified grades, Florida DOT requires different grades depending on how much reclaimed
asphalt pavement is used in the mixture. For 0–20% RAP, PG67-22 is required
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Table 3 Statistical summary of basic Performance Grade used in US

PG grades Low temperature

−10 −16 −22 −28 −34 −40 −46 −52

High temperature 40 2 11 38 43 35 23 32 37

46 14 36 35 98 143 97 55 28

52 28 53 119 313 524 436 100 18

58 32 74 321 810 585 232 1 0

64 201 471 726 580 136 27 0 0

70 441 335 49 4 0 0 0 0

76 71 1 0 0 0 0 0 0

PG ranges 56 62 68 74 80 86 92 98 104

Subtotal 25 102 163 527 1712 2595 1743 500 46

Percentages (%) 0.3 1.4 2.2 7.1 23.1 35.0 23.5 6.7 0.6

For all the locations in both US and Canada, including the southern states that
have a subtropical to semitropical climate, most of the adopted PG grades for binder
have a UTI of more than 80 °C, as illustrated in Table 3 [4] above.

Some researchers have pointed out that the higher UTI inherently means a lower
slope on the master curve of binder, which can be regarded as a much larger penetra-
tion index or low temperature susceptibility. Conversely, a smaller UTImeans greater
temperature susceptibility. A UTI of less than 80 °C may allow the use of bitumen
that previously would be considered unacceptable due to too low penetration index
[4].

2.5 Challenges of Superpave PG Specification.

From the performance control side, grade bumping based on the design traffic volume
and the slow moving or static traffic loads can provide extra performance to resist
permanent deformation deformation, as listed in Table 4. But it also brings a problem
for fatigue damage control at intermediate temperature. In Superpave PG grading,
the intermediate test temperature of bitumen binder is calculated from the high

Table 4 Effect of traffic
amount and traffic conditons
on grade bumping

Desgin traffic volume Traffic
coditions

No Bumping <10 × 106 Fast

Bump 1 Grade 10–30 × 106 Slow

Bump 2 Grades >30 × 106 Standing or
intersection
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Table 5 Intermediate temperature for PG grade with and without high temperature grade bump

Superpave PG High temp. (°C) Low temp. (°C) Intermediate temp. (°C)

No bumping PG 58-22 58 −22 22

Bump 1 Grade PG 64-22 64 −22 25

Bump 2 Grades PG 70-22 70 −22 28

Bump 3 Grades PG 76-22 76 −22 31

performance grade and low performance grade as below:

Intermediate temp = (high PG grade temp + low PG grade temp)/2 + 4 (1)

Aproblemariseswith this formulawhengrade bumping.Ahigher test temperature
ismore lenient and so the intermediate test temperature should be based on the climate
grade, not the bumped grade. If applied incorrectly for grade bumping, as shown in
Table 5, the intermediate test temperature also increases. Therefore an unmodified
bitumen such as PG 64-22, which is roughtly equivalent to Pen 60–70, has a stricter
figure resistance requirement (tested at 25 °C) than polymer modified bitumen such
as PG 76-22, whose fatigue performance was tested at 31 °C.

In order to address the problem, some southern states in US, such as Alabama,
Florida and Louisiana, have required that for modified binders, the PAV DSR should
be tested at same temperature as the base grade bitumen used locally. For example,
in Florida, the base bitumen used is PG 67-22, whose intermediate test temperature
is 26.5 °C. And the PMBs used there are PG 76-22 and “High Polymer” (HiMA™)
bitumen, which are also required to be tested at 26.5 °C for fatigue performance
[5–9].

Development of Superpave PGSpecification.Although the Superpave PG spec-
ification is the basis for stateDOT specifications in theUS,many agencies have added
empirical binder test methods, “PG Plus,” to serve the specific situation in each state.
Currently, 90%of the states in theUS have some sort of elasticity requirement such as
elastic recovery, force ductility, toughness and tenacity, phase angle,MSCR recovery
and sometimes prescriptive requierments [4].

Since 1993, the PG specifications have proved adequate for permanent deforma-
tion for unmodified binders. However, ample evidence showed that G*/sinδ under-
predicts the resistance to permanent deformation of elastomer-modified binders. This
is partly due to the low strain applied, stayingwithin the linear viscoelastic range, and
partly to the oscillatory nature of the test which dampens delayed elastic recovery.

The Multiple Stress Creep and Recovery (MSCR) test published in T350 and
ASTM D7405) was developed ten years ago. It uses the well-established creep and
recovery test concepts to evaluate the asphalt binder’s potential for permanent defor-
mation overcoming the limitations of oscillatoryDSR [10]. Using theDSRonRTFO-
aged binder, a one-second creep load is applied followed by a 9 s recovery period.
This is applied 10 times at a creep load of 0.1 kPa to equilibrate the specimen followed
by another 10 cycles at 0.1 kPa for data collection and 10 more cycles at 3.2 kPa.
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Table 6 Effect of traffic
amount and traffic conditons
on grade bumping

Traffic M 320 test temp
(°C)

M 332 Jnr limit at
(kPa−1)

Standard (S) 64 4.5

Heavy (H) 70 2.0

Very heavy (V) 76 1.0

Extremely heavy
(E)

82 0.5

This protocol captures both the non-recoverable creep compliance of the specimen,
Jnr and the stress sensitivity of the binder. According to related research, MSCR
test results correlate better with field rutting performance of asphalt pavements for
various bituminous materials [11].

The MSCR test goes well outside the linear viscoelastic regime, so time temper-
ature superposition which is the basis for PG grade bumping is no longer valid. For
that reason,MSCR testing should be performed only at the climatic high temperature
for conventional grades. For increasingly high traffic loads, decreasingly low values
of Jnr are required. A comparison of traffic load handling between M 320 andM 332
is shown in Table 6.

Since the binder will be tested to a constant high and low grade temperature, the
issue of selecting the proper test temperature for intermediate temperature PAVDSR
due to grade bumping becomes a moot point.

3 Superpave PG Specification in SEA Region

3.1 Climatic Conditions in SEA Region

The climate of Southeast Asia is mainly tropical and so the weather is hot and humid
most of the year. There is a lot of rainfall during the wet, monsoon season, due to
seasonal shift in winds and the effect of the tropical rain belt, but the temperature is
still warm.

Historical weather data shown in Fig. 2 [12] indicates that the PG climatic low
temperature for SEA is +4 °C or higher.

3.2 Typical Asphalt Pavement Distress

The most common distresses of asphalt pavement in SEA region are:

(1) Permanent deformation at high temperature.
(2) Fatigue cracking which mainly happens in the temperature range of 15–25 °C.
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Fig. 2 Typical temperature grade requirement in SEA

(3) Potholes are typically pavement failures that result from deteriorated fatigue
cracks and/or pavement structural failure. Consequently, they are less driven
by binder selection than by inadequate pavement structural design and/or
inadequate drainage.

3.3 Principles to Develop PG Specification in SEA Region

The main principles for PG specifications used in the SEA region should follow the
same principles as developed in the United States:

(1) For the high temperature grade: Use the high temperature grade limit as
determined by LTPPBind using the desired level or reliability.

(2) For low temperature grade: As the actual low pavement temperatures do not
adequately describe a high quality bitumen, it is recommended to use a grade
temperature resulting in a Useful Temperature Interval of at least 80 °C, This
will result −22 °C or −16 °C. In any case, assure that:

a. For the base bitumen: the range of Performance grading is greater than
80 °C to ensure that, under conventional gradeing, the bitumen will have
an adequate penetration index.

b. For polymer modified bitumen: the PG grade range is greater than 92 °C
to ensure an adequate level of modification.

(3) Fatigue resistance of binders in SEA region ismore important since low temper-
ature cracking is not a concern due to the climate The appropriate intermediate
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Table 7 Recommended
performance grade for base
bitumen and PMB used in
SEA region

Old specification Minimal superpave
PG specification

General superpave
PG specifcation

Pen 80–100 PG 58-22 PG 58-28

Pen 60–70 PG 64-16 PG 64-22

PMB PG70 PG 70-22 PG 70-22

PMB PG76 PG 76-16 PG 76-22

PMB PG82 PG 82-10 PG 82-16

temperature should be selected carefully to avoid the confusion in existing PG
specification in NA caused by high temperature bumping:

a. For most commonly used base bitumen Pen 60–70 in SEA region, the
most possible closed PG should be PG 64-16, which has an intermediate
temperature at 28 °C.

b. For SBSmodified bitumen it should have better anti-cracking performance
if compared with normal Pen 60–70, therefore, the recommended anti-
fatigue cracking performance check should be also carried out 25 °C
which is a higher requirements compared with PG 64-16 tested at 28 °C.

3.4 Recommended Superpave PG Grade Binders in SEA

Therefore, after considering all above factor, the list binder PG specification in
Tables 7 and 8 are recommended for the general use of asphalt pavement in SEA
region.

3.5 Application of Superpave PG Grade Binders in SEA

As for most of the commercial lab and/or quality control/assurance lab in contractor
or PMBproducer side, someof the critical equipment in this recommend specification
have not been equipped or installed, such as PAV, BBR or 8mm loading head of DSR.

Considering the reality in SEA region, the author of this paper would recommend
paving industry to consider use listed tests as replacements for fatigue control in
the proposed specification. The proposed requirements for alternative test methods
are referred from the literature, which cover the relationship between RTFOT aging
and PAV aging and pointed out that the G*Sinδ value of binder with RTFOT aging
only is around half of the value of binder after RTFOT and PAV aging together [13].
Therefore, the specification requirement has been reduced from 5000 kPa down to
2500 kPa (the Authors would also suggest to strengthen the requirement as 2000 kPa
to assure better performance). Beside that, for users who only have 25 mm loading
plates with DSR equipment, the author suggest to adjust the gap size of DSR test
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Table 8 Recommended Minimal PG specification for base bitumen and PMB in SEA region

Test property Method Unit Requirements

High temperature PG
gradesa

AASHTO M 320 or
ASTM D6373

PG 64 PG 70 PG 76 PG 82

Minimal low temp PG
gradeb

−16 −22 −16 −10

Penetration at 25 °C ASTM D5 1/10 mm 60–70 Report Report Report

R&B softening point ASTM D36 °C ≥48 Report Report Report

Elastic recovery at
25 °Cc

ASTM D6084 % N.A ≥75 ≥85 ≥90

Rotational
Viscosity@135 °C

AASHTO T 316
ASTM D4402

Pa·S ≤3.0

Dynamic shear, G*/Sin
δ @10 rad/s ≥ 1.0 kPa,
Test Temp,

AASHTO T315
ASTM D7175

°C 64 70 76 82

Flash point ASTM D92 °C ≥230

RTFOT aged AASHTO T 240
ASTM D2872

Dynamic shear, G*/Sinδ
@10 rad/s ≥ 2.20 kPa,
Test temp

AASHTO T 315
ASTM D7175

°C 64 70 76 82

Mass loss AASHTO T240
ASTM D2872

% ≤1.0

Elastic recovery at
25 °Cc

ASTM D 6084 % N.A ≥70 ≥80 ≥95

RTOFT + PAV aged AASHTO
T240 + R28
ASTM D2872 +
D6521

Dynamic shear, G*Sinδ
@10 rad/s ≤ 5000 kPa,
test temp

AASHTO T 315
ASTM D7175

°C 28 25d 25d 25d

Bending beam
Rheology

AASHTO T 313
ASTM D6648

Creep Stiffness ≤
300 MPa, @test temp

°C −6 −12 −6 0

M-Value ≥ 0.300 MPa,
@ test temp

°C −6 −12 −6 0

Storage stability EN 13399

Softening point
difference

ASTM D36 °C N.A ≤2

(continued)
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Table 8 (continued)

Test property Method Unit Requirements

Penetration difference ASTM D5 1/10 mm N.A ≤5

Premium performance requirementse

MSCR, %R @ 3.2 kPa,
test at 76 °C

AASHTO T350 or
ASTM D 7405

% N.A N.A ≥90

MSCR, Jnr @ 3.2 kPa,
test at 76 °C

kPa−1 N.A N.A ≤0.10

Modifiers/additives in
PMBf

N.A Additive used in
formulation, such as PPA,
Wax, SBS or SBR, etc.

aAs this specification recommended here are still based on the Superpave performance grade which
still allow to use the high temperature bumping according to traffic vol or speed
bFor the negative grade listed in this table, the recommend value should be the lowest require-
ment or minimal requirements, project can select lower negative grade to enhance the performance
requirement. And PG 76-22 and PG 82-16 are recommended as general selection in SEA region
cFor the fatigue performance requirement, for the base bitumen, recommend to use 28 °C as minial
requirement and 25 °C as general test temperature and for all the other PMB grade, a higher grade
requirement is adopted as 25 °C as minimal requirements and 22 °C as general test temperature.
Here a constant temperature requirement for PMB was used to solve the intermediate temperature
confusion as explained in Sect. 3.3
dThe elastic recovery test are included in this specification to ensure that adequate level of
modification are employed rather than blowed soft bitume is used aswholely or partially replacement
eThe premium performance requirements were recommended for specific project which expected
for high performance, “High Polymer” PMB products or facing challenging heavy duty traffic,
such as port, runway or junction, which are reference from Florida DOT specification [9]. This
specification requires performing MSCR testing at higher temperature than the climate to develop
a response to loading at the stress level applied during the test
fAs in SEA region, there are many PMB producers are using lots of additives rather than SBS, SBR,
etc., which cause lots of uncertainty for the long term performance of asphalt binder, mixture or
pavement. The statements for modifier used in PMB products will help local authorities or highway
engineers to collect more information to verify their long term performance in SEA region, which
will benefit the industry for future specification development

from 2 to 1 mm to ensure the test results will not beyond the measure limitation
of DSR equipment. But unfortunately, the proposed requirements for that loading
condition are still under development now in our lab (Table 9).

4 Conclusion and Future Direction for PG Specification
in SEA Region

After reviewing the development of Superpave PG specification in US or North
America, the basic principles and consideration behind the PG specification had
been disclosed and summarized in this paper. And the latest development of PG
specification in NA and US had also been updated. Combined that basic principles
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Table 9 Proposed quality controls test for fatigue performance test

Test method Sample aging
conditions

Loading plante gap
sizes

Requirements

RTFOT PAV 8 mm 25 mm

Standard PG
specification
test

YES YES YES 2 mm Dynamic shear, G*Sinδ
@ 10 rad/s < 5000 kPa @
test temp

Alternative
method 1

Yes No YES 2 mm Dynamic shear, G*Sinδ
@ 10 rad/s < 2500 kPa*
(2000 kPa) @ test temp

Alternative
method 2

Yes No No Yes 1 mm Under development

for PG specification with the climatic conditions in SEA region and the typical
pavement damage, it has been found that existing PG specification used in SEA
region had many shortcomings such as the negative grade, intermediate temperature
for fatigue test, etc. This compromised the ultimate purpose of PG specification in
SEA region to control the pavement damage under typical local climatic conditions.
Based on those consideration, a new Performance Grade Specification in SEA region
has been proposed and recommended. Besides that, the author also provided some
alternative methods for local users with test equipment limitations or constrains.

As for the future development of Performance grade in SEA region, the author
belive that with the wide utilization and implementation of MSCR and other perfor-
mance test methods in paving industry in SEA region, the future direction for PG
specification could become:

(1) Performance grade specification combinedwith theMSCR requirements based
on the true temperature condition without considering the grade bumping for
traffic volume or speed.

(2) Test equipment for low temperature performance evaluation such as BBR or
PAV will become available and popular in SEA region, which will help the
end user to determine the negative grade of binder. It will also help the paving
industry in SEA region to catch the latest development of binder performance
evaluation method based on BBR test, such as Delta Tc [14] etc.

(3) Combinedwith latest testmethod to evaluate the fatigue performance of binder.
There are already some researches has been carried out in Euro and US to find
out other testmethods ratherDSR to evaluate the fatigue performance of binder,
such as Linear Amplitude Sweep (LAS) [15], etc.
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Factors Affecting the High Early
Strength Development and the Methods
for Testing High Early Compressive
Strength of the Rigid Pavement

Wei-Chien Wang, Shuei-Lien Fang, Tien-Yu Chen, Tai-Chiang Kao,
Chang-Chu Liu, Yu-Yang Li, and Hoang Trung Hieu Duong

Abstract Maintenance highway rigid pavement can cause a significant impact on
traffic congestion due to the lack of the traffic lane. Typically, the general mainte-
nance plans are arranged from midnight to early morning before the morning peak
traffic periods to mitigate the possibility of traffic congestion. As a result, to open
to traffic, the maintenance highway rigid pavement usually requires the concrete
to meet a compressive strength requirement of 210 kgf/cm2 after 4–6 h. The high
early strength mix design (S-mix design) is examined and published by the Taiwan
Freeway Bureau, MOTC. However, this research shows that the S-mix design’s early
compressive strength is significantly affected by the exterior temperature. Therefore,
it is practically important to control the temperature at the early ages of the concrete.
In addition, the maturity method and rebound hammer test results can be used to
evaluate high early compressive strength of the construction site. Due to the rigid
pavement requires high early compressive strength in a short period of time, taking the
specimen to the laboratory to conducting the compressive strength test is challenging.
Thus, using the rebound hammer result to simulate the hydraulic compressive testing
value is one of the suitable method for evaluating high early compressive strength

W.-C. Wang · Y.-Y. Li (B) · H. T. H. Duong (B)
National Central University, Taoyuan City 320, Taiwan
e-mail: yuyang111422@g.ncu.edu.tw

H. T. H. Duong
e-mail: trhieu.ncu@g.ncu.edu.tw

W.-C. Wang
e-mail: weichien@ncu.edu.tw

S.-L. Fang · T.-Y. Chen · T.-C. Kao · C.-C. Liu
Taiwan Freeway Bureau, Northern Region Branch Office, Taipei City 114, Taiwan
e-mail: fang@freeway.gov.tw

T.-Y. Chen
e-mail: tianyu@freeway.gov.tw

T.-C. Kao
e-mail: tck0909@freeway.gov.tw

C.-C. Liu
e-mail: ccl0111@freeway.gov.tw

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. R. Pasindu et al. (eds.), Road and Airfield Pavement Technology, Lecture Notes
in Civil Engineering 193, https://doi.org/10.1007/978-3-030-87379-0_30

403

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87379-0_30&domain=pdf
mailto:yuyang111422@g.ncu.edu.tw
mailto:trhieu.ncu@g.ncu.edu.tw
mailto:weichien@ncu.edu.tw
mailto:fang@freeway.gov.tw
mailto:tianyu@freeway.gov.tw
mailto:tck0909@freeway.gov.tw
mailto:ccl0111@freeway.gov.tw
https://doi.org/10.1007/978-3-030-87379-0_30


404 W.-C. Wang et al.

of the construction site. The method for testing the high early compressive strength
of the rigid pavement is analysis of the correlation between rebound hammer test
results and the hydraulic compression testing value, creating the S-mix design, then
establish the maturity index value of the S-mix design.

Keywords High early compressive strength · Rigid pavement · Temperature ·
Maturity method · Rebound hammer

1 Introduction

Nowadays, rigid pavement is generally used in highway and airport. For long-
term application, the rigid pavement usually occurs in corner breaks, transverse
cracking, scaling and other damage. When the damage reached a critical condi-
tion, the pavement can be repaired by a variety of methods such as partial depth
patching, full-depth patching with concrete pavement to repair the damaged pave-
ment [1]. To avoid the problem of traffic congestion, on-site rigid pavement’s main-
tenance is usually constructed during midnight and open to traffic the next morning.
The open traffic requirement conditions are usually evaluated by the compressive
strength of the rigid pavement. According to the International Building Codes (IBC),
the minimum compressive strength requirements allowed for open traffic is 175
kgf/cm2, 210kgf/cm2 is the minimum design compressive strength requirements in
roads, bridges and buildings, while 280 kgf/cm2 is the minimum design compressive
strength requirements in airport rigid pavement [2]. To achieve the requirement for
quick roads repair, bridges, and high-rise building’s slab, a new standard procedure
for early strength concrete is developed, which is defined as High Early Strength
Concrete (HSC). The compressive strength requirement for the High Early Strength
Concrete is about 210 kgf/cm2 after 4 to 6 h of curing [3].

In a normal rigid pavement project, the compressive strength testing method uses
the same method as the building construction project. The specimen is brought to the
laboratory and testing the compressive strength by a hydraulic compressor machine.
However, due to the short construction time of the rigid pavement maintenance
project, which is only from midnight to early morning, using the traditional testing
method is extremely difficult. In normal circumstances, after on-site construction
finished, the specimens will be brought to the laboratory for compressive strength
testing and verification. However, due to the short curing duration requirement of
the rigid pavement repair, various researchs show that the concrete characteristics
are significantly affected by air temperature and moisture conditions, such as the low
temperature in the winter reduces the early strength of concrete. Thus, laboratory
maintenance cannot evaluate the accurate quality of on-site concrete, especially at an
early age. This research develops a non-destructive method for on-site compressive
strength testing by combining the maturity method with the rebound hammer.

Thematurity method is a non-destructive method that can predict the compressive
strength of the on-site concrete which is developed by Saul in 1951. Establishing a
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Maturity-Strength relationship of the concrete in the laboratory base on the different
air temperature then use the Maturity-Strength relationship to evaluate the compres-
sive strength in the construction site. However, there is not much research showing
the accuracy ofmaturitymethodwhen applied for high early strength concrete adding
accelerator andquick setting admixtures aswell as using the different curingmethods.
Besides, the rebound hammer is a testing instrument that is extremely fast and easy
to measure the compressive strength on-site. However, the result is affected by the
steel bar and the subbase of the rigid pavement. Therefore, this study establishes a
method that uses the maturity method to predict the compressive strength of concrete
based on concrete’s core temperature and using the rebound hammer to verify the
accuracy of strength prediction in the construction site.

2 Experimental Methods

To simulate the compressive strength of concrete in the site using different curing
methods, this research established a Maturity-Strength relationship of the concrete
using the air curing method. Curing the specimen in the laboratory at a constant
air temperature of 23, 26, 30, 32 and 35 °C, the specimen core’s temperatures are
collected every 30 min in order to develop the Maturity-Strength relationship in 4 h
and 6 h of curing. Then, the specimens will be tested the compressive strength at
4 h and 6 h by both the hydraulic compressor machine and the rebound hammer to
verify the accuracy of the predicted strength of the Maturity’s formula.

2.1 Material Properties and Preparation

The concrete mix design is developed base on the Freeway Bureau (MOTC) [4] that
has the cement contained is 500 kg/m3, and 0.33 W/B ratio. To mitigate the amount
of cement used [5], the fine aggregate and coarse aggregate size distribution are
designed as in Figs. 1 and 2.

The concrete admixture is Type E high range water-reducing with the ratio of
7% of the cement weight. The specimens are labeled according to the rule Cement
ratio (kg/m3) x Air temperature (oC) x Curing method (OA-Air curing, OB-Heat
insulation, OC-Electric blanket, OD-Hot water blanket curing) which is shown in
Table 1.

2.2 Curing Method

The curing methods used in the research are shown in Fig. 3. In the construction
site, the rigid pavement has a large surface that is surrounded by other concrete
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Fig. 1 Corse aggregate
gradation

Fig. 2 Fine aggregate
gradation

Table 1 Concrete mix design

Curing
Equipment

No. Water Cement Coarse
Agg.

Fine
Agg.

Admixture W/C

kg/m3

Air curing C500-T23-OA 131 500 994 741 35 0.33

C500-T26-OA

C500-T30-OA

C500-T32-OA

C500-T35-OA

Heat
insulation

C500-T23-OB

Electric
blanket

C500-T23-OC

Hot water
blanket

C500-T23-OD
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Fig. 3 The curing method design

panels. Thus, the heat of the concrete is mostly dissipated by the surface. Aiming
to simulate the on-site concrete curing situation, after mixing, the mold will be
covered by the 0.5 cm heat insulation blanket (Aluminum EPE) to prevent losing the
temperature in the edges and bottom. The top of the specimen is covered differently
base on the designed curing methods such as (A) Air curing, (B) Heat Insulation,
(C) Electric blanket, (D) Hot water blanket. In addition, the electric blanket is heated
to 50 °C, and the hot water blanket curing the concrete with 50 °C hot water every
5 min.

2.3 Compressive Strength Testing Method

According toASTMC39, the specimens are cylinderswith 15 cmdiameter and 30 cm
height. The thermometer device is put in themiddle of the specimens, which is shown
in Fig. 3. Each curing method is used separately and measure the core’s temperature
every 30 min during 6 h of curing. Besides, the specimens are tested for the compres-
sive strength by both hydraulic compressor machine and rebound hammer at 4 h and
6 h of curing. Based on ASTM C1074, using the core temperature’s value every
certain time, the maturity value is calculated using Eq. 1, where Datum temperature
is assumed to be−10 °C [6]. By developing the logarithm equation between thematu-
rity value (M) and the compressive strength obtained by the hydraulic compressor
machine, theMaturity-Strength Index is developed. Then using the rebound hammer
value to compare with the Maturity value as a verification method.

√
M(t) =

∑
(T− T0) · Δt (1)
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M(t) The Maturity value at time t (oC.hours).
�t A time interval (hour).
Ta Average concrete temperature during �t (°C).
T0 Datum temperature (assumed to be −10 °C).

2.4 Testing Specimen

Portland cement type I is used in this research is produced by Taiwan Cement
Company, with a surface area of 3150–3550 cm2/g and the Calcium-Silica
(CaO/SiO2) ratio of 2.92. The admixture is provided by Bonddex that contained
plasticizers and C-S–H nanocrystals (C-S–H seeds). The admixture has a specific
gravity of 1166 g/cm3, with a solid composition of 23%, which can accelerate the
early strength of concrete significantly. The fine aggregate and coarse aggregate
are designed according to CSN 1240 (concrete particle specifications). The coarse
aggregate has specific gravity of 2.58, water absorption ratio of 1.96%, particle size
8–16 mm, dry density of 1550 kg/m3. The fine aggregate has specific gravity of 2.64,
water absorption ratio of 2.04%, fineness module of 2.9.

3 Results and Discussions

3.1 Strength-Maturity Relationship

Aiming to simulation the on-site concrete curing, the specimens of the (A)—Air
curing group are exposed to air and measured the core’s temperature every 30 min.
Based on Eq. (1), the value of maturity (M) is calculated and are shown in Table
2. According to the maturity value (M) and the compressive strength value at 4 h and
6h curing, the logarithmequations between thematurity and the compressive strength
at 4 h and 6 h are developed as formula (2) and (3). The logarithm regression analysis
of 4 h and 6 h of maturity and compressive strength show a positive trend as well
as a high correlation coefficient. The 4-h regression analysis correlation coefficient
R2 is 0.9207, and 6-h regression analysis correlation coefficient R2 is 0.9858, which
can indicate that maturity value is highly related to the compressive strength value
and the accuracy of the compressive strength prediction using the logarithm equation
and Maturity value can achieve high accuracy (Figs. 4and5 and 3).

PFc4 = 624.7× log(M4) − 1223 (2)

PFc6 = 736.9× log(M6) − 1520 (3)

PFc(t) Predicted value of compressive strength at time t (kgf/cm2).
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Fig. 4 Logarithm regression
analysis of 4-h maturity and
compressive strength

Fig. 5 Logarithm regression
analysis of 6-h maturity and
compressive strength

Table.3 Compressive strength and maturity value at 4 h and 6 h curing

No. 4 h curing 6 h curing

Fc4 M4 Fc6 M6

C500-T23-OA 129.1 138 207.4 213

C500-T26-OA 127.3 158 232.7 243

C500-T30-OA 166.5 169 267.3 257

C500-T32-OA 211.6 198 323.6 310

C500-T35-OA 225.8 202 323.8 311

Fc Compressive strength at 4 h and 6 h (kgf/cm2)
M Maturity value (°C.hr)
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M(t) Maturity value at time t (°C.hour).

3.2 Thermal Curing Methods and Prediction
of Strength-Maturity Relationship

To simulate the thermal curing method such as (B) Heat insulation,(C) Electric
blanket, and (D) Hot water blanket, the specimens are treated differently depending
on the different curing methods. The specimen’s core temperatures are taken every
30 min to obtain the maturity value (M) according to Eq. (1), which is shown in
Table 4. After that, using the hydraulic compressor machine to test the compressive
strength of the specimens at 4 h and 6 h. Base on the maturity value (M), using
Eq. (2) to predict the compressive strength at 4 h and using Eq. (3) to predict the
compressive strength at 6 h. The comparison between the prediction compressive
strength and the testing compressive strength is shown in Table 5. In addition, Figs. 6
and 7 also show that the maximum deviation of prediction compressive strength and
the testing compressive strength at 4 h and 6 h is ± 8%. This result indicates that
using the same maturity equation for different curing methods is efficiency.

Table.4 Temperature and maturity value of the different curing methods

No. C500-T23-OB C500-T23-OC C500-T23-OD

Age (hr) T M T M T M

0 29.2 0 30.0 0 30.0 0

0.5 30.2 20 32.2 21 32.8 21

1 31.2 41 34.4 43 34.2 44

1.5 33.4 62 38.3 67 36.9 67

2 34.7 85 42.2 94 39.5 92

2.5 36.0 108 45.9 122 41.8 118

3 37.1 131 46.0 150 44.0 145

3.5 38.1 155 46.1 178 45.8 172

4 39.3 180 46.1 206 47.5 201

4.5 40.6 205 44.9 233 52.0 232

5 42.0 231 44.4 260 53.0 264

5.5 42.5 258 44.1 287 55.1 296

6 42.7 284 43.8 314 56.1 329

T Concrete core temperature (°C)
M Maturity value (°C.hr), T0 assumed to be −10 °C



412 W.-C. Wang et al.

Table.5 The predicted compressive strength and testing compressive strength at 4 h and 6 h

No. 4 h curing 6 h curing

Fc4 M4 PFc4 �4 Fc6 M6 PFc6 �6

C500-T23-OB 177 180 186 -5% 267 284 288 -8%

C500-T23-OC 225 206 222 1% 332 314 320 4%

C500-T23-OD 231 201 216 7% 353 329 335 5%

Fc Tesing compressive strength (kgf/cm2)
M Maturity value (°C. hour)
PFc(t) Predicted strength with ages in t (kgf/cm2)
�(t) The deviation: (Fc−PFc(t))/Fc

Fig. 6 The predicted compressive strength and testing compressive strength at 4 h

Fig. 7 The predicted compressive strength and testing compressive strength at 6 h
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3.3 Estimating In-Place Strength

On the pavement’s construction site, the pavements are divided into pavement 1 and
pavement 2 which are cured by the hot water blanket curing method. After concrete
reaches the initial setting, cover the concrete’s surface with the insulation plastic
sheet. Then, using the 500C hot water flows on the top of the insulation plastic sheet
to maintain the curing temperature of the concrete. Collect the core’s temperature
of pavement 1 and pavement 2 every 30 min and use a rebound hammer to test the
compressive strength of the pavements after 4 h and 6 h of curing. The compressive
strength result of the rebound hammer and the prediction value by the maturity
method are displayed in Table 6. Besides, Figs. 8 and 9 also show that the maximum
deviation of prediction compressive strength by thematurity method and the rebound
hammer’s compressive strength at 4 h and 6 h is± 9%. This result indicates that it is
possible to use the maturity method to predict the compressive strength on-site and
verify the result again by using the rebound hammer.

Table.6 The maturity prediction compressive strength and rebound hammer compressive strength
at 4 h and 6 h

No. 4 h curing 6 h curing

Fc’4 M4 PFc4 �4 Fc’6 M PFc6 �6

Pavement 1 210 208 225 −7% 312 325 331 −6%

Pavement 2 258 215 234 9% 322 333 339 −5%

Fc’ Compressive strength value using rebound hammer (kgf/cm2).
M Maturity value (°C.hr).
PFc(t) Predicted strength by maturity method at time t (kgf/cm2).
�(t) The deviation: (Fc’−PFc(t))/Fc

Fig. 8 The maturity prediction compressive strength and rebound hammer compressive strength
at 4 h
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Fig. 9 The maturity prediction compressive strength and rebound hammer compressive strength
at 4 h

4 Conclusion

Aiming to develop a non-destructive method for measuring the high early compres-
sive strength on the construction site, this research establishes the maturity formula
that uses for prediction of the compressive strength of concrete. Under various stable
air temperatures such as 23, 26, 30, 32, and 35 °C, the strength-maturity relationship
after 4 h and 6 h of curing is developed in the laboratory. Then use the developed
maturity’s formula to predict the compressive strength of the different curingmethods
and compare with the hydraulic compressor machine’s result in the laboratory and
the rebound hammer’s result in the construction site. The results indicate that:

1. Using different constant air temperature (23, 26, 30, 32, and 35 0C) in the
laboratory to predict the compressive strength development of the same mix
design but different curing methods. The developed maturity equation shows
that the correlation coefficient R2 for 4 h of curing is 0.9 and the correlation
coefficient R2 for 6 h of curing is 0.98. The overall correlation coefficients reach
values higher than 0.9, which can state that the maturity value and compressive
strength are essentially related and using the different curing methods do not
affect the accuracy of the maturity method.

2. According to CNS 1232, the maximum acceptable tolerance of the compressive
strength value is 9.5%. Using the developed strength-maturity formula shows an
acceptance tolerance,which achieves themaximum tolerance± 9% for different
environmental conditions as well as different curing methods.

3. In concrete subjected to real environmental conditions, the pavement is cured by
the500Chotwater blanket due to thewinter. It canbeobserved that the developed
strength-maturity achieves high accuracy. The predicted compressive strength
by the maturity method and the rebound hammer show a similar result that has
a maximum deviation of ± 9%. Thus, combining the maturity method which
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is developed in the laboratory and the rebound hammer on the construction site
can be the potential method for high early strength rigid pavement.
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Influence of Coarse Aggregate Size
and Type on the Design Thickness
of Rigid Pavements for Indian Conditions

Ashik Bellary and S. N. Suresha

Abstract The pavement quality concrete (PQC) is used in the construction of rigid
pavements, commonly called concrete pavements. The coarse aggregates (CA) are
the major constituents of the PQCmix, which influence the strength of the PQCmix.
The strength of the PQCmix used in the construction of rigid pavements is one of the
major factors that govern the design thickness of these pavements. In this study, an
attempt has been made to characterize the influence of CA size and type on strength
characteristics of the PQC mix experimentally. The crushed basalt and granitic CA
are used in the preparation of the PQC mix. Also, three different nominal maximum
aggregate size (NMAS) 19, 26.5 and 31.5 mm, are selected based on the IRC 44:
2017 guidelines. The experimental results are given as input in EverFE 2.24 software
for determining the safe design thickness of rigid pavement over the design period.
It is concluded that the safe design thickness of the PQCmix prepared using basaltic
CA is comparatively lower than the PQC mix prepared using granitic CA for the
same NMAS. Also, the safe design thickness of concrete pavement increased with
an increase in NMAS irrespective of CA type. Thus, it is suggested to use stronger
CA with lower NMAS based on the availability at the site.

Keywords Coarse aggregate (CA) · Design thickness · EverFE 2.24 · Nominal
maximum aggregate size (NMAS) · Pavement quality concrete (PQC) · Rigid
pavements

1 Introduction

The concrete pavement design depends on many factors such as design period, axle
load spectrum, the strength of the foundation, climatic conditions and other factors.
The strength properties of concrete used in pavement construction is one of the major
factors that govern pavement design thickness. The concrete used in the construction
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of rigid pavements is called Pavement quality concrete (PQC). The strength prop-
erties and other mechanical properties of the PQC are influenced by the ingredients
used for the preparation of PQCmix. The ingredients used in the concrete mix prepa-
ration are coarse aggregates, fine aggregates or sand, binder material (Cement and
cementitious materials) and admixtures if necessary. Coarse aggregates (CA) are the
stones retained on the 4.75mm IS sieve obtained from the quarry. These are themajor
constituent of pavement quality concrete (PQC). The CA used in the concrete mix act
as a skeleton of concrete matrix and are responsible for the strength characteristics
of the concrete mix, whereas the fine aggregates/sand contribute to the workability
of concrete. The CA used in concrete pavements must be strong, durable and possess
low porosity.

There are different types of CA available and are used in the preparation of PQC.
Granite, limestone, dolomite, basalt are the naturally available CA. In the recent past,
recycled aggregates have also been used, and efforts are being made to manufacture
the CA. The different types of CA have resulted in different mechanical properties of
PQCwhen used in the preparation. In the past, researchers have studied the influence
of CA type on the mechanical properties of concrete. Ozturan and Cecan [1] studied
the effect of basalt, limestone and gravel CA on the concrete with a target strength
of 30, 60 and 90 MPa. They found that the concrete produced using granite CA
resulted in higher compressive strengths than the concrete produced using the other
two aggregates. Also, the authors concluded that the difference is the strengths of
concrete made using those CA is the lowest for concrete with a target strength of
30 MPa. Similar findings were reported by Wu et al. [2].

Besides the CA type, the nominal aggregate size of CA plays a significant impact
on the mechanical properties of concrete. Researchers have studied the influence of
the different type of aggregates and nominal maximum aggregates size (NMAS) on
the mechanical properties of concrete. Kasu et al. [3] conducted flexural strength
tests on PQC specimens prepared using 10 mm, and 20 mmNMAS and reported that
smaller-sized aggregates improved the static flexural strength and fatigue repetitions.
Wolinski et al. [4] reported that the increase in aggregate size resulted in the reduced
compressive strength of concrete specimens. Ćosić et al. [5] studied the influence
of aggregate size on PQC used in pervious concrete and reported that the smaller
NMAS results in better mechanical properties.

In India, different types of aggregates are available in different parts of the country.
The granitic aggregates and basalt aggregates are largely used in the construction of
PQC. Three different NMAS 19, 26.5 and 31.5 mm are suggested in IRC 44: 2017
[6] to prepare PQC. In the design of concrete pavements as per IRC 58: 2015 [7], the
flexural strength and elasticmodulus of the PQCare considered. From the literature, it
is found that type ofCAandNMASofCAhave a significant influence on the concrete
strength properties. Thus, in this study, an attempt has been made to determine the
mechanical properties of PQC prepared with granitic and basalt aggregates of three
different NMAS experimentally. The obtained results are used to determine the safe
design thickness for each PQC mix. The main objective of this work is to study the
influence of CA size and type on the design thickness of rigid pavements.
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2 Experimental Investigation

2.1 Materials

Cementitious materials

The Ordinary Portland Cement (OPC-43 grade) conforming to IS 269–2015 [8] and
Ground Granulated Blast Furnace Slag (GGBS) conforming to IS 12089–1987 [9]
are used in the preparation of PQC mixes. The percentage of GGBS is limited to
50% as per IRC 44–2017 [6]. The physical properties of binder materials, cement
and GGBS, are tabulated in Table 1a, b, respectively.

Coarse aggregates (CA)

Two types of CA, granite and basalt are used to prepare the PQC mix in the present
study. Granitic aggregates are derived from intrusive igneous rocks and are composed
predominantly of silica. The grain or texture varies from fine to coarse. Granitic
aggregates are more abrasion resistant and hard to break. The Basaltic aggregates
are derived from the extrusive igneous rocks that are of a very dark colour (green
or black) with low silica content [10]. The physical properties of both granitic and
basalt coarse aggregates are evaluated as per IS: 2386 [11–14], and the results are
tabulated in Table 2.

Fine aggregates

In the present research, clean, dry river sand obtained from local supplier conforming
to IS: 383–2016 [15] is adopted. The physical properties of the fine aggregates are
presented in Table 3.

Table 1 Physical properties of binder materials

a Physical properties of cement (OPC-43 grade)

Tests Test results Requirements as per code

Initial and final Setting time 52 min and 242 min,
respectively

Minimum 30 min and Maximum
600 min, respectively

Specific surface of cement 3240 cm2/gm Minimum 2250 cm2/gm

Specific gravity test 3.15 -

b. Physical properties of GGBS

Physical Properties

Loss of ignition 0.04%

Specific gravity 2.8

Insoluble residue 0.3

Bulk density (kg/m3) 1200

Specific surface area (m2/kg) 370
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Table 2 Physical properties of aggregates

Properties Obtained results Requirement as per
MoRT&H (5th revision)
[16] specifications (%)

Crushed granite
aggregates (%)

Crushed basalt
aggregates (%)

Aggregate Los Angeles
abrasion value

24 21 Maximum 35

Water absorption 0.3 0.2 Maximum 2

Combined flakiness and
elongation index

25 28 Maximum 35

Specific gravity test 2.69 2.89 –

Aggregate crushing value 21 19 –

Aggregate impact value 22 18 –

Table 3 Physical properties
of fine aggregates

Tests Test procedure as per IS-code Results

Specific gravity test IS: 2386–1963 (Part 3) [13] 2.54

Water absorption IS: 2386–1963 (Part 3) [13] 1%

Sieve analysis IS: 383–2016 [15] Zone-II

Three gradations with different nominal sized aggregates (NMAS) are used in this
research in order to study the effect of nominal maximum aggregate size (NMAS) on
the Mechanical properties of PQC mixes. The adopted gradations for three different
NMAS is shown in Fig. 1.

Chemical admixtures

A commercially available Chloride free Naphthalene Sulfonate (Fosroc-Conplast SP
430) having a specific gravity of 1.05 and conforming to IS: 9103–1999 [17] has been
added to improve the workability of the mixture, without affecting the other concrete
parameters such as segregation, ultimate strength, and concrete permeability. In order
to achieve the desired slump of 25–50mm, the amount of superplasticizer was varied
up to 1% by weight of the binder.

Water

Potable water conforming to IS: 456–2000 [18] is used for mixing and curing of
PQC samples.

2.2 Mix Design of PQC

The mix design is carried out for the M40 grade of concrete as per IRC 44–2017 [6].
The concrete mixtures with NMAS 19 mm, 26.5 mm and 31.5 mm, are designated
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Fig. 1 Combined aggregate gradation curves for NMAS 19, 26.5 and 31.5 mm [6]

withG19,G26.5 andG31.5 for concretemix prepared using crushed granite as coarse
aggregates; B19, B26.5 and B31.5 for concrete mixes prepared using crushed basalt
coarse aggregates, respectively. The proportions of concrete ingredients made using
these two different aggregates and three different NMAS for M40 grade concrete are
presented in Fig. 2.

The aggregates (CA and Fine aggregates) and the cementitious materials (Cement
and GGBS) are dry mixed in the ribbon mixer of 125 kg capacity for about three
minutes. Later water and admixture are added to the dry mix, and wet mixing is
continued for another four minutes. After proper mixing, the ease of compaction is
determined using the slump cone tests in conformation to IS: 1199:1959 [19]. The
test is conducted immediately after mixing the ingredients. Once the desired slump
is achieved, the fresh concrete is poured into moulds for preparation of the specimen
in three layers for proper compaction. The wet mix is thoroughly compacted on a
vibrator and then allowed to stand in the humid and cool place at ambient room
temperature for about 24 h. After 24 h, the specimens are demoulded. After de-
moulding, the PQC specimens are cured in the water tank at room temperature. In
order to evaluate the strength and other characteristics, the various specimens are
cast. The details of the samples used for various tests are given in Table 4.
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Fig. 2 Mix proportions for PQC in kg/m3 as per IRC: 44–2017

Table 4 Different strength
tests for PQC mix and
specimen details

Tests Specimen size Relevant code

Compressive
Strength

150 mm x 150 mm x
150 mm

IS: 516–1959 [20]

Flexural
Strength

100 mm x 100 mm x
500 mm

IS: 516–1959 [20]

Modulus of
Elasticity

Diameter -150 mm,
Height-300 mm

IS: 516–1959 [21]

Split Tensile
Strength Test

Diameter–150 mm
Height-300 mm

IS: 5816–1970 [22]

3 Analysis of Experimental Results

3.1 Fresh Concrete Properties (Slump)

The slump test is conducted to measure the workability of concrete. The slump test
is conducted on the concrete mixes prepared with different aggregate types and with
different NMAS using the slump cone. The slump values of concrete mixes are
tabulated in Table 5.
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Table 5 Slump values of
different concrete mixes
obtained using slump cone
test

Mix ID Slump Value, mm

G19 16

G26.5 17

G31.5 18

B19 18

B26.5 19

B31.5 22

Fig. 3 Compressive strength
results for different concrete
mixes (after 28 days of
curing)
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3.2 Hardened Properties of Concrete

The tests are conducted according to the Indian standards (IS), and a minimum of
three samples are tested for each mix and for each test. The test results (with 95%
confidence interval) of the different concretemixes alongwith theirMix IDs is shown
in Figs. 3, 4, 5 and 6.

4 Design of Concrete Pavement Using EverFE 2.24
for Concrete Prepared Using Different CA for Indian
Conditions

In India, the design thickness of concrete pavement is determined as per IRC58–2015.
The code of practice provides regression equations and design charts to determine the
safe design thickness for the design period. The design procedure considers the
cumulative damage that is incurred due to both traffic and temperature. However, the
regression equations and the design charts developed to determine the flexural stress
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Fig. 4 Flexural strength
results for different concrete
mixes (after 28 days of
curing)
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Fig. 5 Split tensile strength
results for different concrete
mixes (after 28 days of
curing)
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Fig. 6 Modulus of Elasticity
(MOE) results for different
concrete mixes (after 28 days
of curing)
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are based on the single slab results in FEM software. These are applicable for fixed
concrete strength properties (for example, E = 30,000 MPa is a fixed parameter).
Thus in this study, EverFE 2.24 software is used to determine the stresses. This
software is free and open-source software developed by Davids et al. [23].

For determining the safe design thickness using EverFE software, first, the trial
thickness is assumed, and the flexural stresses are calculated for each loading class
and load group both during day and night. The corresponding stress ratio (SR) for
each loading class and load group is then determined by dividing the flexural stress
by the flexural strength of the mix. Using the SR, the allowable number of repetitions
is calculated using the following equations [7].

Fatigue life (allowable repetitions),

N = unlimited/infinite for SR < 0.45 (1)

N =
[

4 · 2577
SR − 0.4325

]3·268
for 0.45 ≤ SR ≤ 0.55 (2)

N =
[
0.9718 − SR

0.0828

]3·268
for SR > 0.55 (3)

The damage accumulated for the design period of 30 years is calculated. The
axle load spectrum is given in Appendix—VII of IRC 58 2015 is considered to
determine the design number of axle load repetitions for both bottom-up cracking
(BUC) and top-down cracking (TDC) analysis. The input parameters used in EverFe
2.24 software are given in Table 6. The flow chart of the design process followed in
this work is shown in Fig. 7.

The safe design thickness computed by following the above procedure. The safe
design thickness of concrete pavement for each of the mix is shown in Fig. 8.

It can be seen from Fig. 8, the safe design thickness of concrete pavement varies
between 28 to 33 cm. TheB19 concretemix demands the lowest safe design thickness
of 28 cm, and the G31.5 concrete mix requires 33 cm of safe design thickness. The
safe design thickness of concrete mix prepared using granitic CA are higher than
the safe design thickness of concrete mix prepared using basaltic CA irrespective of
the NMAS. The safe design thickness of concrete pavement is lower for the concrete
mix with lower NMAS irrespective of the aggregate type.

The safe design thickness computed for the B31.5 concrete mix is about 12.5%
higher than that of the B19 concrete mix and about 12.12% higher for G31.5 when
compared to the G19 concrete mix. There is a marginal change in safe design thick-
ness concrete when aggregate is varied, keeping the NMAS constant. There is about
a 6 to 6.5% increase with an increase in NMAS from 19 to 26.5 mm and 26.5 to
31.5 mm.
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Table 6 Dimension and material properties used as input in EverFE software

Dimensions and material properties Input value

Concrete slab

Length 4.5 m

Width 3.5 m

Thickness Varied for safe design thickness (28 to 35 cm)

Modulus of Elasticity From Fig. 2.4 for different mixes

Poisson’s ratio (constant irrespective of mix) 0.15

Temperature differential 16.8 °C during day and 13.4 °C during night
(assumed)

Coefficient of thermal expansion, α 1 × 10–5 /°C (constant irrespective of mix)

Dry lean concrete (DLC) Granular sub-base (GSB)

Length 4.5 m

Width 3.5 m

Thickness 150 mm

Modulus of Elasticity 20,000 MPa

Poisson’s ratio 0.2

Granular sub-base (GSB)

Length 4.5 m

Width 3.5 m

Thickness 150 mm

Modulus of Elasticity 200 MPa

Poisson’s ratio 0.2

Subgrade

Length 4.5 m

Width 3.5 m

Thickness 500 mm

Modulus of Elasticity 100 MPa

Poisson’s ratio 0.2

Dowels

No. of dowels 11

Diameter 32 mm

Length 450 mm

Embedded length 225 mm

Modulus of Elasticity 200,000 MPa

Poisson’s ratio 0.3

Ties

Spacing 1000 mm c/c

(continued)
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Table 6 (continued)

Dimensions and material properties Input value

Diameter 13 mm

Length 1000 mm

Embedded length 500 mm

Modulus of Elasticity 200,000 MPa

Poisson’s ratio 0.3

Fig. 7 Flow chart of the procedure for determining design thickness of the concrete pavement

5 Summary and Conclusions

In this study, the influence of type and size of coarse aggregates (CA) on the safe
design thickness of concrete pavement is studied. The experimental investigation has
been carried out to determine the concrete strength properties. The obtained experi-
mental results are used to determine the safe design thickness of concrete pavement
for Indian conditions using EverFE 2.24 software. The experimental studies found
that all the concrete mix used in this study satisfy the minimum requirements to use
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Fig. 8 Safe design thickness for various concrete mix

them as PQC. However, the mechanical properties of the PQC mix improved with
the use of CA of lower NMAS. The mechanical properties of the PQC mix prepared
using the basaltic CA showed slightly better results than the one prepared using
granitic CA. The safe design thickness of concrete pavement depends to a larger
extent on the NMAS of CA used in the mix than the CA type. It is concluded that
CA with lower NMAS would result in lower safe design thickness and may save
the material cost incurred in the concrete pavement projects. It is suggested to use
stronger CA with lower NMAS based on the availability at the site.
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Investigating Impact of Boundary Layer
in Pervious Concrete

M. Sajeevan, N. Ahilash, and D. N. Subramaniam

Abstract Pervious concrete is a green concrete because of its environmental bene-
fits including reduced carbon footprint. However, industrial application of pervious
concrete is limited by uncertainty of its mechanical properties. While porosity plays
an important role in mechanical properties and understanding on porosity distribu-
tion and characteristics is essential in optimising design of pervious concrete. Image
analysis is a modern tool which could employ different analyses techniques and
significantly reduce error than in conventional methods of analysing porosity. This
study aims to analyse distribution of porosity in pervious concrete, using image
analyses tools. Cubes were cast, cores were obtained, and images of the surfaces
were painted and photographed. Image was converted to binary and analysed and
total porosity of cubes were obtained. A small layer in the top and bottom have high
porosity than total porosity and between those layers the porosity, which is lower than
total porosity, is called effective porosity. Therefore, the top and bottom boundary
layers were analysed with design parameters. Top boundary layer of a concrete cube
is 4.7 mm and it does not depend on design parameters. The bottom boundary layer
of the concrete cube increases with the aggregate to cement ratio and decreases with
applied compaction energy. For blows more than 45, the bottom boundary layer does
not significantly change. Minimum required number of blows for the 1st layer of the
cube to get optimum bottom boundary layer is 10 for all Aggregate to cement ratio
(A/C) except for design with A/C of 2.5.

Keywords Pervious concrete · Boundary layer · Porosity distribution · Effective
porosity · Image analysis

1 Introduction

From the beginning of the industrial revolution the environment got polluted signif-
icantly by anthropogenic activities with the intention of improving their quality of
life [4, 15]. However, when nature started to respond to those activities, humans
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realized the importance of the environment and concept of sustainable development
[20, 22, 24, 25]. After this every field focused on eco-friendly approach whereas
in constructions the concept of Green Buildings is a major element of sustainable
development. One of the approaches of building green is the usage of green mate-
rials that make comparatively lower impact to the environment than conventional
materials [2, 6, 17].

Pervious concrete is a structural element of Water Sensitive Urban Design, which
is based on the green urban development concept [10, 16]. This type of concrete is
considered a green material for various reasons including, (a) elimination of usage
of fine aggregates, sand, (b) less material consumptions, (c) usage of more environ-
mental friendly cements with less carbon footprints, (d) usage of waste material such
as fly ash and bottom ash as fillers, (e) increase in permeability that facilitate perco-
lation of rainwater to recharge aquifers in urban spaces, (f) reduced heat transfer
makes it a good substitute for walls to manage heat and energy losses related to
indoor thermal comfort in buildings are to name a few [1, 7, 14].

Pervious concrete is often considered as a type of light weight concrete (although
the higher compaction can lead to higher density), typically change in the density
range of 1500—2400 kg/m3, primarily depending on aggregate to cement ratio and
compaction of fresh concrete [1, 8]. Absence of fine aggregates, and a designed
aggregate to cement ratio thereby enhance the porosity of the concrete [23]. Increase
in porosity in turn affects the performance of the resulting concrete, predominantly as
a decrease in compressive and flexural strength [10, 11, 19]. Porosity of conventional
concrete is generally less than 1%, where the concrete matrix would ensure that
the coarse aggregate particles are completely surrounded by the binder and fine
aggregates. On the other hand, porosity of pervious concrete may vary from as low as
5% to as high as 50%depending on the application sought [5, 9]. Higher porosity also
indicates that the coarse aggregates may not be covered completely while the binding
of the aggregates would also be incomplete. Aggregate shape and size distribution
would therefore play a vital role in packing of the cube and hence the performance of
hardened concrete and consistency of the same [3, 13]. Aggregate size distribution
and shape in turn would also affect the pore size distribution and shape. This will
affect the connectivity of pores, and effective conductivity of the pervious concrete.

Contemporary literature on pervious concrete research mainly focusses on labo-
ratory scale experiments and data analysis using correlation techniques to recognize
correlating concrete design and performance parameters [12, 18]. Thereby, mathe-
matical models were developed to predict concrete performance based on the design
parameters [5, 19]. The characteristics, importantly the pore characteristics are often
not considered in suchmodels, and this leads to the need of experimental studies prior
to each application. A few studies have analysed some pore characteristics including
porosity spatial distribution and pore size distribution with very limited analyses
relating to design parameters and performance parameters [26]. Image analysis is a
potential tool that is being used primarily in the analysis of pore characteristics in
concrete [5, 21]. However, the potential of this tool has not been developed to be
employed improve current understanding on pervious concrete.
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There is boundary layer effect in both top and bottom of the pervious concrete
which has high porosity compared to the interior of concrete. Therefore, the top and
the bottom layers can bear less load compared to inner concrete. Then the observed
compressive strength test values are not equal to the real bearing capacity of the
design often underestimated. Therefore, the boundary layers should be analysed to
better understand properties of pervious concrete. This study analyses the impact of
design parameters on top and bottom boundary layers and thereby on properties of
pervious concrete.

2 Material and Methods

Ordinary Portland cement (OPC) and crushed aggregates were obtained from local
distributers in Northern Province, Sri Lanka. Required water for the experiments was
collected from the pipe line of the Faculty of Engineering, University of Jaffna and
tested for negligible Chlorine content.

A consistent concrete mixing protocol and duration was adopted in this current
study that lasted for 20 min in total. Optimum water to cement ratio 0.28 was used
throughout the study to maintain zero slump (0–15 mm). In the beginning the aggre-
gates were added with surface dry condition and started to mix with cement in the
drum. After 3 min half of the measured water was sprinkled and after 6th minute
balance water also sprinkled to the mixture and stopped in 12th minute. Chunks and
lumps of materials which was in the interior wall of the drum was removed and
dropped in the concrete mixture. The mixing was started after 3 min of rest and
stopped after 5 min. Then, slump of the mix was tested and the transferred to the
moulds by three layers. The compaction energy was given to the cubes according
to the mix design by three layers with a standard proctor Rammer which has 2.5 kg
weight. A Total number of 15, 30, 45, 60 and 75 blows were given to cubes for
experiments. The compaction energy was distributed equally for all three layers.

The particle size distribution of the aggregates was determined using image anal-
ysis. Sample of coarse aggregates were taken and soaked in black color oil paint.
After drying, the particles were arranged in a white sheet which has known area.
An image was taken by covering the complete white sheet. Arranged particles were
mixed, re-arranged and images were taken. The images were cropped and converted
to binary scale of black and white. The image was then processed, and area of each
black zone was obtained by scaling the image for white sheet as reference. The
image processing and analysis were done using ImageJ™ which is an open-source
software. The equivalent diameter of each black zone was computed. The cumulative
area percentage against particle size distribution was plotted as shown in Fig. 1. The
distribution of particles in the graph is between 12 to 25 mm and mean diameter is
18.7 mm.

The aggregate to cement (A/C) ratios 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 were
used throughout the experiment. By changing the total number of blows and the A/C
ratio, different types of mix design were completed as shown in Table 1.
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Fig. 1 Particle size distribution of aggregates used in this study

Table 1 Details of cubes casted with difference mix designs in experiment

A/C
Ratio

Compaction (number of blows)

15 30 45 60 75

2.5
√ √ √ √ √

3.0
√ √ √ √ √

3.5
√ √ √ √ √

4.0
√ √ √ √ √

4.5
√ √ √ √ √

5.0
√ √ √ √ √

6.0
√ √ √ √ √

7.0
√ √ √ √ √

In total, 40 different mix designs were fabricated, and twelve cubes were cast in
each design mix amounting to a total of 480 concrete cubes. Each cube cast were
of dimensions 150 mm × 150 mm × 150 mm (standard cube size). The weight of
each concrete mix in each cube were measured using a digital balance with a least
count of 1 g. The slump of each design was also measured to ensure that it was zero.
The cubes were then air-dried for 24 h in room temperature and then transferred to
water curing tank and cured for 28 days (total of 29 days). Then 6 cubes of each
design were tested for compressive strength and the core of the balance 6 cubes were
separated for analysis. The core was dipped in the water filled graduated glass tank
(vernier calliper with a least count of 0.05 mm) of dimensions 150 mm × 150 mm
× 250 mm (width, length and depth, respectively). The porosity of the core sample
was measured from the volume of the replaced water by solid of the concrete.



Investigating Impact of Boundary Layer in Pervious Concrete 435

The core samples were then oven dried at 104 °C for 24 h. The curved surface of
the core samples was then sprayedwith black aerosol spray paint and air-dried. Black
colour covered all pore, paste and aggregate surface of the core. The cut surface (of the
cross-section) of paste and aggregates were painted with white paint carefully using
a brush. It allows to easily differentiate the pores and cut surface of paste aggregate.
The dried core sample was placed in a revolving table which can be controlled by a
stepper motor. The image of curved surface was taken in panoramic view using Sony
A7 III camera with 50 mm/f 1.8 prime lens from a distance of 350 mm.

2.1 Quality Control

The whole batch of aggregates were obtained in one purchase and stored in room
temperature and at controlled humidity. The quality of the aggregate was tested
using standard testing methods. Cement for the experiments were purchased from
same brand and same batch in one purchase and stored in a dry place wrapped in
polythene covers. The moisture content of aggregates was measured prior to each
experiment to ensure the initial moisture content was similar across all experiments.
Good laboratory practices were followed at all times during the experiments.

Before mixing each batch of concrete, the mixing drumwas washed with water to
eliminate dust and other particles from the last session and dried. On every casting
day another three control cubes were cast to monitor the impact of other factors on
the properties of concrete. The control cubes were cast for the same A/C ratio (3.5),
and a constantW/C ratio of 0.28 and a compaction of 30 blows. Samemixingmethod
used for experimental cubes were applicable for control cubes as well. The weight of
fresh concrete, dry concrete and compressive strength were monitored for the control
cubes as well.

Instead of natural light, ring light was used to maintain same light condition for
all cubes. Aperture was used above f 9 to reduce the blur effect in pores when the
camera is focused in the cut surface. ISO below 2000 was used to reduce the noise.
All other camera settings had not been changed throughout the study to maintain
same image features. Camera was fixed at 350 mm distance from the centre of the
rotating stage. These precautions were taken to reduce the error in the image and
improve the quality of the image.

2.2 Data Analysis

The images were converted to binary format and analysed using Matlab, which is
a software containing tools for image analysis. In the binary image a black pixel
represents pore surface and white pixel represents aggregate or binder cut surface.
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Fig. 2 Cropped image and processed binary image of A/C 3.0 and 30 blows mix design cube 1

When a binary image loaded in Matlab, it is stored in matrix format. As the image
is binary, the matrix will be two dimensional which contains 0 and 255. It means
0 represents black colour and 255 represents white. In the image or piece of image
total number of black pixels by total number of pixels gives the porosity. The process
was done by algorithms of Matlab (Fig. 2).

3 Results and Discussion

When the core of the concrete cube was dipped in the water tub, the water enters
the pores of the core. If the water entered into all pores we can take, the replaced
volume of water by the core of the concrete cube is equal to solid volume of the core.
However, when some pores are not connected to the surface, the water wouldn’t enter
them. In turn, such pores would be counted as solids in the concrete and the replaced
water will be equal to the addition of unconnected pores and solids. When the core
of the cube was separated and the image of the curve surface was analyzed, all
pores, including closed pores will be measured. This value will therefore reflect the
true porosity of pervious concrete. The porosity computed from water replacement
is referred to as Measured Porosity (MP) while the porosity compute from image
analysis is referred to as Actual Porosity (AcP). The variation of MP and AcP with
Aggregate to Cement (A/C) ratio is shown in Fig. 3

For all designs the AcP is higher than MP as expected from the discussion above.
In addition, the difference between AcP and MP gradually increases with A/C ratio.
On a closer analysis, it could be observed thatMP is a fraction of AcP, which remains
constant (approximately 0.6) across all A/C ratio. This observation shows that using
comparison of performance of pervious concrete across different designmay employ
MP while it is not a correct indicator of porosity of pervious concrete.

The AcP is computed by analysing the curved surface of the core sample obtained
from the cube concrete samples. The pore area of the surface divided by the total
area of the picture was AcP. The image was then split into 10 layers horizontally (the
width of each layer was 15mm,whereas the total height of the imagewas 150mm the
height of the core sample). Figure 4 shows the variation of porosity with depth from
top and A/C ratios for pervious concrete samples cast with 30 blows of compaction.
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Fig. 3 Aggregate to Cement ratio versus Apparent Porosity and Actual Porosity of 30 blow
compaction designs

Fig. 4 Porosity versus depth graph for all aggregate to cement ratio designs with 30 blow
compactions

It is apparent from Fig. 4 that top and bottom strips of all samples have higher
porosity than other strips (middle strips). In addition, it also could be observed that
all eight strips in the middle have same porosity indicating uniform distribution of
porosity in the inner layers. These two observations were also consistent throughout
samples of all compaction levels. The uniform porosity of the inner layers of a
sample is termed as Effective Porosity (EP) in this study. Because the application of
the pervious concrete depends primarily on the permeability, EP would be a better
representation than AcP or MP. It could also be observed that the boundary layer
was situated in 10% from top and bottom boundaries. The impact of A/C ratio and
compaction on the extent of boundary layers in the sample was therefore analysed
subsequently.
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Cube was divided by five and the first layer and the last layer was picked for
this part of the analysis on boundary layers. Picked layers were further sliced in to
10, 20, 30, 40, 50, 75 and 100 number of strips. The width of the strips were then
varied from 0.15 mm to 1.5 mm (4–40 pixels). The porosity of each strip was then
computed based on the area of the pore and total area. This process was done to one
cube per design for all A/C ratios in 30 blows compaction and for all total number
of blows compaction in 3.0 A/C ratio in. From preliminary analysis the number of
strips were optimized to 50 as a strip was representative element for the analysis of
boundary layers.

For all cubes the chosen top and bottom layers were divided in to 50 strips and
the porosity of each strip were computed. From six cubes of each design the average
porosity for each strip was calculated. A graph was plotted for depth against porosity
for both top and bottom layer of both experiments, separately. The graph obtained
was in the shape of a mirror image of ‘S’ curve.

y = a

b + c∗e−d∗x (1)

In Eq. (1), a, b, c and d are arbitrary constants. Equation 1 indicated an ‘S’ curve
which starts in zero and ends in a/b. The maximum value of porosity is 1 (fraction)
and the curve starts from its highest value and ends at EP of the particular concrete
sample. The function was modified as in Eq. 2, for the mirror image of Eq. 1, so that
the function starts at the maximum porosity and ends at EP. A constant was added
to end the curve in effective porosity of the cube, where the constant ‘c’ is EP of the
sample. In Eq. (2), a, b and c are arbitrary constants.

y = 1 − c

1 + a ∗ eb∗x
+ c (2)

Curves of all samples with varying A/C ratio and compaction were fitted for the
function given in Eq. 2, for variation of porosity (y, in fraction) and depth (x). The
point at which the porosity of the strip approaches EP was mathematically computed
from the function and noted.

Figure 5 shows the variation of thickness of boundary layers with A/C ratio and
compaction levels.

Pervious concrete samples cast with 15 blows of compaction showed a sudden
increase from A/C 3.0 to 3.5, decreased till 5.0 and then plateaued at 6 and 7.
In comparison to a definite pattern observed for samples with higher compaction,
samples with 15 blows of compaction showed a random variation with A/C ratio.
This observation could be partially attributed to the fact that the bottom layer of the
cubes that received 15 blows in total had received only 5 blows which had not met
the minimum required compression to effect uniform compaction. Samples with 30
blows or higher of compaction in contrast, had received 10 blows or more for bottom
layer. In addition, the thickness of the boundary layer did not show significant impact
of compaction, however, a gradual increase was observed with A/C ratio for all
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Fig. 5 Bottom boundary layer versus aggregate to cement ratio for all compaction mix designs

samples with compaction higher than 30 blows in total. This observation in contrast
to that observed for samples with 15 blows indicate that the bottom layers receive
optimum compaction between 5 and 10 blows on the bottom layer to attain uniform
compaction.

The boundary layer thickness of samples that received 15 blows of compaction
had fluctuated up to 20 mm, which is approximately 15% of the volume of the cube
cast. On the other hand, the boundary layer thickness of the samples that received 30
blows or higher of compaction had increased from approximately 5 mm to 10 mm
accounting for a maximum of 7% of the volume of the cube. When A/C increases,
the workability decreases. So, the minimum required compaction energy increases.
The bottom boundary layer increases with aggregate to cement ratio slightly when
the cube received compaction more than minimum requirement.

When the compaction increases the bottom boundary layer decreases, but after 45
blows the bottom boundary layer doesn’t have significant difference.We can observe
it from Fig. 6 and the one way ANOVA test was done for the obtained data within
designs and between designs (Fig. 7).

Top boundary layer doesn’t have any relationship with any parameters. In this
case when the compaction was applied to the cube, there would be a space in the top
of the mold because of the compressed concrete. Therefore, the space will be filled
with fresh concrete and it doesn’t receive the compaction of the mix design. The top
boundary layer depends on the added extra fresh concrete after compaction. From
the analyzed data, the top boundary layer is 4.74 mm (95% CI 4.46–5.01 mm).
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Fig. 6 Bottom boundary layer versus number of blows for samples with A/C ratio of 2.5

Fig. 7 Top boundary layer versus Number of Blows Error bar graph

4 Conclusion

Measured Porosity (MP) estimated from water replacement experimental method is
only a fraction of Actual Porosity (AcP) of pervious concrete, due to occurrence
of inaccessible pores. AcP assessed through image analysis includes the impact of
porosity distribution in the boundary layers (top and bottom). Porosity is distributed
evenly across the inner layers of pervious concrete (in between top and bottom
boundary layers) for samples that hadmore than 30 blows of compaction, irrespective
of A/C ratios used. This is termed as Effective Porosity (EP). EP increases with
decrease in compaction and increase A/C ratio.

The pervious concrete has boundary layers in the top and bottom which have
higher porosity than EP (even more than AcP). The thickness of bottom boundary
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layer decreaseswith compaction and increaseswithA/C ratio. An optimum thickness
of less than 10 mm for bottom boundary layer was obtained for all samples that had
more than 30 blows of compaction, irrespective of A/C ratio. However, lower A/C
ratio had even lower boundary layer thickness at the bottom of approximately 5 mm,
compared to approximately 10 mm for higher A/C ratio (7.0). Thickness of the top
boundary layer on the contrary, did not depend on neither A/C ratio nor compaction,
and was observed to be almost constant at 4.74± 0.28mm (95% confidence interval)
and depends primarily on the filling the cubes.
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Laboratory Characterization
of Cement-Treated Rock Rubble
as Airfield Pavement Base Layer

J. H. Tan, Q. Khan, C. H. Ng Yannick, and G. P. Ong

Abstract As a means to ensure economic and environmental sustainability in pave-
mentworks, the use of locally obtainedwastematerials (rocks) in base layer design as
well as exploring energy-efficient construction methods is highly encouraged. This
study explores the use of cement-treated recycled rocks of up to 1.5 in. (37 mm) in
size as an alternative base layer material for the construction of airfield pavements.
The Preplaced Aggregate Concreting Method (PAC) was implemented to construct
the base layer without any vibration or compaction effort. This is an unconventional
airfield pavement base construction method, which solely relies on the flowability of
the grout mix to ensure the voids between rocks are filled up bymeans of gravity. The
experimental program explores the compressive strength, modulus of elasticity and
tensile strength of the material. The preliminary results demonstrate the potential of
CTRR as a viable base layer alternative to existing stabilized bases.

Keywords Preplaced aggregate concrete · Rock rubble · Cement-treated ·
Stabilized base · Airfield pavement

1 Introduction

Preplaced Aggregate Concreting (PAC) is a concreting technique whereby coarse
aggregates are preplaced and grout subsequently inserted to fill up the voids between
the aggregates [1–3]. Unlike conventional concreting methods, which require high
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energy consumption for vibration and compaction, PAC utilizes a grout mix that is
flowable enough to fill the voids by self-weight. No vibration or compaction effort
is required [1]. PAC can carry up to 60% of coarse aggregates compared to about
40% in conventional concrete [1–3]. As a result, PAC requires a lower proportion
of grout, making it an economical option to utilise. In contrast to normal concrete,
where coarse aggregates are relatively dispersed, the coarse aggregates in the PAC
method rest atopone another, creatingmorepoint-to-point contact for improved stress
distribution [2]. Adopting the PAC method over the conventional concreting tech-
nique reaps eco-efficient and mechanical performance benefits, such as using lower
cement content, preventing segregation of coarse aggregates and reducing concrete
shrinkage [3]. The application of the PAC technique has been well-established for
repair and reinforcement of structures, most notably the rehabilitation of Hoover
Dam [4]. However, its application in the aviation industry has yet to be explored.

Construction of stabilized bases for airfield pavement works often requires vibra-
tion/compaction as well as having smaller aggregates, which requires additional
crushing at the plant. These existing preparation techniques are considered to be
energy-intensive and costly. Moreover, most construction materials for stabilized
base construction in Singapore are usually imported. To promote sustainability in
pavement works, exploration of locally obtained materials as substitution is highly
encouraged. This study aims to utilize waste rocks from rock cavern excavation to
construct a cement-treated rock rubble (CTRR) as an alternative sustainable material
for stabilized base layer in airfield pavement design construction. As an initial step,
this study characterizes the mechanical properties of CTRR in terms of compressive
strength, modulus of elasticity, and tensile strength, to evaluate its suitability as an
alternative to existing stabilized bases.

2 Experimental Program

2.1 Material Properties

Ordinary Portland Cement (OPC) Type I was used. Its minerals are shown in Table 2.
Locally obtained granite rock aggregates with particle sizes ranging from 0.75 in. to
1.5 in. (19–37 mm) were used as coarse aggregate. These rock aggregates originate
from the Bukit Timah granite formation in the northern region of Singapore. The
rocks have a specific gravity of 2.67 and a water absorption capacity of 0.85%.
Table 1 summarizes the aggregate performance and quality based on the Coarse
Aggregate Material Requirement of the Federal Aviation Administration Advisory
Circular FAA-10H [5]. The gradation of the rock rubble is shown in Fig. 1a. A
mixture of quarry sand (QS), a by-product from the rock cavern excavation process,
and commercially obtained river sands (W7 and W9), was used as fine aggregates.
As shown in Fig. 1b, the overall gradation of fine aggregates (14% of W7, 30%
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Table 1 Test results on coarse aggregates according to FAA requirements

Material test Result Requirement Standard

Resistance to
degradation

16% by weight Loss: 40% maximum ASTM C131

Soundness of aggregates
by use of magnesium
sulfate

1.8% Loss after 5 cycles:
15% maximum

ASTM C88

Flat particles, elongated
particles or both

0% 10% maximum by
weight

ASTM D4791

Percentage of fractured
particles

100%, by weight, of
particles with at least two
fractured faces

Minimum 60% by
weight of particles with
at least two fractured
faces

ASTM D5821

Clay lumps and friable
particles

0.45% Less than or equal to 3
percent

ASTM C142

Table 2 Mineralogy of OPC Minerals Composition (%)

SiO2 22

Al2O3 5

MgO 2.5

Fe2O3 3.1

SO2 2

K2O 0.6

Na2O 0.6

Mn2O 0.3

CaO 65.4

of QS and 56% of W9) falls within the recommended American Concrete Institute
Committee 304 (ACI-304.1) Gradation 2 limit [4].

2.2 Optimal Grout Mix Proportion

In the PAC technique, rheological properties of grout mix significantly affect the
bond between rock rubble. The fluidity and consistency of the grout mix determine
its ability to fill up the void spaces without segregation. To reach an optimum mix
design, it is crucial to determine the appropriate combination of cement, water, and
fine aggregates. The principal factor affecting strength is the water/cement (w/c)
ratio, while fines/cement (f/c) ratio influences the consistency of the grout mix [6,
7]. Hence, several mix proportions were investigated to optimize both consistency
and fluidity. Grout mixes at varying w/c and f/c were first subjected to bleeding tests
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Fig. 1 a Rock rubble gradation; b Fine aggregate gradation

following ASTMC940 [8]. The target criteria for bleeding limit is less than 5% after
120 min. As Fig. 2a shows, while the f/c ratio influences bleeding more significantly
than the w/c ratio, excess fines also result in a more viscous and less workable grout.

The effect of mineral additives was also explored to enhance the rheological prop-
erties of the grout mix without significantly increasing the f/c. Pozzolanic materials
such as bentonite have been widely used as an admixture during grout slurry process.
Its superior water-absorbent capability, as well as the slow pozzolanic reaction with
cement hydration, makes bentonite a suitable candidate to improve the rheological
properties of the mix without accelerating the rate of strength gain in grout [9, 10].
Luo et al. [10] recommend the optimum amount of bentonite added to be between 5 to
15% of cement weight. In this study, the optimum dosage of bentonite is determined
using the bleeding test mentioned above. To evaluate the influence of bentonite
on the reduction in bleeding, preliminary experiments were conducted at f/c = 1.
Bentonite was added at increasing dosage, in proportion to cement weight, across

Fig. 2 Bleeding limit: a Without bentonite; b with bentonite
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Table 3 Optimal grout mix proportion

w/c f/c Bentonite (%) by cement wt Superplasticizer (%) by cement wt

0.6 2 5 1.5

0.7 2 5 1.0

0.8 2 5 1.0

0.9 2 5 0.5

1.0 2 5 0

varying w/c ratio as shown in Fig. 2b. From the preliminary study, it is concluded
that increasing bentonite content significantly reduces the rate of bleeding at a fixed
f/c ratio. However, an excessive amount of bentonite results in a viscous grout mix.
Therefore, bentonite dosage of 5% was found to be optimal without compromising
on the workability of the grout. In order to further ensure the bleeding criteria is met
across all w/c ratios during specimen preparation, the f/c was increased to 2 while
maintaining bentonite dosage of 5% by cement weight.

As for grout fluidity, it is determined using the flow cone method according to
ASTM C939 [11]. Depending on the mix ratio, superplasticizer was added to ensure
a homogeneous and flowable mix. The addition of superplasticizer increases the
grout fluidity at low w/c ratio, which is beneficial for filling up the voids between
aggregate particles. Abdelgader [6] proposed a superplasticizer dosage of 1.2–2% of
cement weight for PAC specimens. According to ACI 304.1, the recommended time
of efflux ranging from 18 to 26 s is deemed ideal for PAC specimens [4]. However,
this is proposed for high strength applications such as structural beams and columns,
and a more fluid grout mix is thus preferred for low strength applications like CTRR.
The final grout mixes are shown in Table 3.

2.3 Specimen Preparation

CTRR cylindrical specimens were prepared in moulds of 6 in. diameter × 6 in.
height (150 mm × 150 mm). Rock rubble was initially laid in the mould, and the
grout mixture was separately mixed via a shear mixer for three minutes. The grout
was subsequently poured into the mould and allowed to flow without vibration. In
addition, cylindrical moulds of dimensions 2 in. diameter × 4 in. height (50 mm ×
100 mm) were also used to prepare grout specimens with varying w/c ratio. After
casting, the specimens were sealed to prevent moisture loss and cured for 7–28 days.
After one-day of curing, the specimens were de-moulded to cure in an air-tight
container until testing age. Figure 3 shows a schematic diagram of the cylindrical
specimen preparation.
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Fig. 3 Schematic procedure of cylindrical preparation

2.4 Testing Procedure

Material characterization is a crucial step for pavement analysis because funda-
mental engineering parameters are essential formechanical-empirical design to better
predict its pavement behaviour and distress response [12]. Themechanical properties
of CTRRwere examined in terms of compressive strength, modulus of elasticity and
splitting tensile strength. Following ASTM C39 [13], the unconfined compression
test was conducted at a displacement-controlled rate at 0.04 in./min (1 mm/min).
External Linear Variable Displacement Transducers (LVDT) in contact with the top
loading platen measure the axial strain. The modulus of elasticity test was conducted
as per ASTM C469 [14]. Using a Virtual Infinity Stiffness (VIS) load frame by GDS
Instruments, loading and unloading cycles could be configured within the software;
the test consists of four load-unload cycles up to 40% of the peak strength during
loading phase and subsequently back to near zero load during the unload cycle. The
loading rate of the VIS load frame was kept constant at 0.04 in./min (1 mm/min).
The modulus was calculated as shown in Eq. 1, where P40 represents 40% of peak
strength; P0.00005 is the strength at 50-microstrain, and ε40 is the longitudinal strain
produced atP40.LocalLVDTswith a gauge length of 4.33 in. (110mm)were installed
on the specimens to measure the axial displacement during load-unload cycles. The
splitting tensile test was performed in accordance with ASTM C496 [15]. The test
was carried out at 11.24 kips/min (50kN/min). The tensile strength of the specimen
was calculated as shown in Eq. 2, where P is the peak load, and l and d are the length
and diameter of the specimen respectively. Figure 4 illustrates the test setup of the

Fig. 4 Testing setup: a unconfined compression test; bmodulus of elasticity test; c splitting tensile
test
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three tests mentioned above.

E = P40 − P0.00005
ε40 − 0.00005

(1)

T = 2P

πld
(2)

3 Results and Discussion

3.1 Unconfined Compressive Strength

Although compressive failure rarely occurs in pavement structures, the compressive
strength of cementitious materials is one of the most widely used measure of quality
assurance during design and construction because of its convenience [16]. FAA-10H
standard imposes an upper limit of 800 psi (5.516 MPa) on the 7-day strength of
stabilized bases to mitigate the risks of reflective cracking [5]. Table 4 presents the
7-day and 28-days compressive strength of CTRR at w/c ratio ranging from 0.6
to 1.0. As expected of cementitious materials, the strength of CTRR is inversely
proportional to its w/c ratio. For a given w/c ratio, the 7-day strength appears to
be a reasonable estimation of the long-term strength as it is approximately 70% of
the 28-day strength. Figure 5a shows the 7-day strength of CTRR clearly exceeds
FAA’s strength criteria, which may result in significant reflective cracking. This can
be alleviated by constructing a layer of unbound granular base that acts as a buffer,
thus protecting the overlying surface course [17]. Given the presence of a granular
interlayer, higher strength gain can be allowed within the CTRR layer to allow for
heavier aircraft loading.

Figure 5b compares the strength of CTRR with that of pure grout at 7-day. The
grout strength is generally higher than CTRR. This agrees with past studies on PAC
[18]. In addition, the difference in compressive strength between CTRR and the grout

Table 4 Compressive strength results

w/c ratio Cement content
(lb/ft3)

CTRR 28-day mean
compressive
strength (psi)

CTRR 7-day mean
compressive
strength (psi)

Grout 7-day mean
compressive
strength (psi)

0.6 34.3 3646.7 2217.3 2610.7

0.7 32.5 3091.5 1179.2 2593.3

0.8 30.6 2283.9 1627.8 2364.1

0.9 29.0 1312.3 1123.0 1435.9

1.0 28.1 1072.6 845.4 847.2
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Fig. 5 Compressive strength: a 7 versus 28 days; b CTRR versus grout

mix reduces with increasing w/c ratio. As the rock aggregates are very likely to have
a higher compressive strength than the grout, the strength of the CTRR is governed
by the strength of the grout mix and the adhesion bonding at the interfacial transition
zone (ITZ). Xie et al. [19] reported that a higher w/c ratio results in weaker ITZ
interface between the cement paste and rock aggregates. As shown in Fig. 5b, this
phenomenon explains the comparable strength between grout and CTRR at w/c =
1.0, thereby suggesting that bond strength at ITZ is relatively as weak as the strength
of grout at higher w/c ratios.

Figure 6 shows the failure pattern of a CTRR specimen, wherein fracturing is
observed at the ITZ. This is attributed to the weak adhesive interface between the
rock rubble and the grout. Since these large discontinuities are not present in pure
grout specimens, the latter tend to return a higher strength.

Fig. 6 Cross-section of
CTRR after failure
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3.2 Modulus of Elasticity

The modulus of elasticity is a crucial input parameter in pavement design. Cemen-
titious stabilized bases such as lean concrete and cement-treated bases are typically
used as structural layers in a pavement system and behave similarly to an elastic
slab [20]. A base layer with adequate stiffness is preferred to control the warping
stresses induced by temperature and shrinkage differential [12]. However, a high
modulus of elasticity may result in brittle behaviour leading to reflective cracking
propagating up to surface courses, resulting in premature failure to the pavement.
Xuan et al. [21] reported common modulus values of 0.15 to 2.90 million psi (1–20
GPa) for cement-treated aggregate material. Scimemi performed a series of heavy-
weight deflectometer (HWD) tests on cementitious bound base layer on an airfield
pavement and found that the modulus of the cement-treated base varies from 0.16 to
0.71 million (1.1–4.9 GPa) [22].

Figure 7a shows the stress–strain curves obtained from load-unload cycles of
CTRR for different w/c ratios. The mean 7-day modulus values are 0.95, 1.7 and
2.0 million psi for a w/c ratio of 0.9, 0.7 and 0.6 respectively. These results are
consistent with the reported values in the literature. Similarly, stiffness is derived
from stress–strain curve obtained from compressive strength tests, using a secant
modulus at 50% of the peak stress. From Fig. 7b, the moduli are 0.075, 0.17 and 0.24
million psi forw/c ratio of 0.9, 0.7 and 0.6 respectively. Themoduli from compressive
strength tests are almost one order lower than the moduli obtained from the load-
unload tests. Themeasurement of axial deformation based on local LVDTs from load-
unload tests yields more accurate moduli values. On the other hand, measurements
of displacement recorded by external LVDTs from compression testing significantly
overestimates the strain values, due to extraneous movements induced by the loading
platen and/or specimen bedding errors.
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Fig. 8 a Line of split (highlighted in yellow), b Failure plane of CTRR, c split tensile strength

3.3 Splitting Tensile Strength

Splitting tensile strength is an essential parameter in understanding CTRR as a poten-
tial base layer in a pavement structure. The major pavement distresses commonly
associated with cement-treated bases are transverse cracking (caused by warping
stresses) and fatigue cracking. Cementitious materials are known to be weaker in
their tensile capacity rather than compressive strength. Hence, its tensile properties
reflect the cracking potential as it simulates tensile stresses at the bottom of the base
course when subjected to loading and environmental conditions.

Figure 8c shows that the mean 7-day splitting tensile strength at varyingw/c ratio,
ranges from 131.7 to 206 psi (0.91–1.42 MPa). However, a significant variation of
14% in strength was observed for each w/c ratio. This was also observed by Guinea
et al. [23] for conventional concrete and they attributed this effect to the influence of
aggregate-mortar interface on the cracking mechanism for concrete. In the context
of CTRR, the larger maximum rock sizes, as compared to the maximum aggregate
sizes used for conventional concrete, would result in a smaller overall specific surface
contact area with the grout, thereby reducing the effectiveness of the interfacial bond
on the tensile behaviour of CTRR specimens. Figure 8b depicts the weak adhesion
between the grout and rocks of a post-test specimen after tensile failure.

4 Conclusion

This study has explored the usage of recycled rocks (of up to 1.5 in. or 37 mm
in diameter) to develop an alternative and more sustainable stabilized base layer
for future airfield pavement applications. The main findings of the study can be
summarized as follows:
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• The mechanical properties of CTRR, namely compressive strength, modulus of
elasticity and splitting tensile strength, are comparable to that of existing base
materials.

• Despite exceeding the FAA’s 7-day compressive strength criteria, the concern of
reflective cracking can be mitigated by constructing a layer of unbound granular
base that acts as a buffer to protect the overlying surface course.

• Compressive and tensile failure of CTRR material was observed to be caused by
theweak rock-grout adhesion bond. Themode of failure across differentw/c ratios
is dependent either on the strength of grout mix or the interfacial bond relative to
grout strength.

From this preliminary study, it is shown that CTRR has potential to be a more
sustainable substitute for existing stabilized bases because it uses a lower cement
content and incorporates waste materials such as rocks and quarry sand. However,
more advanced tests have to be carried out to understand its flexural and fatigue
properties under long term loading.

References

1. Das KK, Lam ESS (2020) Feasibility of producing two-stage (preplaced aggregate) concrete
by gravity process. Struct Concr 21(3):1157–1163. https://doi.org/10.1002/suco.201900356

2. Najjar MF, Soliman AM, Nehdi ML (Jul. 2014) Critical overview of two-stage concrete: prop-
erties and applications. Constr Build Mater 62:47–58. https://doi.org/10.1016/j.conbuildmat.
2014.03.021

3. Lv J, Zhou T, Li K (Jan. 2020) Development and investigation of a new low-cement-
consumption concrete—preplaced aggregate concrete. Sustainability 12(3):1080. https://doi.
org/10.3390/su12031080

4. ACI 304.1 R92 (1997) “Guide for the use of preplaced aggregate concrete for structural and
mass concrete applications.“ ACI Committee 304

5. FAA AC150/5370–10H (2018) “Standard specifications for construction of airports. “Federal
Aviation Admin

6. Abdelgader HS, Górski J (Aug. 2002) Influence of grout proportions on modulus of elasticity
of two-stage concrete. Mag Concr Res 54(4):251–255. https://doi.org/10.1680/macr.2002.54.
4.251

7. Chairunnisa N, Fardheny AF (2019) The study of flowability and the compressive strength
of grout/mortar proportions for preplaced concrete aggregate (PAC). MATEC Web Conf
280:04010. https://doi.org/10.1051/matecconf/201928004010

8. ASTM Standard C940 (2016) “Standard test method for expansion and bleeding of freshly
mixed grouts for preplaced-aggregate concrete in the laboratory. “ASTM International, West
Conshohocken, PA

9. AhmadS,BarbhuiyaSA,ElahiA, Iqbal J (Mar. 2011)Effect of Pakistani bentonite on properties
of mortar and concrete. Clay Miner 46(1):85–92. https://doi.org/10.1180/claymin.2011.046.
1.85

10. Luo J, Li C, Ma Y, Wang L (2019) “Bentonite replacing part of cement concrete for resistance
to chloride ion attack.” E3S Web Conf 136:03011. https://doi.org/10.1051/e3sconf/201913
603011.

11. ASTM Standard C939 (2010) “Standard test method for flow of grout for preplaced aggregate
concrete. “ASTM International, West Conshohocken, PA

https://doi.org/10.1002/suco.201900356
https://doi.org/10.1016/j.conbuildmat.2014.03.021
https://doi.org/10.3390/su12031080
https://doi.org/10.1680/macr.2002.54.4.251
https://doi.org/10.1051/matecconf/201928004010
https://doi.org/10.1180/claymin.2011.046.1.85
https://doi.org/10.1051/e3sconf/201913603011


454 J. H. Tan et al.

12. Rao C, Titus-Glover L, Bhattacharya B, Darter MI, Stanley M, Von Quintus HL (Aug 2012)
“Estimation of key pcc, base, subbase, and pavement engineering properties from routine tests
and physical characteristics,” [Online]. Available: https://trid.trb.org/view/1216257

13. ASTM Standard C39 (2015) “Standard test method for compressive strength of cylindrical
concrete specimens. “ASTM International, West Conshohocken, PA

14. AATMStandardC469 (2014) “Standard testmethod for staticmodulus of elasticity and poisson
ratio of concrete in compression. “ASTM International, West Conshohocken, PA

15. ASTM Standard C496 (2011) “Standard test method for splitting tensile strength of cylindrical
concrete specimens. “AATM International, West Conshohocken, PA

16. Lv S et al (Jul 2019) “Strength and fatigue performance for cement-treated aggregate base
materials.” Int J Pavement Eng. https://doi.org/10.1080/10298436.2019.1634808

17. Brown SF (1979) “Design of pavements with lean-concrete bases.” Presented at the 58th
annual meeting of the transportation research board. [Online]. Available: https://trid.trb.org/
view/148093

18. Cheng Y, Liu S, Zhu B, Liu R,Wang Y (2019) Preparation of preplaced aggregate concrete and
experimental study on its strength. Constr Build Mater 229:116847. https://doi.org/10.1016/j.
conbuildmat.2019.116847

19. “Experimental study of the interfacial transition zone (ITZ) of model rock-filled concrete
(RFC),” (Jan 2015) Cement and Concrete Composites 55:223–231. https://doi.org/10.1016/j.
cemconcomp.2014.09.002

20. Lim S, Zollinger DG (Jan. 2003) Estimation of the compressive strength and modulus of
elasticity of cement-treated aggregate base materials. Transp Res Rec 1837(1):30–38. https://
doi.org/10.3141/1837-04

21. Xuan DX, Houben LJM, Molenaar AAA, Shui ZH (Jan. 2012) Mechanical properties of
cement-treated aggregate material—a review. Mater Des 33:496–502. https://doi.org/10.1016/
j.matdes.2011.04.055

22. Fileccia Scimemi G, Turetta T, Celauro C (Aug 2016) “Backcalculation of airport pavement
moduli and thickness using the lévy ant colony optimization algorithm.” Construct BuildMater
119:288–295. https://doi.org/10.1016/j.conbuildmat.2016.05.072

23. Guinea GV, El-Sayed K, Rocco CG, Elices M, Planas J (2002) The effect of the bond between
the matrix and the aggregates on the cracking mechanism and fracture parameters of concrete.
Cem Concr Res 32(12):1961–1970. https://doi.org/10.1016/S0008-8846(02)00902-X

https://trid.trb.org/view/1216257
https://doi.org/10.1080/10298436.2019.1634808
https://trid.trb.org/view/148093
https://doi.org/10.1016/j.conbuildmat.2019.116847
https://doi.org/10.1016/j.cemconcomp.2014.09.002
https://doi.org/10.3141/1837-04
https://doi.org/10.1016/j.matdes.2011.04.055
https://doi.org/10.1016/j.conbuildmat.2016.05.072
https://doi.org/10.1016/S0008-8846(02)00902-X


Laboratory Investigations on Lateritic
Soil Stabilized with RBI Grade 81,
Coconut Fiber and Aggregates

B. A. Chethan and A. U. Ravi Shankar

Abstract Soil stabilization is an excellent old technique adopted to improve the
properties of any weak soil. In the recent past, many chemical stabilizers came to
the market. In this study, a commercial stabilizer-RBI Grade 81’s (dosage 2–8%)
potential to improve lateritic soil properties was investigated. At 6% RBI Grade 81
dosage, the effect of reinforcement was evaluated by using 0.5 and 1.0% coconut
fibers. Strength improvement of 6% RBI Grade 81 stabilized soil admixed with
<12.5 mm size aggregates (5, 10, and 15%) was studied to know the effect of gran-
ular layer demolition waste incorporation. CBR andUCS tests were used for strength
evaluation. Considerable improvement in mix strength was observed above 6% RBI
Grade 81 dosage on 28 curing days for the soil incorporated with fibers and aggre-
gates. A linear fit was established between UCS and soaked CBR, which shows
a high correlation (>0.9), and Prob > F is <0.06 depicting high reliability for the
estimation of soaked CBR from UCS. Further, fatigue and durability tests were
carried out to understand stabilized soil’s behavior under dynamic load application
and performance during monsoon to simulate the submerged condition of the pave-
ment in dense rainfall areas (>3500 mm). Stabilized lateritic soil mixes sustained
freeze–thaw cycles effectively with weight loss of <14%. However, even at an 8%
RBI Grade 81 dosage, the mix has not satisfied the wetting–drying test requirement.
Stabilized soil blends showed excellent fatigue performance under repeated loads.
The 6% RBI Grade 81 treated soil mixes can be used for modified subgrade.

Keywords Lateritic soil · RBI Grade 81 · Coconut fiber · Aggregate · Stabilization

1 Introduction

Over recent years, sustainable highway construction practices used stabilization tech-
niques for improvingunsuitable soil by enhancing shear strength andbearing capacity
[1]. Subgrade gives ultimate support to upper pavement layers [2]. Its stability and
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durability should be improved economically to give better pavement performance
under repeated wheel loads.

RBI Grade 81 is a commercial soil stabilizer. A fair to excellent volume stability
was observed when soil containing fine silt to coarse sand particles was treated using
this stabilizer [3]. When used with expansive soil, the mix density has increased [1].
A high content of this stabilizer resulted in the increase of CBR and UCS of soils [4],
[5]. For kaolinite, red soil, and lateritic soil with 2–8% RBI Grade 81, a significant
CBR improvement was observed [6]; and for expansive soil, CBR improvement was
>400% [7]. For soil with >6% stabilizer, a moderate increase in UCS and CBR was
achieved [8]. Expansive soil has shownmaximumUCS at 4%, and CBR (19%) at 5%
stabilizer dosages [1]. Peak UCS and CBR values were obtained at 6% RBI Grade
81 for BC soil [9], plastic clay [10], and highly compressible clay [11].

Cement kiln dust along with RBI Grade 81 has resulted in improved UCS and
CBR of clayey soil due to CSH and CAH gel formations [12]. Micro-level structural
changes that occur due to hydration of stabilizer contributed to the reduction of soil
pores and strength gain [11]. The CaO, Al2O3, and SiO2 contents predominated in
the stabilization process [9]. The CaO/SiO2 indicates the abundance of CaO and
SiO2, depicting the potential of a binder for pozzolanic reaction; at a higher ratio,
it is found to be more active [13]. Binders with higher CaO/SiO2 or CaO/(SiO2 +
Al2O3) ratios may still be inefficient due to lesser CaO, SiO2, and Al2O3 contents
[14].

The eco-friendly agricultural product, coconut fiber, has a density of 670–
1000 kg/m3 [15]. Its infield service life is 4–10 years [16]. The strength and long-term
durability of stabilized soil should not discourage fiber usage [17]. Wet coconut fiber
exhibit better tensile strength with high breaking stress compared to other natural
fibers. A high lignin content reduces its degradation rate [18]. Reinforcements used
for earthen embankments and foundations [19] will form a mesh-like configuration
[20]. The high water absorption rate of light palm fibers increased optimum mois-
ture content (OMC) and lowered the mix density [21]. Red sandy soil with a fiber
length of 15–25 mm takes high stress due to increased stiffness, low settlement [22].
Sandy soil–cement incorporated with 12.8 mm long 0–3% coconut fiber became
ductile from brittle and exhibited high strength. Fiber reinforcement was also found
adequate for uncemented soil [23].

Illinois Department of Transportation (IDOT 2016) used stabilized weak soil with
large granularmaterials for low frost susceptible ‘Aggregate subgrade’. IDOTBureau
of Design and Environment has given gradation bands of large-sized virgin and
recycled material for subgrade (Division of Highways 2013). However, the structural
contribution of such subgrade was not acknowledged in IDOTmechanistic pavement
design [24]. These aggregates were satisfactory, but less data is available for use in
weak subgrade [25], [26].

RBI Grade 81 was used for stabilizing diverse soil types with marginal materials.
However, much information is not available on the strength, durability, and fatigue
performance of lateritic soil treated with coconut fibers and aggregates with RBI
Grade 81. Therefore, investigations were done to appreciate the influence of these
materials for use in pavements.
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2 Materials

Geotechnical properties of lateritic soil (LS) collected from Surathkal, India, are
tabulated in Table 1. The particle size distribution curve (Fig. 2) is obtained from
wet sieve analysis [27]. It has a majority of sand and silt size particles; therefore,
classified as a silty-sand (SM) as per IS 1498–1970 [28]. The main constituent of
LS is SiO2, with a considerable amount of Al2O3 and CaO contents. A commercial
stabilizer developed by Road Building International, South Africa, and accredited in
India by Central Road Research Institute, New Delhi, was used for soil stabilization.
Road Building International Grade 81 (RBI Grade 81) is an odourless, light brown
coloured powder, with a specific gravity of 2.5, with 98%particles in the silt–clay size
range. It is insoluble in water, non-degradable to ultraviolet radiation exposure, inert,
and chemically stable. Its saturated paste is highly alkaline, with a pH of 12.5. India
is one of the major countries producing coconut fiber (CF). Commercially available
brownCF’swere extracted from the exterior shell ofmature coconuts. It is a prevalent
natural fiber used for soil reinforcement [29]. CF’s exhibiting good tensile strength
were procured from Mangalore, India (Table 2). Long fibers (bristle) were cut short
for obtaining an aspect ratio of 20. Good, angular aggregates of <12.5 mm size

Table 1 Lateritic soil
properties

Property, [Code of practice followed] Value

Specific gravity, G, [31] 2.66

Consistency limits, [32]

Liquid limit, WL, % 36

Plastic limit, WP, % 27

Plasticity index, IP, % 9

Standard Proctor compaction, [33]

OMC, % 12.9

γd, kN/m3 19.1

Modified Proctor compaction, [34]

OMC, % 13.1

γd, kN/m3 20.5

UCS, (@ Modified Proctor compaction), kN/m2, [35]

@ OMC-2% 227

@ OMC 589

@ OMC + 2% 306

CBR, %, (@ Modified Proctor compaction), [36]

Unsoaked 49

Soaked 18

WD durability, [37] Failed in 1st cycle

FT durability, [38] < 6.4% weight loss
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Fig. 1 Images of a lateritic soil, b coconut fibers, and c aggregates

used belong to the igneous rock—granite group. Flaky (thickness <60% of mean
dimension) and elongated (length >180% mean dimension) aggregates that break
down quickly under loading were discarded. The selected aggregate has a specific
gravity (G) of 2.66, impact value of 17.0%, crushing value of 22.4%, abrasion value
of 18.0%, flakiness index of 12.0%, elongation index of 14.1%, and water absorption
of 1.2% as per IS 383–1970 [30] (Fig. 1).
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Fig. 2 Particle size distribution curves for lateritic soil and aggregates

Table 2 Properties of coconut fibers [39]

Length, m Diameter,
mm

Unit weight,
kN/m3

Lignin, % Cellulose, % Breaking
elongation,
%

Tensile
strength,
MN/m2

0.1–0.3 0.25–0.65 12 45 43.5 32 60–130
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3 Experimental Methodology

Air dehydrated, pulverized LS, CF’s, and aggregates (Fig. 2) are oven-dried at 105–
115 °C temperature for 24 h. Mixes of LS with 2–8% RBI Grade 81 were prepared
and tested to identify compaction parameters (OMC and γd). By considering high
volume road applications, all tests were conducted at Modified Proctor density. UCS
specimens of 38 mm diameter and 76 mm height were prepared in a stainless steel
tube mould by filling in a single layer and compacted by static compression. The
compressive load is applied slowly using a hydraulic plunger and retained for 1min to
ensure the compact packing of particles. These specimens were cured in a desiccator
for 7, 14, and 28 days (at temperature 25± 1 °C, relative humidity 100%), and loaded
at a strain rate of 1.2 mm/min to determine strength. Three specimens exhibiting
UCS within ± 5% of the average were considered for the analysis. As mix M3 has
exhibited the highest γd and UCS, this mix (94% LS and 6% RBI Grade 81) was
selected as the optimumcombination.OptimizedmixM3was reinforcedwith 0.5 and
1.0%CF’s to evaluate the effect of natural fiber inclusion. Also, mixM3was partially
replaced with 5, 10, and 15% aggregates to evaluate the effect of aggregates addition.
Fiber-reinforced and aggregate blendedmixes were tested for UCS and soaked CBR.
Initially, LS and RBI Grade 81 were blended with a trowel using water equal to 50%
of OMC. The excess fiber concentration only at certain portions of the specimen
hampers the soil reinforcement objective. Therefore, CF’s were distributed properly
to avoid lump formation due to jumbling (grouping). Then the remaining 50% OMC
was added and mixed to achieve homogeneity. Higher CF’s dosages (>1%) resulted
in jumbling with a nonuniform distribution, therefore, considered unsuitable. Alike,
LS-RBI Grade 81-aggregate blends were prepared. Mix details used for the study
are tabulated in Table 3.

Soaked CBR tests were conducted on 7, 14, and 28 days cured (covered in plastic
wraps) and 4 days soaked samples. Weight loss of 7 days cured UCS samples of LS

Table 3 Mixture details

Mix ID Lateritic soil, % RBI Grade 81, % Coconut fiber, % 12.5 mm downsize aggregates,
%

M1 98 2 – –

M2 96 4 – –

M3 94 6 – –

M4 92 8 – –

M5 94 6 0.5 –

M6 94 6 1.0 –

M7 94 6 – 5

M8 94 6 – 10

M9 94 6 – 15
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and M1-M4 mixes were evaluated by performing durability tests. In the wetting–
drying (WD) test, the specimens are water-soaked for 5 h and then oven-dried at 71
± 3 °C for 42 h. In the freezing–thawing (FT) test, water-saturated felt pad covered
specimenswere frozen for 24 h at−23 °C and then thawed in amoist chamber at 23±
2 °C for 23 h. A repeated load equivalent to 1/3, 1/2, and 2/3 of the UCSwere applied
by a load cell on 7 days cured M1–M4 samples until failure with 1 Hz frequency,
0.1 s rest period, under half sinusoidal waveform at 35–40 °C temperature using a
repeated load testing machine. The fatigue life of the UCS samples was registered
in the data acquisition software.

The finely powdered LS and stabilized LS samples were subjected to chemical
analysis in the laboratory using titration methods, as per Indian standard codes, to
understand the changes in mineral constituents composition and justify the influence
on strength parameters.

4 Discussions of Test Results

4.1 Chemical Analysis

LS-RBI Grade 81 mix has enhanced silica, alumina, and calcium contents, which
were effectively involved in the pozzolanic reactions (Table 4). The formation of
cementitious products viz. Calcium aluminum silicate (CAS) bound the LS parti-
cles together, creating a crystalline matrix. The alkalinity of the mix has increased,
promoting the liberation of silicon and aluminum ions from both LS and RBI Grade
81. These ions reacted with calcium ions forming irreversible CAS compounds. The
CaO/SiO2 and CaO/(SiO2 +Al2O3) ratios of the LS are 0.07 and 0.064, which were
increased to 0.11 and 0.085 respectively for mix M3, depicting the favoured chem-
ical changes. LS contains 76% of silt to coarse sand particles, hence, justified the
suitability for RBI Grade 81 treatment.

Table 4 Chemical composition of lateritic soil, stabilized lateritic soil, and RBI Grade 81

Material Chemical composition, % Conductivity (ms)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 pH

Lateritic soil 65.8 11.95 3.35 5.05 2.2 0.008 10.1 1.2

Lateritic soil
stabilized with 6%
RBI Grade 81

58.8 16.95 3.85 6.43 3.5 0.28 10.4 1.229

RBI Grade 81 15–19 5–7 0–2 52–56 0–1 9–11 12.5 -
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4.2 Compaction

Indian Road Congress has suggested subgrade compaction by standard and modified
Proctor methods for low (<2 msa) and high volume roads, respectively. A sudden
decrease of OMC from 12.9% to 11.5% and 13.1% to 10.0% were observed at
standard and modified Proctor compactions, respectively, for M1 mix with 2% RBI
Grade 81 addition. Higher RBI Grade 81 dosages showed greater water demand
for hydration, resulting in the rise of OMC. For M1, M2, and M3 mixes, γd was
increased due to the filling up of LS’s void spaces. However, the γd of the M4 mix
has decreased due to excess lighter RBI Grade 81 particles occupying more massive
LS particles space. Mix M3 has shown the highest γd of 19.1 and 20.5 kN/m3 at
standard and modified Proctor compaction, respectively (Fig. 3). In a previous study,
the treatment of black cotton soil has exhibited considerable strength improvement
at 6% RBI Grade 81 dosage and was found to be economical [40]. Therefore, 6%
RBI Grade 81 was chosen as an optimum dosage for stabilized mixes with CF’s and
aggregates.

MixesM5 andM6 showed lower OMC due to CF’s lowwater absorption capacity
compared to the higher water affinity of LS and RBI Grade 81 due to higher specific
surface area particles. Good bonding of LS with 0.5% CF’s has resulted in compact
packing of M5 mix, leading to the highest γd of 21.6 kN/m3 under modified Proctor
compaction. Low specific gravity CF’s has resulted in a slight reduction of the γd of
M6 mix due to higher fiber concentration. Aggregates showed lower water absorp-
tion capacity; hence, they reduced OMC and γd values due to the less packing of
M7, M8, andM9mixes. Due to the increased demand for water to moisten aggregate
surface, theOMChas increasedwith increased aggregate dosage.Uniformdispersion
of aggregates in the mix M8 resulted in a noticeable increase in γd. Whereas, high
aggregate content of 15%resulted in adecrease ofγddue to the increased resistanceof
aggregates during compaction. The presence of large size nondeformable aggregate
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particles under the applied compaction energy will resist the mix packing. There-
fore, CF’s has mainly led to form a densest composite matrix, whereas, aggregate
augmentation has resulted in gradation change.

4.3 Unconfined Compressive Strength

The variation of UCS values of M1–M4 mixes at OMC and OMC ± 2%, on 7,
14, 28, and 60 days curing, are depicted in Fig. 4. The deviation of ± 2% from
OMCwas taken considering the probable fieldmoisture fluctuations persisting during
construction. Also, absorption of free moisture during curing (i.e. OMC+ 2%) may
reduce UCS due to the increased lubrication of particles leading to low frictional
resistance. Due to an effective reaction of LS with RBI Grade 81, samples prepared
at OMC exhibited the highest UCS. Specimens that lose water (i.e. OMC-2%) due to
evaporation were incapable of developing higher strength due to insufficient water
available for the hydration process. After 60 days of curing, the UCS of M1–M4
mixes prepared at OMC were increased by 3.5, 5.9, 7.5, and 7.2 times that of LS.
Bernadette Cynthia et al. 2017 showed that 6% RBI Grade 81 amended expansive
soil resulted in considerable UCS improvement [10].

4.4 California Bearing Ratio

Soaked CBR of M1–M4 mixes was increased by 3.4, 4.0, 4.9, and 5.2 times that
of LS after 28 days of curing due to continuous binding and aggregation of parti-
cles by the formation of hydration products. Denser M5 and M6 mixes obtained
by homogeneous interaction of CF’s produced a stronger matrix. The high tensile
strength of CF’s and shear strength developed in cemented LS promoted the overall
stability. The strength of fiber-reinforced LSwas controlled by the pullout rather than



Laboratory Investigations on Lateritic Soil Stabilized … 463

their breakage behaviour [21]. Continuous cementation may overcome the strength
lost with time due to the degradation of CF’s. After 28 days of curing, the soaked
CBR values of M5, M6, and M8 mixes were increased by 1.9, 2.1, and 1.2 times
that of mix M3. The change of LS gradation due to aggregate augmentation has
resulted in a marginal change in CBR. The RBI Grade 81 has more affinity towards
LS for the chemical reaction due to its larger specific surface area than inert aggre-
gates. Fiber-reinforced mixes M5 and M6 showed a soaked CBR > 100% on 14 and
28 days of curing. Also, mix M9 with 15% aggregate cured for 28 days has shown
a soaked CBR of >100% (Fig. 5). In stabilized LS during the CBR test, the plunger
could not penetrate due to higher mix stiffness imparted by hydration products, the
tensile strength of CF’s, and coarser aggregates. Therefore, IRC recommends WD,
FT durability tests to evaluate such stabilized soils.

A linear fit model with 3 degrees of freedom developed between UCS and soaked
CBR values of LS, M1, M2, M3, and M4 mixes on 3, 7, and 28 days curing shows
a good statistical relationship (Fig. 6 and Table 5). Adj. R-square values are >0.9;
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Table 5 Statistical relationship between UCS and Soaked CBR

Curing, days Linear fit Adj. R-Square Prob > F

3 Soaked CBR = 10.55 + 0.018UCS 0.94 0.00448

7 Soaked CBR = 13.19 + 0.018UCS 0.91 0.00761

28 Soaked CBR = 10.33 + 0.020UCS 0.98 8.29E-04

hence,UCSand soakedCBRare strongly correlated. TheProb>F is <0.05; therefore,
the soaked CBR values can be predicted from UCS values with high reliability.

4.5 Fatigue

The stabilized soil used in the pavement layer will be subjected to repeated applica-
tion of wheel loads. The load repetitions will induce critical stress and strains in the
pavement layer. In order to check the sustainability and long-term performance, the
fatigue load test was conducted. Repeated axial loads of various magnitudes were
applied to the UCS specimen under unconfined conditions. Even though the speci-
mens were subjected to higher repeated load stresses when compared to actual wheel
load stresses, all the specimens sustained >1.2×105 fatigue cycles (Fig. 7). High
dosages of RBIGrade 81 in LS significantly improved the resistance to fatigue degra-
dation by strongly bonding the particles together. The formation of CAS compounds
has proved the advancement in the performance of stabilized mixes, which may
help in restricting the structural failure of the pavement due to the accumulation of
distresses and propagation of cracks under repeated load application.

Fig. 7 Fatigue performance
of RBI Grade 81 stabilized
lateritic soil samples
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4.6 Durability

LS specimens were failed during the first 5 h of wetting. Whereas, M1, M2, and
M3 mixes failed after 1, 2, and 10 WD cycles. M4 mix was intact after 12 WD
cycles, with weight loss >14% (Fig. 8). Hence, it is not an effective stabilizer for
dense rainfall areas but can be suitable for low rainfall areas. Higher RBI Grade
81 dosage has a significant influence on cementation. The binding of LS makes it
insensitive to moisture and temperature changes, resulting in less soil loss. M1–M4
mixes were resistant to FT cycles due to lowered voids and intactness with a weight

Fig. 8 Weight loss of RBI
Grade 81 stabilized lateritic
soil samples under a WD
and b FT cycles. Notations:
Prefixes M1, M2, M3 and
M4 are Mix ID’s, Suffixes W
= wetting, D = drying, F =
freezing, and T = thawing
cycles
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loss reduction from 4.9 to 2.0%. Freezing reduced the temperature of pore water and
led to the formation of ice crystals, exerting bursting force on the surrounding LS.
Consequent thawing softened the cemented LS. However, the hydration products
formed showed magnified resistance to WD and FT effects leading to slight soil loss
depicting more potent mixes against cyclic seasonal changes.

5 Conclusions

The following conclusions were drawn for describing the effectiveness of RBI Grade
81 as a lateritic soil stabilizer.

i. The strength improvement of the stabilized mix was contributed due to the
presence of reactive components like silica, alumina, calcium oxide, etc. For
stabilized LS, the CaO/SiO2 and CaO/(SiO2 + Al2O3) ratios were increased
from 0.07 to 0.11 and 0.064 to 0.085, respectively, which helped the formation
of CAS compounds.

ii. Proper interaction of LS, RBI Grade 81, and CF’s has resulted in dense matrix
formation. Bonding due to the hydration products and aggregation of LS parti-
cles firmly held the CF of high tensile and shear strength, which led to the
higher pullout resistance from the cured mix.

iii. RBI Grade 81 dosages >6% resulted in considerable improvement in UCS.
At OMC, due to higher hydration capabilities, mixes showed higher UCS.
Insufficient water available for hydration at OMC-2% and excess lubrication
at OMC +2% lowered the friction between particles led to strength loss.

iv. Reinforcement has significantly contributed to a considerable increase in the
soaked CBR. Appreciable tensile strength and tearing resistance of the CF’s
combined with RBI Grade 81 cementation promoted the resistance to mix
softening on soaking. The linear fit between UCS and soaked CBR has shown
a high correlation of >0.9. The Prob > F is <0.05, indicates that the prediction
of soaked CBR from UCS is highly reliable.

v. Stabilized LS mixes showed high fatigue degradation resistance under 1/3,
1/2, and 2/3 of respective UCS loads. High RBI Grade 81 dosage resulted in
enhanced resistance toWD and FT durability cycles. At 6% and 8%RBI Grade
81 dosages, the samples passed 8 and 9 WD durability cycles, with a specified
weight loss of <14%. Hence, these mixes significantly improved the resistance
to cyclic seasonal variations. However, the treated soil could not pass 12 WD
durability cycles; therefore, it can be used as a modified subgrade.
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Monotonic Loading Test to Investigate
the Benefits of Composite Geogrids
for Subgrade Improvement
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Abstract The presence of weak subgrades is one of the greatest challenges in
constructing road pavements. Conventionally, techniques such as refiling with suit-
able material and soil stabilisation are considered to improve subgrade condition,
ignoring the additional project cost. However, geogrids have gained popularity as
economical, expedite and sustainable subgrade improvement techniques over recent
times. Although many studies have been conducted to assess the suitability of
biaxial geogrids, limited studies have been performed to check the suitability of
composite geogrids for subgrade improvement, despite assuming that composite
geogrids extend additional benefits. In this study, two model tests: one unreinforced
and one composite geogrid reinforced, were constructed in a steel box with length,
width, and height of 1 m, 1 m and 1.2 m, respectively. The subgrade was prepared to
a thickness of 500 mm, achieving CBR 2.5% bearing capacity. A granular layer
of 200 mm was constructed on top of the subgrade achieving 100% degree of
compaction frommaximum dry density. In the reinforced section, composite geogrid
was placed at the base subgrade interface. Both model sections were subjected to a
monotonic load at a rate of 1 mm/min, applied on the top surface of the granular layer
through a circular plate of 200 mm diameter, until the occurrence of ultimate failure.
Results demonstrate that reinforcing the weak subgrade by a composite geogrid
has increased the ultimate bearing capacity by 53%. In addition, the overall section
modulus of the composite geogrid reinforced section is higher than the modulus of
the unreinforced section.
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1 Introduction

Road design engineers have to face numerous challenges to deliver high standard
road networks constraining themselves to limited investments. The weak subgrade is
one of the key challenges that could substantially increase the construction cost[1, 2].
The issue of theweak subgrade is extremely common inmost of the road construction
sites in the state of Queensland, Australia, owing to the presence of expansive clay
type soil [3–10]. Therefore, soft subgrade treatment methods: such as backfilling
with suitable materials, increase the granular cover thickness or soil stabilisation,
are required to be considered to improve the subgrade condition [11–16]. In fact,
finding suitable subgrade soil for backfilling is extremely difficult in the state of
Queensland and therefore, backfilling, if requires, will mostly be done using granular
material. Therefore, inevitably, the presence of a weak subgrade will consequentially
increase the demand for natural gravelmaterial [17, 18]. Although recycled aggregate
has been recommended to fulfil the extensive demand for granular material in road
construction [19–21], the ongoing rate of production would not fulfil a significant
portion of the demand for granular material. Accordingly, the road construction
industry is searching for an effective and sustainable solution for the issue of weak
subgrades.

Geosynthetics are used in different geotechnical applications: such as for pave-
ment construction [12, 22, 23], water-related works [24, 25] and in environmental
geo-techniques [26–28]. Geosynthetics have become popular in pavement engi-
neering applications due to economic and environmental benefits, convenient and
expedite construction and durability [29]. The reinforcement function of geosyn-
thetics can effectively be used to improve the condition of weak subgrades [30].
Although geosynthetics are available in different types, such as geogrids and geotex-
tiles, researchers have confirmed that geogrids are the best type to achieve the rein-
forcement function of a road pavement [31]. Besides, geotextiles are also popular
in road construction as they can provide layer separation and act as a filter layer
between the subgrade and the granular layer [32]. The migration of soil particles
from subgrade to the granular is common in weak subgrades, and therefore, the
specifications of the Queensland Department of Transport and Main Roads states
that a geotextile should be placed on subgrade before placing the geogrid [33]. As a
result, composite geogrids, which has a geotextile layer attached under the geogrid,
are popular in the local road construction industry as a hybrid product that extends
the functions of reinforcement and separation simultaneously [2].

Geogrids can extend the pavement life, reducing the rutting depth and reducing
the required base layer thickness [32, 34]. This performance depends onmany factors
such as type of geogrid, type of granular and the location of geogrid [35]. In order
to assess the impact of different factors, researchers have conducted large scale
pavement model testing under monotonic loading and cyclic loading [36, 37]. The
cyclic loading tests can assess the long-term performance (rut depth and permanent
deformation), while monotonic loading tests will assess the bearing capacity of the
surface. Bearing capacity-based design methodologies are used mainly for unbound
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granular pavements and also to design working platforms [38]. This study focuses on
assessing the bearing capacity of weak subgrade reinforced with a composite geogrid
and a granular cover. The bearing capacity of the improved subgrade surface will be
a direct input for the empirical design method [39] of unbound granular pavement to
develop a rational pavement design that accounts the effect of geogrid reinforcement.

The main objective of this study is to examine the possibility of using composite
geogrids for weak subgrade improvement under local conditions. Accordingly, two
laboratory scale model tests were conducted using locally available materials. This
study compares the stress versus deformation results of the two model tests to verify
that composite geogrids are beneficial in reinforcing weak subgrades. Moreover,
vertical stress distribution on weak subgrade surface was analysed.

2 Material Properties

2.1 Subgrade Soil

This project used a clay type black soil, collected from a road construction site in
Toowoomba, Australia (Figure 4a). The collected subgrade soil was subjected to
a series of standard geotechnical tests aiming to estimate the basic soil properties.
These classification tests were conducted based on the standard procedures stipulated
in theMaterial TestingManual (MTM) of Queensland Department of Transportation
andMain Roads [40]. Figure 1 illustrates the particle size distribution of the subgrade
soil and the estimated subgrade soil properties are listed in Table 1. This soil was
classified as high plastic silt based on the standard classification guidelines given in
Unified Soil Classification System (USCS). Besides, the same soil stands in par with
the category A-7–6 of AASHTO soil classification method.

2.2 Granular Material

A bulk of granular material, classified as type 2.1 based on MTRS05 specification
of the Queensland Department of Transport and Main Roads [40] was received from
the Logan City Council material storage for road construction (Figure 4b). The labo-
ratory gradation test was performed, following the TMR specification, and verified
that the selected granular material complies with the requirements for “Grading C’
under granular material type 2 in MTRS05 specification (ref Figure 2). In addi-
tion, fine ratio, the ratio between the percentage of passing of 0.075 mm sieve to
the 0.425 mm, was estimated at 0.51 and hence, it was confirmed that this granular
material complies with TMR specification type 2.1. The standard proctor compaction
test for this material confirmed that Maximum Dry Density and Optimum Moisture
Content of the granular material as 2.3 g/cm3 and 7% respectively.



472 K. Wimalasena et al.

Fig. 1 Particle size distribution of subgrade soil

Table 1 Properties of
subgrade soil

Soil property Value

Soil Particle Density 2.62

Maximum Dry Density (g/cm3) 1.316

Optimum Moisture Content (%) 32

Liquid Limit (%) 73

Plastic Limit (%) 53

Shrinkage Limit (%) 20

USCS Classification MH

2.3 Reinforced Material

The reinforced material selected for this pavement model testing was a welded type
composite geogrid made of a polypropylene with a non-woven geotextile as the
bottom layer (ref. Figure 3). The aperture size of the geogridwasmeasured as 31mmx
31mm and the tensile strength in bothmachine direction and crossmachine direction
was specified as 40kN/m. Table 2 lists the manufacturer specifications of the selected
type of composite geogrid.
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Fig. 2 Particle size distribution of type 2.1 material

Fig. 3 Composite geogrid

3 Large Scale Model Test

Thepavementmodelswere constructed in a steel test boxwith lengthwidth andheight
of 1.0 m, 1.0 m and 1.2 m, respectively. In this study, two test models: i.e. one unre-
inforced and one reinforced with composite geogrid, were prepared and subjected to
monotonic loading. In each pavement model, a weaker subgrade of CBR 2.5% was
constructed at the bottom of the model box to a thickness of 500 mm. The granular
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Table 2 Technical specifications of composite geogrid

Property Value Unit

Geogrid

Ultimate tensile strength (MD/CMD) ≥ 40/40 kN/m

Elongation at nominal strength 800% %

Tensile strength at 2% elongation ≥ 16/16 kN/m

Tensile strength at 5% elongation ≥ 32/32 kN/m

Aperture size 31 × 31 mm

Geotextile

Maximum tensile strength (MD/CMD) 7.5/11 kN/m

Elongation at maximum tensile strength
(MD/CMD)

40/30 %

MD−Machine direction, CMD—Cross machine direction

Fig. 4 a Clay type black soil; b type 2.1 granular; c mechanical soil crusher

layerwas constructed on top of the subgrade layer to a height of 200mm for both rein-
forced and unreinforced tests. In some countries, unbound granular is mainly used to
construct the granular base layer of pavement, while subbase is usually constructed
by suitable soil. However, it is common to use granularmaterial to construct a subbase
layer in Queensland, Australia, as finding suitable soil is challenging in the vicinity.
Therefore, this study used unbound granular material to construct a cover layer on the
subgrade. In the reinforced test section, the composite geogrid was placed between
subgrade and granular cover and hereafter will be referred as “interface”.

3.1 Material Preparation

The black soil was air dried aiming to remove moisture to a possible extent. This
has left larger lumps of clay that are rock hard and difficult to break for remixing
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with water to achieve the desired moisture content. Therefore, a mechanical crusher
was used for crushing the clay lumps into small sizes (ref Fig. 4c). Afterwards,
the subgrade soil was oven-dried at 60 degrees of Celsius for further removing of
moisture. A series of trial CBR tests were conducted to establish the relationship
between the unsoaked CBR of subgrade soil with moisture content and the degree
of compaction. Accordingly, it was decided to mix dried subgrade soil with water
to achieve 46.5% moisture content, which can be used to create a weaker subgrade
of 2.5%. Further details of estimating CBR relationship with soil properties could
be found in [41]. The prepared subgrade soil was stored in airtight containers and
completely sealed and cured for minimum of 7 days to sequalise moisture throughout
the soil.

As same as subgrade soil, type 2.1 gravel were oven-dried at 60 degrees of Celsius
for at least 2 days to remove moisture. Thereafter, the gravel was mixed with water
to achieve a gravimetric moisture content of 5.5%. In real road construction, water
is added into granular to increase moisture content closer or above optimum mois-
ture content, which demands less effort to achieve the desired level of compaction.
Subsequently, the compacted granular layer is left to be dried for a certain time to
reduce the moisture content. In this way, the premature shear failure of gravel layer
can be eliminated. However, as it is practically difficult to follow the same method
in model box testing, it was decided to maintain the moisture content of the granular
layer 1.5% below the optimum moisture content to avoid premature shear failure.

3.2 Preparation of Model Sections

The schematic arrangement of a model section is illustrated in Fig. 5. At first, a
500mm thick subgrade layer of CBR2.5%was compacted at the bottom of themodel
box. This subgradewas compacted as 10 equivalent layers of 50mm each tomaintain
uniformity across the subgrade layer. From the standard CBR trials, it was confirmed
that a subgrade of CBR 2.5% could be created by compacting subgrade soil of 46.5%
moisture to a density of 1.118 g/cm3. Accordingly, the required amount of soil for a
50 mm layer was calculated and dumped into the model box. Thereafter, the soil was
carefully levelled andmanually compacted using a hand tamper that is 20 kg inweight
and has a square shape bottom of 200 mm length of each side. The tamping hammer
was dropped from a height of 150 mm approximately throughout the compaction
process to ensure applying of equal compaction energy. After compacting the layer
to 50 mm height, the top surface of the layer was scratched prior to compacting
the next layer to ensure bonding between adjacent layers. The granular cover was
constructed on the completed subgrade by following the same procedure as the
subgrade layer. However, a mechanical compactor (see Fig. 6c) was used to compact
granular layer instead of hand tamper owing to the fact that the achievement of the
desired compaction of 100% (from MDD) in the unbound granular layer is difficult
with a hand tamper. In addition, all efforts were taken to maintain equal duration to
prepare each layer.
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500 mm

200 mm

Subgrade (CBR =2.5%) 

Granular Cover (Moisture = 5.5%)

Composite geogrid 

Pressure Sensors 

LVDTs

Load actuator 

0.75D1.5D

Fig. 5 Schematic arrangement of a test section

Fig. 6 a Loading with 200 mm plate; b model test box; c mechanical compactor

The composite geogrid was placed at the interface in the reinforced test section.
The geogrid was trimmed to fit the internal dimensions of the steel test box and
thereafter, was placed on the subgrade. The four corners were anchoredwith u shaped
pins of 5 cm to ensure that the geogrid stays flat until the first 50 mm granular layer
was constructed. Placing the geogrid flat is important, owing to the reason that an
initial deformation can have a significant impact on the performance of geogrid. Both
reinforced and unreinforced test pavement models were instrumented with pressure
plates, moisture sensors and Linear Variable Differential Transducers (LVDTs) to
obtain the necessary data to analyse the behaviour of two pavements undermonotonic
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loading. Finally, a monotonic loading at a rate of 1 mm/min deformation was applied
on the granular surface through a circular loading plate of 200 mm diameter until to
the ultimate failure state (see Fig. 6a.).

4 Results and Discussion

4.1 Effect of Composite Geogrid Layer

The surface stress versus deformation graphs for unreinforced and geogrid reinforced
model subgrade sections are illustrated in Fig. 7. It was observed that the stress
required for a certain deflection in reinforced section is significantly higher than that
of the unreinforced section. However, the stress to make a deflection up to 2 mm
was found almost equal for both reinforced and unreinforced sections. Moreover,
the ultimate stress of the reinforced section was observed as 1975 kPa while the
unreinforced section has recorded ultimate stress of 1300 kPa. Hence, it can be
seen that the composite geogrid has increased the ultimate stress of the improved
subgrade by 1.52 times. Hence, it is evident that composite geogrids can contribute
to a significant improvement of the bearing capacity of a weak subgrade. In fact,
Abu-Farsak et al. [38] has also observed similar behaviour for biaxial and triaxial
geogrids covered by a 305 mm thick granular layer.

Unreinforced subgrade

Composite geogrid reinforced subgrade

Fig. 7 Stress versus deformation of unbound granular test pavements under monotonic loading
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The Plate Load Test results can be used to derive different types of elastic modulus
such as initial tangent modulus, tangent modulus at given stress level, reloading
modulus and secant modulus [38]. The elastic modulus from the plate load test could
also be calculated at given stress by the following equation:

EPLT = 2P
(
1 − υ2

)

πRδ
(1)

Where P is the applied load; R is the radius of the loading plate, δ is the deflection
of plate at load P, and υ is the Poisson ratio. Using Eq. 1, elastic modulus for both
reinforced and unreinforced sections were calculated at 17.27 kN vertical load which
is equal to 550 kPa stress on top of the granular surface, equal to the standard tyre load.
The Poisson ratio was assumed as 0.5 and the elastic modulus of the unreinforced
section was estimated as 10.31 MPa, while the elastic modulus of the reinforced
section was estimated as 13.3 MPa. This provides clear evidence that composite
geogrid reinforcement can contribute to the improvement of pavement modulus.

4.2 Vertical Stress at Base-Subgrade Interface

The vertical stress distributions at interface level for reinforced and unreinforced
sections were measured by three pressure transducers placed 50 mm below the base
subgrade interface. These pressure transducers were arranged as one at the centre
of the loading plate and other two are 1.0D and 1.5D away from the center of the
loading plate in the same line, where D is the diameter of loading plate. Figure 8
shows the vertical stress distribution measured along the centerline of the plates
when the vertical stress applied on the granular surface is 1300 kPa. The geogrid
reinforced section shows a clear reduction of transferred vertical stress at the centre
compared to the unreinforced subgrade section. This is due to the increased vertical
stress distribution angel and tension membrane effect of geogrid. Moreover, it is also
evident that vertical stress is distributed at a maximum circular area of 1.5D radius
at the interface level. In addition, vertical stress at the interface is negligible beyond
1.5D away from the centre of the interface along the centerline of pressure plates.

In past studies, researchers have reported a reduction of vertical stress at the centre
of base subgrade interface in the reinforced section compared to the unreinforced
model [36]. Furthermore, Abu-Farsakh et al. [38] has observed an increase of vertical
stress at 1.0D and 2.0D away from the centre at the interface in the reinforced
section compared the unreinforced section. Moreover, they have observed a vertical
distribution of stress around an area of 2.0D radius. Hence, that study has concluded
that geogrid reinforcement redistributes the applied load to a wider area. In contrast,
this study has recorded a lower vertical stress at 0.75D away from the center of
interface. A slight increase of vertical stress was observed at 1.5D away from the
center of interface in the reinforced section than the unreinforced section.
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Fig. 8 Vertical stress distribution at interface level

5 Conclusion

This study has tested two instrumented laboratory scale model sections under a
monotonic load. One of the subgrades was reinforced with a composite geogrid,
placed at granular subgrade interface, while the other model was considered as the
control test. Based on the observed test results, the study has drawn the following
conclusions:

• A composite geogrid on the subgrade with a 200 mm granular cover improves
the ultimate bearing capacity of a weak subgrade with the same granular cover
by approximately 1.5 times.

• The composite geogrid at interface contributes to the improvement of overall
pavement modulus.

• Composite geogrid reinforcement demonstrates a 25% reduction of vertical stress
at the centre of the granular-subgrade interface.

• The vertical stress distribution spans across a circular area of 1.5D radius on the
interface. Moreover, the measured vertical stress at a point beyond 1.5D away
from the center is negligible compared to the applied vertical stress inside the
circular area of 1.5D radius.

• Although a slight increase of the measured vertical stress at 1.5D away from the
center of the granular-subgrade interface was measured in the reinforced section,
further investigations are needed to conclude the capacity of composite geogrids
to redistribute the stress bulb.
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In general, the presented results in this study clearly emphasis that composite
geogrids can be used effectively to improve the condition of weak subgrades.
However, future studies are needed to investigate the suitability under different condi-
tions such as: increased granular covers and type of gravel. Moreover, it is also
recommended to conduct full scale field studies to link laboratory-scale monotonic
results with the long-term performance of a geogrid reinforced pavement.
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Numerical Simulation of Differential
Settlement Resistance for Reinforced
Joint Between New and Existing
Pavement with RoadMesh Steel Wire
Mesh
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Abstract In order to analyze the ability of longitudinal cracking resistance due
to differential settlement between new and existing subgrade in the joint between
new and existing pavement reinforced by RoadMesh steel wire mesh, and relying
on the existing road widening project, three kinds of layer location reinforcement
schemeswere selected,which are between surface layers (Scheme I), between surface
layer and base (Scheme II) as well as between base and subbase (Scheme III). The
maximum void value of 10 mm due to differential settlement was set on the surface
of new subgrade under the outer edge of new shoulder. The three-dimensional finite
element numerical models were established to carry out the comparative analysis of
mechanical responses ofwidening asphalt pavement structure for different reinforced
layer locations. The results show that the peak value of maximum tensile stress and
the deflection value of doublewheel gap center in pavement surface can be used as the
main control indexes for differential settlement resistance. All the orders of simula-
tion results of the two indexes under each scheme are Scheme I < Scheme II < Scheme
III < Unreinforced. The simulation results of the two indexes in Scheme I are 53.4%
and 60.6% lower than those of the unreinforced scheme respectively. It indicates
that the joint between new and existing pavement reinforced by the RoadMesh can
effectively improve the differential settlement resistance of widening asphalt pave-
ment structure. The closer the reinforced layer location is to the pavement surface,
the more significant the reinforcement effect is, so the optimum reinforcement layer
location is between surface layers.
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1 Introduction

In the existing road widening project, because of the uncoordinated deformation
between new and existing subgrade, there must be differential settlement [1], which
makes thewidening asphalt pavement structure bear additional stress, and it is easy to
cause the longitudinal cracking at the joint between new and existing pavement under
the action of traffic load [2]. Therefore, it is necessary to carry out step excavation and
reinforcement treatment for the joint between new and existing subgrade pavement,
in which geosynthetics reinforcement is a common treatment measure [3]. However,
only in the case of large deformation can it give full play to the role of reinforcement.
At this time, the pavement is very easy to producemore serious longitudinal cracking,
and it is difficult to play the expected effect of cracking resistance.

For this purpose, a kind of pavement reinforcement technology with RoadMesh
steel wire mesh has been more and more applied in the past decade, which is woven
by hexagonal double-twisted steel wire mesh and transverse steel rods. Laying it
between the structure layers of asphalt pavement along the longitudinal direction
can form three-dimensional mesh hoop reinforcement together with the mixtures of
structure layers [4]. The existing researches have showed that its excellent character-
istics can effectively enhance the resistances to cracking, rutting and fatigue as well
as other performances of asphalt pavement structure, and prolong the service life of
pavement [5–8]. Therefore, it has been successfully applied in pavement reinforce-
ment projects such as asphalt overlay on existing cement concrete pavement and joint
between new and existing pavement in existing road widening, etc. [9–11]. Accord-
ingly, relying on the existing road widening project, and through three-dimensional
finite element modeling and numerical simulation, this paper will analyze the ability
of differential settlement resistance for reinforcing joint between new and existing
pavement with RoadMesh to provide theoretical basis for engineering applications.

2 Design of Widening Pavement Structure

The existing roadof backgroundproject is a third-class highwaywith cement concrete
pavement and width of 7 m, which will be widened and upgraded to a second-class
highway with width of 10 m, bilateral symmetrical widening and asphalt pavement
structure. The correspondingwidening design scheme is shown in Fig. 1, inwhichAC
is surface layer of Asphalt Concrete, CSM is base and subbase of Cement Stabilized
Macadam, GM is cushion of Graded Macadam, CSGS is subgrade treated layer of
Cement Stabilized Gravel Soil, ECCP is cracking layer of Existing Cement Concrete
Pavement slab, and EMBM is base of Existing Mud Bound Macadam, respectively.

For the convenience of construction, the cracking layer of existing cement concrete
pavement slab and the base of mud bound macadam in the existing pavement are
equal in thickness and flush in top surface to the base of cement stabilized macadam
and the cushion of graded macadam in the new pavement respectively, and then
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Fig. 1 Semi-range cross section of widening subgrade and pavement (unit: m)

the AC-13C upper surface layer, AC-20C lower surface layer and cement stabilized
macadam base are uniformly overlaid.

3 Numerical Modeling of Widening Pavement Structure

3.1 Modeling of Three-Dimensional Finite Element

Theassumedconditions of pavement structure analysismodel are linear elastic homo-
geneous body, isotropy and regardless of self-weight, and the interface conditions
are continuous contact. Considering the bilateral symmetrical widening, one half
cross section was taken for three-dimensional modeling. The boundary conditions
were set as horizontal displacement constraints on the vertical outer edge around the
model and full constraints on the bottom surface of foundation. In order to compare
the ability of differential settlement resistance with different RoadMesh reinforce-
ment schemes between layers, and according to the joint reinforcement between new
and existing pavement from up to down, three kinds of layer location reinforcement
schemes were selected, which are between upper and lower surface layers of asphalt
(Scheme I), between lower surface layer of asphalt and base of cement stabilized
macadam (Scheme II) as well as between base and subbase of cement stabilized
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macadam (Scheme III) respectively, and the unreinforced scheme was also selected.
Among them, for existing pavement, Scheme III is reinforced between base of cement
stabilized macadam and cracking layer of existing cement concrete pavement slab.

When modeling with ANSYS, the SOLID45 elastic solid hexahedron element
was used for each structure layer model of pavement, subgrade and foundation, and
the BEAM4 three-dimensional elastic beam element was used for the RoadMesh.
The whole steel wire mesh structure constituted a network structure layer in accor-
dance with the actual size, which was embedded between the structure layers in
the corresponding layer location reinforcement scheme, as shown in Fig. 2. Among

Fig. 2 RoadMesh structure and its finite element model
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them, the mesh cell width M = 8 cm and its height H = 12 cm, the mesh surface
wire diameter d = 2.2 mm, and the transverse steel rod spacing S = 16 cm and its
diameter D = 3.4 mm, respectively.

Referring to the existing research [12], the surface differential settlement of
symmetrically widened subgrade presents a “cosine curve” distribution along the
cross section direction. That is, the settlement at the center of subgrade is the smallest.
With the increase of distance from the center, the settlement gradually increases
until the surface of new subgrade under the outer edge of new shoulder reaches the
peak value, and then extends to the slope surface and gradually decreases. In order
to simulate the differential settlement between the new and existing subgrade, the
settlement of existing subgrade was ignored in the analysis. It was assumed that the
surface settlement value on the side of existing subgrade at the joint is zero, the
surface settlement value of new subgrade under the outer edge of new shoulder is
largest and taken as 10 mm, and the settlement value between the two is in a linear
distribution.

According to the semi-range cross section in Fig. 1, the existing pavement width
b = 7 m, the new pavement width B = 10 m, the widening width of both sides
W = 1.5 m, the filling height of subgrade pavement F = 2 m, the slope rate n =
1:1.5, and the foundation thickness h= 3m and its width Z = 22m, respectively. The
RoadMesh rolls have a fabricwidth of 3.5m,whichwere spanned cross the joint along
the transverse direction and spread over the full length of route along the longitudinal
direction to lay between the corresponding pavement structure layers. According to
the reinforced layer location schemes, 1.5 m and 2.0 m width of RoadMesh were
respectively laid on the new and existing pavement underlayers on both sides of
the joint along the transverse direction. Hereby, taking the longitudinal length of
widening road as 6 m, the corresponding solid modeling and element meshing of
three-dimensional finite element can be obtained as shown in Fig. 3. In order to
ensure the calculation accuracy and improve the calculation efficiency, and through

Fig. 3 Solid modeling and
meshing for
three-dimensional finite
element
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the convergence analysis and comparison, it was determined that the elements were
divided by the mapping mesh. Among them, the element size is 0.1 m along the
longitudinal Z-axis. The element size is 0.1m on the road surface along the transverse
X-axis, and gradually becomes sparse from the joint to 0.5 m of the foundation
layer outside the embankment slop foot. Along the vertical Y-axis, the element size
gradually becomes sparse from 0.02 m of the surface layer to 1 m of the foundation
layer according to the thickness combination of structure layers.

3.2 Taking Values of Calculation Parameters

The calculation parameters of each structure layer were taken according to Table 1.
The elastic modulus and Poisson’s ratio of RoadMesh are ER = 200 GPa and μR

= 0.30, respectively. The standard axle load BZZ-100 with double circular vertical
uniform distribution was adopted for the driving load, in which the grounding pres-
sure, load radius and center distance of double wheels are p= 0.7MPa, δ = 10.65 cm
and 3δ, respectively. The numerical simulation shows that the worst loading position
was the road surface of new shoulder at the maximum settlement position. As shown
in Fig. 3, and considering the requirements of lane layout and traffic safe distance,
the load acting position was taken as: the double wheels were arranged along the
transverse direction, and the center of double wheel gap is 0.5 m from the outer edge
of new shoulder along the transverse X-axis and located at 3 m of the model center
along the longitudinal Z-axis.

Table 1 Calculation parameters of each structure layer

No. Structure layer Thickness hi (cm) Elastic modulus Ei
(MPa)

Poisson’s ratio μi

1 AC-13C upper surface
layer

4 1400 0.25

2 AC-20C lower surface
layer

6 1200 0.25

3 CSM base 18 1500 0.25

4 CSM subbase 20 1300 0.25

5 GM cushion 15 225 0.25

6 CSGS subgrade treated
layer

40 95 0.25

7 New subgrade 97 30 0.35

8 ECCP cracking layer 20 1000 0.15

9 EMBM base 15 200 0.25

10 Existing subgrade 137 100 0.35

11 Foundation 300 20 0.35
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4 Analysis of Numerical Simulation Results

In order to compare and analyze the ability of differential settlement resistance in the
joint between new and existing pavement reinforced by RoadMesh, and according to
the mechanical characteristics of widening asphalt pavement structure, five mechan-
ical response values of the vertical displacement (l) andmaximum tensile stress (σ s0)
of pavement surface, and themaximum tensile stresses at the bottom of upper surface
layer (σ s1), lower surface layer (σ s2) and base (σ s3) were selected as the evaluation
indexes. Thus, according to the results of ANSYS numerical simulation, the trans-
verse distribution curves of five indexes along the central connection line of double
wheels for different layer location reinforcement schemes can be obtained as shown
in Fig. 4, where L is the distance from the center of subgrade, and the dotted line is
the joint between new and existing pavement. The peak values of each index under
the corresponding schemes are shown in Table 2.

It can be seen from Fig. 4 that the overall change laws of five evaluation indexes
along the transverse distribution under each scheme are basically the same, and there
are significant changes at the joint. Among them, the shapes of the maximum tensile
stress change curves are alike at the pavement surface, the bottom of upper surface
layer and the bottom of lower surface layer, and there is an obvious reverse bending
tensile state of the upper part of the pavement near the joint.

As can be seen from Table 2, and compared with the unreinforced scheme, the
pavement surface deflections of double wheel gap center (vertical displacement at
4.5 m) of Scheme I, II and III are decreased by 60.6%, 52.3% and 27.5%, the peak
values of maximum tensile stress of pavement surface are decreased by 53.4%,
46.4% and 25.4%, the peak values of maximum tensile stress at the bottom of upper
surface layer are decreased by 52.5%, 45.4%and 24.0%, the peak values ofmaximum
tensile stress at the bottom of lower surface layer are decreased by 52.3%, 45.3% and
24.4%, respectively, and the differences of peak values of maximum tensile stress
at the bottom of base are very small. At the same time, among the four maximum
tensile stress indexes, the peak value of pavement surface tensile stress is the largest,
indicating that it is the key index to control differential settlement cracking.

Figure 4a shows that the existing pavement surface in Scheme I has slight counter-
arch. Figure 4b–d show that all the surface layers of existing pavement are in tension
state under each layer location reinforcement scheme, in which all the peak values
of maximum tensile stress appear slightly near the side of existing pavement at
the joint, and that of the unreinforced scheme appears at the joint. However, all the
surface layers of new pavement under the wheel load are in compression state.Mean-
while, Fig. 4e shows that the base bottom of each scheme is in tension state, but the
differences of peak value of maximum tensile stress under the load for each scheme
are small. Therefore, it indicates that the differential settlement between new and
existing subgrade results in the reverse tension of widening asphalt pavement struc-
ture, which is easy to cause the top-down longitudinal cracking at the joint between
new and existing pavement. After reinforcement by the RoadMesh, it can play the
role of dispersing load. When it is laid between the upper and lower surface layers, it
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Fig. 4 Transverse distribution curves of each index under each reinforcement scheme
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Fig. 4 (continued)

Table 2 Peak values of 5 evaluation indexes under each reinforcement scheme

Reinforcement scheme Scheme I Scheme II Scheme III Unreinforced

Deflection l0 (mm) 0.6402 0.7742 1.1763 1.6230

σ s0,max (MPa) 0.1018 0.1170 0.1628 0.2183

σ s1,max (MPa) 0.0773 0.0889 0.1237 0.1628

σ s2,max (MPa) 0.0560 0.0642 0.0887 0.1174

σ s3,max (MPa) 0.0579 0.0579 0.0580 0.0580

can significantly make the stress redistribution in widening pavement structure, that
is, the closer the RoadMesh reinforcement layer location is to the pavement surface,
the better the reinforcement effect is, and the stronger the corresponding ability of
differential settlement cracking resistance is.
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5 Conclusions

According to the design scheme of asphalt pavement structure in the existing road
widening project, three kinds of layer location reinforcement scheme and unrein-
forced scheme were considered. Through three-dimensional finite element modeling
and numerical simulation, the ability of differential settlement resistance in the joint
between new and existing pavement reinforced by the RoadMesh was compared and
analyzed. The following conclusions can be obtained:

(1) After producing the differential settlement between new and existing subgrade,
the widening asphalt pavement structure is subjected to reverse tension under
the action of traffic load, which will easily lead to the top-down longitudinal
cracking at the joint between new and existing pavement. Therefore, the peak
value of maximum tensile stress and the deflection value of double wheel
gap center in pavement surface can be used as the main control indexes for
resistance to differential settlement.

(2) The reinforcement between layers with the RoadMesh can effectively play
a role of dispersing load to reduce the stress and deformation of widening
asphalt pavement structure, and the closer to the pavement surface, the more
significant the reinforcement effect is. Therefore, the best reinforcement layer
location for differential settlement resistance is between the surface layers,
followed by between surface layer and base, and the worst is between the base
layers.

To sum up, in the practical applications of existing road widening project, and
under the conditions of satisfying the construction, the RoadMesh should be laid
between the upper pavement structure layers as far as possible across the joint
between new and existing pavement to give full play to its ability of differential
settlement resistance.
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Optimising Pervious Concrete Design
with Partial Replacement of Cement
with Fly Ash
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Abstract Pervious concrete is a light-weight concrete that does not contain fine
aggregates (sand) and of enhanced porosity compared to conventional concrete.
Partial replacement of cement paste bywastematerial, reduces environmental impact
both by reducing carbon footprint of cement usage and usage of waste material.
Partial replacement of cement by fly ash in conventional concrete is an accepted
substitution that also significantly enhance mechanical properties. However, porous
concrete being different from conventional concrete, studies are scarce in applica-
bility of such replacements in porous concrete. This study aims to optimise partial
replacement of cement by fly ash in porous concrete. By changing the aggregate
to cement ratio (A/C) and water cement ratio (W/C) mix designs were formulated,
cubes were cast and slump and compressive strength of fresh concrete were moni-
tored. Having obtained highest strength of A/C of 2.5 cubes were cast with varying
W/C ratio (0.3, 0.35, 0.4 and 0.45) and the percentage of replacement of cement by fly
ash (5, 10, 15 and 20%). Replacement of 10% was observed to be optimum replace-
ment while higher theW/Cwas advantageous for compressive strength. However, for
porous concrete the slump of the fresh concrete should be below 15 mm. Therefore,
the optimum W/C was 0.3. Finally, the mix design with 2.5 Aggregate to cement
ratio, 0.3 water to cement ratio and 10% replacement of cement by fly ash gives
15.22 MPa (95% CI 14.8–15.6 MPa) strength. It is 13% extra strength than using
100% cement for binder.
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1 Introduction

Pollution of resources increases with time, mostly due human activities challenging
the conducive environment for living organisms [17]. Of all anthropogenic activ-
ities, the impact on the environment is immensely felt from acquiring materials
for production from non-renewable sources to mismanagement of waste materials
produced during manufacturing. Reducing the environmental foot-print of a product
entails increasing efficiency and reduction of waste production. Green structures
were introduced to control pollution by infrastructure development of the world [15,
16]. Pervious concrete is one such green materials for construction of permeable
structures by reducing the consumption of the fine aggregates (sand). When fly ash
is replaced for cement at a certain percentage in pervious concrete, the greenness
of the material is further enhanced. The carbon foot-print will decrease when the
percentage of cement used is reduced and the waste material which should otherwise
end in land fill, is used in concrete.

As fly ash has more than 35% silica content, it increases late strength of conven-
tional concrete [12]. The workability of the concrete mix was higher due to the fact
that the particles are more spherical and that they are approximately of the same
size. Fineness of the particles reduce the size of voids in the paste and the additional
binder produced by fly ash reaction with available lime allows fly ash concrete to
continue to gain strength over time [7, 9]. Also because of this particle shape and
size (Particle size is finer than OPC particles) total contact surface area increases,
and in turn each particle binds with more particles. These phenomenon increases the
ultimate compressive strength of concrete. Durability of pervious concrete is affected
by intrusion of aggressive chemicals, water and other deleterious substances into the
concrete. Fly ash reacts with alkali and sono-alkali, and eventually acts as a sulphate
resistance agent, protecting from chlorine penetration into concrete [1, 2, 6] (Arpita
Bhatt 2019). As fly ash replaced cement, the hydration of cement in turn reduces,
and thermal cracks are reduced subsequently enhancing the durability of the concrete
[13].

Pervious concrete allows free transfer of more moisture into the matrix so that the
durability is compromised significantly compared to conventional concrete. Many
researchers have investigated the durability issues of pervious concrete from various
perspectives. Lo et al. [13] mentioned three conditions that cause freeze/thaw dura-
bility problems in pervious concrete: Initially, if pervious concrete is clogged, it
influences the movement of water in pervious concrete. Second, if the average daily
temperature is below freezing for a long period in specific regions, it causes contrac-
tion in the concrete. Third, if the ground water table reaches within three feet of the
top of the concrete, pervious concrete can become saturated [4]. The freezing and
thawing damage happens quickly if large voids of pervious concrete become satu-
rated [14]. Also, the degree of saturation of paste layers coating the coarse aggregate
particles affects the durability pervious concrete [5, 18].Mixturematerials containing
sand and/or latex are more durable during alternating freezing and thawing condi-
tions. Finally, compaction energy (which controls the macro pore structure) greatly
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influences the freeze–thaw durability of pervious concrete [11]. Low carbon content
of the fly ash will controls the freeze and thawing event in concrete.

Anyhow, there are some disadvantages in using fly ash. The quality of fly ash
should be ensured as poor quality will give the deteriorating results. The setting time
is substantially reduced when the percentage of fly ash in concrete is increased [3,
4, 8]. High carbon content of fly ash adds air into cement paste by working as air
entraining agent; it increases the freeze and thaw effect and durability reduces. At
the same time high carbon content of fly ash adsorbs more water from the mix [10].

Although the benefits of using fly ash as replacement for cement in conventional
concrete outweighs the disadvantages, the impact of fly ash content in pervious
concrete is scarcely covered in contemporary literature. The increased perviousness
and the increased penetration of moisture into the pervious concrete structure neces-
sitates the analysis of the performance of fly ash replaced concrete. This study aims
to analyse the impact of fly ash as replacement for cement and to optimize the content
for performance of pervious concrete.

2 Methodology

2.1 Material and Selection

This part includes mix design of pervious concrete that used in this study. Water was
collected from the water supply (Tap water) where the free chlorine was negligible
in content. Aggregates were obtained from a local supplier and tested according to
standards to ensure that it can be used in concrete production. The aggregates sizes
between 5 and 10 mm were used for the mix throughout this study. Fly ash (FA)
was obtained from Nuraicholai Coal Power Plant in Puttalam, Sri Lanka and sieved
through 800 mm sieve, and tested for particle size distribution using hydrometer.
Particle size distributions of cement, Aggregates and Fly ash are in Fig. 1.

Aggregate Impact Value (AIV) test was carried out to evaluate the property of
aggregate that resist to impact (toughness). AIV indicates the results in percentage
of fines passing through the 2.36 mm sieve of the total weight of aggregates used to
test; after impact applied. Aggregate samples were dried in oven at 105 °C for 24 h
and placed in the cup and 15 blows were provided. Then the weight of aggregates
passing 2.36mmsievemeasured.Average of 5 repeated sameprocedurewas obtained
as 26.9% for the aggregates used in this study.

Absorption of aggregates signifies that amount of water that is absorbed by the
aggregate because of gathering of water in the pores inside aggregates. Durability
and quantity of water required for mix design is affected by absorption of aggregates.
Absorptionwasmeasured according toASTM-C127 and found to be 1.83%. Specific
density of aggregates was observed to find specific density and it was 2728 kg/m3.
Ordinary Portland cement was used as the binder material for all experiments in this
study.
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Fig. 1 Particle size distribution curve of cement, aggregates and fly ash

2.2 Concrete Casting

Concrete mixing protocol and duration of mixing play a decisive role in the compres-
sive strength of the pervious concrete. In this study casting was carried out in two
phases based on two experiments (Experiment 1 and 2).

Experiment 1
A reliable protocol and duration for mixing was implemented in this study that
lasted for 20 min in total. An aggregate to cement ratio (A/C) of 2.5 and 3.0 were
used in experiment 1. Water to cement ratio (W/C) was changed 0.25–0.35 with the
increment of 0.05 (0.25, 0.3, 0.35). Initially aggregates and cement were mixed for
3 min and half of the computed water was sprinkled on the mixture (while mixing
was continued). After mixing for another 3 min, the rest of the water added in similar
way and kept mixing for another 6 min (total of 12 min). The mixture was then left
(stopped mixing) for 3 min, while any claggy concrete on the walls of the drums
were removed from the wall and dropped in the drum. Finally, the mixture was again
mixed for 5 min before transferring to the concrete moulds.

The mould was filled in three layers, after reaching third layer of the mould the
concrete was tamped by the trowel to spread the concrete evenly throughout the
mould’s cross-section. After filling the concrete in the mould was compacted using
proctor of 2.5 kg with 5 blows from a drop of 300 mm height, one for each corner
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of the mould and one in the middle of the top surface and wiped the excess concrete
from the surface. A sample was taken from the mix and the slump test was carried
out. Six cubes of 15 cm × 15 cm × 15 cm were cast for each design and tested for
compressive strength after 7 and 28 days of curing. Simultaneously six control cubes
were also cast.

Experiment 2
In this part aggregate to cement ratio was used as 2.5 and water to cement ratio was
varied from 0.3 to 0.45 with the increment of 0.05. The lower boundary of W/C
ratio was decided from the results of Experiment 1. In Experiment 2, a percentage in
weight of cement was replaced by fly ash and used as binder material. Replacement
percentage was varied from 5 to 20% with an increment of 5%. Mix proportions
carried out in this part is given in Table 1.

This mixing protocol was followed as in Experiment 1. In the beginning aggre-
gates, cement and fly ash were mixed for 3 min and half of the calculated water was
added to the mix while mixing. After mixing another 3 min rest of the calculated
water was added and mixed for 6 min. Then mixing was stopped for 3 min while
concrete sticked on the drum was scraped. Again, mixture was mixed for another
5min and filled in the concretemoulds.Mouldswere filled in three layers, after filling
the third layer 5 blows of compaction was applied by the standard proctor (2.5 kg) to
the top surface, one in each corner of the mould and fifth one in the middle of the top
surface. Excess concrete was removed and surface was smoothed by trowel. Mean

Table 1 Mix proportions of
Experiment 2

Group FA % Cement % W/C

G1 05 95 0.30

0.35

0.40

0.45

G2 10 90 0.30

0.35

0.40

0.45

G3 15 85 0.30

0.35

0.40

0.45

G4 20 80 0.30

0.35

0.40

0.45
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time slump test also done to the mixture. In this experiment replacement percentage
of cement with Fly ash was limited to 20%, because of its low strength gain rate and
long setting time.

2.3 Quality Control

Mixing drum was cleaned with the same water which was tested and selected to
concrete mix and dried before each mix design batch (Even for the first batch) of
concrete to neglect the errors cause by the excess water rather than calculated amount
in the mixing drum. Moulds were cleaned properly and oiled before filled by fresh
concrete. The whole batch of aggregates, Fly ash and Rice husk were obtained in one
purchase and stored in one roomwhich at room temperature and controlled humidity.
Before each mixing moisture content of aggregates, FA and RHA were measured
to ensure the parameters and conditions except study parameters were same across
all experiments. Fully shield cement pack was used in each day to irradicate the
moisture content issues of cement. Ordinary water from national water supply board
was used in each experiment and before eachmixwaterwas check on chlorine content
according to WHO standards. All mixing were done in the same room, where the
effect of temperature and humidity change could be neglected.

Six control cubes were cast simultaneously for each batch for monitor the impact
of environment in study. Control cubes were cast for the A/C ratio of 2.5 and the
constant W/C ratio of 0.3 for all experiment. Same mixing protocol and duration,
and same material were used to cast control cubes. Three of these control cubes
were tested for compressive strength after 7 days curing and remaing were tested
after 28 days curing period (same day when similar test cubes tested for compressive
strength).

Results and Analysis
First experiment of this study was done to optimize aggregate to cement ratio (A/C
ratio) and water to cement ratio (W/C ratio) to perform the next step that is replacing
the percentage of cement by Fly Ash (FA). Figure 2 shows the compressive strength
of casted cubes with various W/C ratio and A/C ratio of 2.5 and 3.0 after 7 days
and 28 days. Both graphs show increasing trend of compressive strength of casted
cubes with increasing W/C ratio. Because of pervious concrete must have approx-
imately zero slump, W/C ratio above 0.3 were considered not appropriate, even
though compressive strength was higher. 0.25 water to cement ratio indicates lower
compressive strength than others. Because small amount of water is contributing for
the hydration reaction of cement compared to higher W/C ratios. At the same time
in 3.0 A/C ratio mix quantity of cement is less than 2.5 aggregate to cement ratio
mix. Therefore, the need of water for hydration reaction is less in 3.0 A/C ratio mix.
Hence the compressive strength of aggregate to cement ratio 3.0 is higher that is
7.831MPa average in 28 days than 2.5 A/C ratio (5.35MPa) whenW/C ratio is 0.25.



Optimising Pervious Concrete Design with Partial … 501

0

5

10

15

20

0.2 0.25 0.3 0.35 0.4

CO
M

PR
ES

SI
VE

 S
TR

EN
G

TH
 (M

Pa
)

W/C RATIO

2.5
3
control

Fig. 2 Compressive strength of experimental cubes with different A/C ratio and control cubes after
(1a) 7 days and (1b) 28 days of curing

WhenW/C ratio increased to 0.3 this scenario had changed to the contrary, because
the available amount of water has now increased. Now there is enough water for the
hydration reaction and therefore the compressive strength of test cubes was higher
than 0.25 W/C ratio. Now, test cubes with 2.5 A/C ratio have enough water for the
hydration reaction. So, these cubes had high compressive strength due to high cement
content than 3.0 A/C ratio. The same phoenomenonwas observed forW/C ratio 0.35.
And the compressive strength of control cubes after 7 days and 28 days curing were
very consistent, indicating the factors other than W/C ratio and A/C ratio such as
weather conditions, water quality, mixing procedure, curing or material quality were
not significantly affected.

In addition, since the same size of aggregates were used in all mix design that is
5–10 mm, the impact of aggregate packing is not a factor that affected compressive
strength. Thus with the A/C ratio increment the required amount of the binder paste is



502 N. Ahilash et al.

also increasing. If the binder increased it will cover the aggregates with more thicker
layer and aggregates will bind together more, consequently increasing compressive
strength. This was observed for A/C ratio of 2.5 where available amount of cement is
higher than that was available in A/C ratio 3.0. Furthermore, aggregates coat well in
thick binder. So the surface of bonding increased, and the distribution of forces also
increased due to this. In overall, with increasing water to cement ratio compressive
strength of the cast test cubes were high for 2.5 A/C ratio compare to 3.0 A/C ratio.
Mean time W/C ratio of 0.25 is not suitable for pervious concrete mix design.

Using the optimum ratios from Experiment 1, Experiment 2 was carried out with
2.5 aggregate to cement ratio and water to cement ratio with and greater than 0.3
that is 0.3, 0.35, 0.4 and 0.45. Although W/C ratios higher than 0.3 yielded higher
slumpwhich is unsuitable for pervious concrete, replacement of cement with ash and
fillers may increase the requirement of water and hence a higherW/C ratiomay result
in lower slump. Aggregate size was maintained same as Experiment 1 (5–10 mm).
Figure 3 shows the compressive strength gained in 28 days. Cement was replaced
by fly ash (FA) up to 20% with the increment of 5% replacement. W/C ratio 0.4
and 0.45 yielded highest strength, that also corresponded to cement replacement by
FA of 10%. For both W/C ratios, the trend clearly indicated increase and decrease
in compressive strength before and beyond 10% replacement, respectively. This is
because of FA properties, where particles of fly ash are spherical and approximately
uniform in size and are of smooth in texture. Also, FA will not consume water
from the mix. Thus, for all percentage of replacement of cement the availability of
water for cement hydration process did increase. Water availability increases with
increasing percentage replacement of FA and W/C ratio. Though the compressive
strength reduces when excess water remains in the fresh concrete and the slump is
vise versa. This phenomenon was observed at W/C ratio 0.4 and 0.45 above 10%
replacement. 0.45 W/C ratio have more compressive strength than 0.4 W/C ratio till
5% FA replacement further proves this phenomenon. Likewise, if we take W/C ratio
0.35 and 0.4, since 15% replacement 0.4 is greater than 0.35. At 20% replacement
compressive strength of W/C ratio 0.35 is surpassing the strength of W/C ratio 0.4.

However, because of high water to cement ratio at 0.4 and 0.45, compressive
strengths are high than W/C ratio 0.3 and 0.35; but when the replacement of FA
comes to 15%, compressive strengths are almost same except W/C ratio 0.3. After
15% that is at 20% W/C ratio 0.35 got strengthen than 0.4 and 0.45. So, if take
W/C ratio 0.4 or 0.45 as optimum water to cement ratio 10% replacement of fly ash
yielded high strength. But for pervious concrete, there must be existence of pores
and pore must be connected to facilitate transportation of fluids. From Fig. 4 it could
be observed that, there are no pores at the bottom of cubes. Its look like an ordinary
conventional concrete. Therefore, design withW/C ratio above 0.35 were considered
not suitable. Simultaneously,W/C less than 0.3 yields poor compressive strength. So,
the optimum W/C ratio for the pervious concrete mix design with the replacement
with fly ash lying between 0.3 and 0.4.

There is no significance difference in compressive strength after 10% replacement
for W/C ratio of 0.3 and 0.35. Higher replacement of cement with FA only decreases
the cost of concrete and increase environmental friendliness. However, the clump of
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Fig. 3 Compressive strength of experimental cubes with fly ash for various W/C ratio

Fig. 4 Bottom of test cube
with W/C ratio 0.4

fresh concrete is yet another crucial factor. Table 2 shows the average slump values
of all mix design in this study. For pervious concrete slump value must be less than
15 mm. Table 2 clearly indicates that the slump value increases with increasing
percentage of replacement of cement by FA. It’s because of the particles of fly ash;
its texture and shape friction between the particle is very low. When percentage
replacement increases excess water will function as a lubricant between particle and
increases the flow of the mortar. Those properties affect the slump value actually
increases it. Considering the values in column of W/C ratio 0.35, it has 38 mm for
0% replacement. All other slump values (for replacement percentages—5%, 10%,
15% and 20%) are more than 38 mm for water to cement ratio 0.35. So, 0.35 W/C
ratio also not suitable for pervious concrete mix with fly ash. For 0.3W/C ratio slump
value reaching the requirement of slump value for 10% of FA presence. Finally, the
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Table 2 Slump values of mix designs with percentage of fly ash varies with W/C ratio

FA % W/C ratio

0.25 0.30 0.35 0.40 0.45

00 0.0 00 38.00 108.00 193.00

05 0.0 05 45.00 117.00 206.00

10 0.0 12 55.67 130.50 220.83

15 3.5 20 70.00 144.83 240.00

20 7.0 35 92.50 175.00 270.50

optimum water to cement ratio for pervious concrete with fly ash is 0.3. And the
optimum percentage replacement is 10% cement replaced by fly ash.

3 Conclusions

Fly ash being a waste product, and specifically due to the size of particles and chem-
istry, it has high potential of polluting the environmentwhennotmanaged. Production
of cement also imparts more detrimental effect on environment predominantly by
releasing large amount of carbon-dioxide. So, replacing certain percentage of cement
in concrete production with these Fly Ash irradicates both impact on environment.

This study highlights the importance of selecting optimum A/C ratio, W/C ratio
and percentage of replacement the cement by FA to obtain high compressive strength
for a pervious concrete without compromising on porosity. First higher compres-
sive strength obtained for A/C ratio 2.5 for W/C ratio higher than 3.0. For mix
which contain only FA as the replacement of cement 10% replacement is giving high
strength.Compressive strength of 10%replacementmix design increasingwith incre-
ment of W/C ratio. A slump requirement of less than 15 mm for casting pervious
concrete was kept because even minor increment than 15 mm covers the bottom
surface with binder paste and result continuous porosity became zero. W/C ratio as
0.3 exposed high compressive strength for 10% replacement with Fly Ash, with low
slump value and it’s 15.22 MPa.
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Performance of OGFC Using West
Kalimantan Aggregates and Polymer
Modified Bitumen

S. Mayuni , S. P. R. Wardani , and B. H. Setiadji

Abstract OpenGraded FrictionCourse (OGFC) has been used as a permeable pave-
ment in many countries. OGFC introduces safe road conditions as a pavement mate-
rial compared to normal asphalt while facilitating the lateral and vertical drainage
functions. In Indonesia, one type of OGFC researched to date is porous asphalt. This
mix has an advantage in terms of its drainage function, but it lacks the ability to with-
stand against traffic loads. This research aims to see how binder content affected the
performance of porous asphalt mixtures in order to create porous asphalt pavements
that met structural and functional requirements. To do so, local aggregates from the
West Kalimantan region and several contents of PG-76 polymer modified bitumen
were used in this study. Marshall and Cantabro Loss tests were conducted to observe
the structural performance, while volumetric properties were used to evaluate the
functional performance. The outcomes of this study presents the insight of the rela-
tionship between the different content of the binder and the stability, durability, and
voids content of the mixture.

Keywords Porous asphalt · Binder content · Stability · Durability · Voids content

S. Mayuni (B)
Postgraduate Program at Civil Engineering, Faculty of Engineering, Universitas Diponegoro,
Jalan Hayam Wuruk No. 5-7, Semarang 50241, Indonesia
e-mail: sitimayuni@students.undip.ac.id

Department of Civil Engineering, Faculty of Engineering, Universitas Tanjungpura, Jalan Prof.
Dr. Hadari Nawawi, Pontianak 78124, Indonesia

S. P. R. Wardani · B. H. Setiadji
Department of Civil Engineering, Faculty of Engineering, Universitas Diponegoro, Jalan Prof.
Soedarto, SH, Semarang 50275, Indonesia
e-mail: wardani@live.undip.ac.id

B. H. Setiadji
e-mail: bhsetiadji@ft.undip.ac.id

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. R. Pasindu et al. (eds.), Road and Airfield Pavement Technology, Lecture Notes
in Civil Engineering 193, https://doi.org/10.1007/978-3-030-87379-0_38

507

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87379-0_38&domain=pdf
http://orcid.org/0000-0002-1817-2527
http://orcid.org/0000-0002-1039-1813
http://orcid.org/0000-0002-6747-357X
mailto:sitimayuni@students.undip.ac.id
mailto:wardani@live.undip.ac.id
mailto:bhsetiadji@ft.undip.ac.id
https://doi.org/10.1007/978-3-030-87379-0_38


508 S. Mayuni et al.

1 Introduction

OGFC (Open Graded Friction Course) as an open-graded pavement has been
widely implemented in many developed and developing countries [1]. In Indonesia,
commonly referred to as Porous Asphalt, is a thin layer of asphalt mixture placed
on top of a conventional asphalt layer [2]. In other words, the open-graded porous
asphalt is placed on top of the dense graded asphalt, as a drainage system that func-
tions to remove rainwater that falls on the road surface. This layer has a structure
with a high void content, which is 18% [3]. This serves as drainage during the rainy
season, and as a safe road that can reduce the chances of hydroplaning [4], as well
as overcoming the effects of sprays and splashes that interfere with the driver’s view
[5]. Coarse surfaces are also advantages in favor of road safety, good skid resistance
which can prevent slippage between the road surface and the tire [6]. Widhianto et al.
[6], Poulikakos and Partl [7] stated that porous asphalt is an environmentally friendly
road construction technology, which can reduce noise and control rainwater puddles.

One country in Asia, Malaysia, which has a climate similar to Indonesia, started
pioneering the application of porous asphalt in 1991 and officially announced the
national specification standard in 2008. Malaysia succeeded in reducing the number
of accidents and promoting porous asphalt as a safe road in the rainy season [8].

In addition to having advantages, porous asphalt mixture also has its drawbacks
[9]. In terms of strength, it is generally lower than conventional dense graded asphalt.
It has low stability which opens up a greater chance for deformation.

Structural performance and functional performance are the two main factors in
the application of porous asphalt layers. High void content in an open-graded mix
is needed to form a structure that can drain the water. Instead, mix with a high void
content tend to have lower structural strength when compared with a dense-graded
mixture [4].

Many cities in Indonesia having problems with puddles on the road due to heavy
rainfall for a long time [1]. Djakfar et al. [10] recommend that structurally, porous
asphalt mixtures can be used on roads with light traffic loads. In terms of void
content, which is one of the functional performance parameters, the present inven-
tion is not adequate, because the void content (VIM 8.1%) produced does not meet
specifications (18–23%).

Research development on porous asphalt mixtures in Indonesia is still limited.
Djakfar et al. [11] suggested developing research with the approach of the material
used. Several recent studies have experimented to improve the stability of themixture
by adding a variety of additives, powder, and fiber [10, 12–14]. The use of additives
increases the interlocking so that the stability increases, but on the other hand it
disturbs the permeable function.

For a long time, efforts to improve the performance and quality of porous asphalt
mixtures have been continuously carried out with many studies in various countries,
including the use of polymer modified asphalt [15], other modified asphalt [16],
adding additives, including the use of fiber [17], or using coarser aggregate [18].
Cellulose fiber is one of the additives that are often used in studies of porous asphalt.
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Adding 0.3–0.5% cellulose fiber to the OGFC mixture provides a good stability
value compare to polypropylene fiber and polyester fiber [19]. In the Cantabro test,
cellulose fibers significantly improved the behaviour, especially for porous asphalt
mixtures with high binder content [20]. Polymer modified bitumen improves the
adhesion between aggregate and the binder [21]. Like PG-76, it can increase the
durability of the mixture [8]. This study tries to find the performance value of a
porous asphalt mixture that meets the requirements, where the aim of the study is to
determine the effect of different binder content on the value of stability, durability
and voids content.

2 Experimental Program

2.1 Material Properties

The mixture contained of dry sieved aggregates with asphalt binder (PG-76) and
0.3% cellulose fiber. Indonesia Bina Marga Standard 2018 recommends 0.3% cellu-
lose fiber for asphalt mixture [22]. The mixing temperature was 186 °C and at the
temperature of 177 °C, 50 blows per side were applied. The temperature was deter-
mined based on the result of bitumen viscosity test. The aggregates were obtained
from a crushed stone quarry in Sungai Kunyit, Kalimantan Barat, which is commonly
used in Kalimantan Barat for asphalt mixture. Tables 1 and 2 demonstrate the phys-
ical properties of the modified asphalt (PG-76) and aggregate used in this analysis,
respectively. All thematerial properties followedmaterial quality specifications from
Indonesia Bina Marga Standard 2018 [22].

Gradation has an important role in porous asphalt performance [23]. This study
applies Australia porous asphalt gradation [24], which was recommended because it
would create a mixture with the most homogenous void distribution and high enough
permeability [25], with a little modifications where a 6.7 mm sieve is replaced by a
6.3 mm sieve, according to sieve availability (Table 3).

The sample of porous asphalt mixture was prepared using a Marshall Compactor
with 4, 4.5, 5, 5.5 and 6% design binder content. Three specimens were tested for
each binder content. The sample was compacted with 50 blows per side. After that,

Table 1 Properties of PG-76 Properties Result Requirement

Penetration at 25 °C (mm) 41.80 –

Softening point (°C) 66.50 ≥ 48

Flash point (°C) 275.50 ≥ 230

Ductility 101.67 ≥ 100

Viscosity at 135 °C (CSt) 1587.65 ≤ 3000

Specific gravity 1.119 ≥ 1
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Table 2 Properties of
aggregate

Test Result Requirement

Los Angeles abrasion (%) 15.2 ≤ 30

Flakiness (%) 1.29 ≤ 5

Elongation (%) 1.49 ≤ 5

Soundness (%) 5.93 ≤ 12

Aggregate impact value (%) 6.00 ≤ 30

Specific gravity 2.67 ≥ 2.5

Water absorption (%) 0.37 ≤ 3

Affinity for bitumen (%) 99 ≥ 95

Table 3 Porous asphalt
gradations (AAPA 2004
Modifications)

Sieve Size Percentage passing (%)

ASTM mm

½” 12.7 100

3/8” 9.5 85–100

¼” 6.3 35–70

No. 4 4.75 20–45

No. 8 2.36 10–20

No. 16 1.18 6–14

No. 30 0.60 5–10

No. 50 0.30 4–8

No. 100 0.150 3–7

No. 200 0.075 2–5

the compacted samples were tested for volumetric properties (air void content) and
mechanical performance using Stability Marshall and Cantabro tests. According
to ASTM D1559, the Stability Marshall Test is used to assess the stability value
of porous asphalt mixtures, which shows the strength of the samples. According
to ASTM D7064, the Cantabro Test is used to determine the particle loss of porous
asphaltmixtures,which indicates sample durability. Figure 1 illustrates the specimens
with 4–6% binder content.

2.1.1 Volumetric Properties

Volumetric parameters depend on the mixture’s Bulk Specific Gravity (Gmb) and
the Theoretical Maximum Specific Gravity (Gmm).

• Theoretical Maximum Specific Gravity (Gmm). According to ASTM 2041–11,
maximum theoretical specific gravity is a virtual value reflecting a compressed
sample without air voids.
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Fig. 1 Specimen of porous asphalt

• Bulk Specific Gravity of Mix (Gmb). According to ASTM D3203-11, the
bulk specific gravity of the compacted mixture is determined by the spec-
imen’s geometric measurements.

Air voids (%). Air voids content, commonly lies between 18 and 23%, is one
of porous asphalt mixture’s most significant parameters. In porous asphalt, Av (air
voids) are calculated as [26]

Av =
(
1 − Gmb

Gmm

)
.100% (1)

2.1.2 Cantabro Loss Test

The durability of porous asphalt was assessed in terms of its resistance to abrasion
loss. The Cantabro loss test is a special porous asphalt test commonly used to deter-
mine mixture resistance to particle loss from traffic impact and abrasion, as well as
stripping resistance [27]. The procedures described by Jimenez and Perez (1990) [28]
were used as the test method. In The Los Angeles Abrasion Machine, the compacted
porous asphalt samples were subjected to 300 revolutions at 30 rpm, without the
charge of steel spheres. Then, the mass loss percentage determined the sample’s
resistance to abrasion. Specimens and Loss Angeles Machine are shown in Fig. 2.
The following equation determines the test result.

P =
[
P1 − P2

P1

]
.100% (2)
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(a) Los Angeles 
Abrasion Machine

(b) Weighing specimen 
after Cantabro 

Loss Test

(c) Weighing specimen 
before Cantabro 

Loss Test

Fig. 2 Cantabro loss test

where: P = Cantabro abrasion loss (%).
P1 = initial weight of the sample (gram).
P2 = final weight of the sample (gram).

2.1.3 Marshall Test

Marshall test was used to determine the porous asphalt compacted sample’s stability
value. Stability indicates one of porous asphalt’s most important structural perfor-
mance and ameasure of the asphalt layer’s ability to resist deformation and distortion
cause of traffic loads such as corrugation and rutting.

3 Result and Discussion

Table 4 and Fig. 3 display the values of the test, especially the value of stability

Table 4 Effect of binder
content on porous asphalt
performance

Binder
content (%)

Stability (kg) Cantabro loss
(%)

Voids content
(%)

4 418.81 46.1 22.29

4.5 512.54 24.09 21.77

5 567.81 14.19 21.07

5.5 525 5 18.6

6 466.07 3.58 17.65

Australian
Standard

> 500 < 30 18–23
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Fig. 3 Effect of binder content on porous asphalt performance

and Cantabro Loss as structural performance, and voids content as functional perfor-
mance which follows Australia porous asphalt specifications [24]. It can be seen that
the highest stability is achieved 567.81 kg in the mixture with 5% binder content.
However, the 4.5 and 5.5% binder content mixture still meets the specifications.

The trend shows that as the binder content is increased, the durability is increased.
The best durability is indicated by the smallest Cantabro Loss value, 3.58%; the result
of a mixture with asphalt content of 6%, but in terms of stability and voids content
do not meet the specification of porous asphalt mixture.

The trend shows that as the binder content is increased, the voids content is
decreased. The mixture with 4–5.5% binder content has the voids content that meets
the requirements (18–23%). Porous asphalt mixtures with open grading tend to have
low strength and low durability as a result of relatively low interlocking due to high
voids content, so the minimum voids content needs to be considered provided the
structural performance records meet the specifications. The test results show that the
voids content meet the requirements at the minimum value (18.6%) is produced by
5.5% binder content of porous asphalt mixtures, which the structural performance is
eligible andmeets the specifications; stability 525 kg and the Cantabro Loss 5% indi-
cates that the mixture has high durability. The results of this study can be compared
with studies in Malaysia [29] (Table 5). Although this study recommends a higher
binder content than theMalaysian porous asphaltmixture, it has a better voids content
which is closer to the minimum specifications, as well as better durability.
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Table 5 Porous asphalt performance with polymer-modified bitumen PG-76

Year Country Additives Binder content
(%)

Stability Voids content
(%)

Cantabro loss
(%)

2019 Malaysia Mineral filler 5 – 21.7 6.1

2021 Indonesia Cellulosa fiber 5.5 525 kg 18.6 5

4 Conclusions

This study evaluates porous asphalt’s performance at varying binder content. Based
on the findings, it can be concluded that different asphalt content affects the final
product’s volumetric and mechanical properties. As the binder content increases,
porous asphalt’s resistance against abrasion loss also increased. Decreased voids
content due to the increasing of binder content, but can be seen best voids content was
approaching the minimum requirements (18.6%). Then it can be recommended that
the asphalt porous used aggregate of West Kalimantan with 5.5% polymer modified
bitumen PG-76 and 0.3% cellulose fiber, which resulted in the performance of porous
asphalt with 18.6% voids content and 5% Cantabro Loss, as well as the stability of
525 kg on the road with the light to the medium traffic load.
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Performance Study of Pervious Concrete
as a Road Pavement Infrastructure
System

Sujit Kumar Pradhan, Niranjan Behera, and Anil Palai

Abstract Pervious concrete is recognised as an environment friendly buildingmate-
rial to meet the growing demands for pavement infrastructure. It is one of the best
practices for storm water management by capturing rain water and allowing it to
seep into the ground. In this study, influence of fine aggregate and coarse aggregate
quantities on the properties of pervious concrete and performance characteristics of
pervious concrete in terms of permeability, compressive strength, flexural strength,
split tensile strength were carried out. Materials used are OPC Type-I of Grade 43,
fine aggregate confirming gradation (Zone II) and coarse aggregate mix of 4.75–
10 mm, 10–12.5 mm, 12.5–16 mm, 16–20 mm of 15, 40, 30 and 15% of total weight
of coarse aggregate respectively. Mixes were prepared with the water-cement ratio
of 0.34 and maintaining aggregate-cement ratio as 3.5:1. Here, total five nos. mixes
were prepared, out of which one for Control concrete mixture havingM35 grade and
remaining four mixtures were prepared by partial replacement of fine aggregated
with coarse aggregate in the range of 70–100% by weight. It was observed from
the study that with the increase of fine aggregates, various mechanical properties
such that compressive strength, flexural strength, split tensile strength increases, and
coefficient of permeability decreases. Also, the relationship between the strength,
permeability and total void present in graded aggregate based on angularity number
was developed. From the study, we conclude that pervious concrete act as a suitable
sustainable pavement infrastructure.

Keywords Pervious concrete · Permeability · Flexural strength · Split tensile
strength

1 Introduction

Pervious concrete has high void content so it can be used to infiltrate water coming
from different sources to pavement surface to other media (like ground water table,
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rain water harvesting system, underground water extraction channel, etc.) and by this
process wastage of rain water and artificial flood condition can be reduced. There are
certain ecological benefits of using pervious concrete for pavement structure because
of its good potentiality to charge up groundwater table and reduce stormwater runoff
which leads to prevent the artificial flood in the urban area.

Pervious concrete come up with an extra flexibility for architect to employ
greenery in parking lots. Pervious concrete is an eco-friendly construction mate-
rial and EPA has also point out that it as a Best Management Practice (BMP) for
storm water Management.

The basic composition of pervious concrete is same as of conventional concrete
with a little fine or no fine aggregate which leads to formation of an interconnected
network of voids that allow the water to percolate through the pavement. In terms
of use pervious concrete can have many places in the field of construction. Some
of the areas where we can use pervious concrete are residual roads, alleyways, low
traffic roads, ford (crossings), footpath and cycle way, parkway, tennis courts, slope
stabilization, walkway in park and garden etc.

2 Objective

The main objective of study includes carrying out the various tests on pervious
concrete. To develop the relationship between the strength, permeability and
percentage of fine aggregate.

3 Literature Review

Pervious concrete is a green material and it does not consume natural resources. It
helps in stormwater quality issue. It can be used as a pavingmaterial in road construc-
tion, efficiently if we increase the abrasion resistance and other strength character-
istic of the pavement [1]. Pervious concrete have reasonable voids as compare to
the nominal mix concrete so characteristics strength of the concrete is very less as
compare to the nominal mix. So, with the addition of extra fine aggregate provide
more resistance against abrasion and increase the strength characteristic property and
decreases permeability coefficient [2]. PPC provides higher resistance to cracking
and gives high flexural and compressive strength for that reason construction of road
pavement should use PPC [3]. The nonlinear permeability coefficient k value of
pervious concrete depends upon aggregate size and void ratio [4]. The coefficient
of permeability of pervious concrete is inversely proportional to cement content
and angularity number [5]. Keeping in account good workability of the mix and
to avoid the clogging up void space the proportion of water should be carefully
taken to prepare the pervious concrete mix. For better strength and permeability
the optimum range of water-cement ratio should be 0.30–0.38 [6]. Cube strength of
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pervious concrete drops down as the particle sizes of coarse aggregate increase. The
hydraulic conductivity increases as the particle sizes of coarse aggregate is increased
[7]). Pervious concrete properties varies with mix proportion, times space between
mixing and casting, method of casting, and environmental condition [8]. To increase
the resistance against freeze thaw action, air entering admixture can be used [9].
Pervious concrete along with managing the surface runoff it also reduces the night
time temperature and noise pollution. To maintain good permeability of the pave-
ment void space should be at least 16% [10]. The permeability of pervious concrete
is determined by considering all the pore structure features and permeability also
depends upon gradation of aggregate [11]. With increase in void content, void ratio
and void network, the strength characteristic of porous concrete decreases [12]. The
system permeability depends upon the permeability of sub-base and sub-grade [13].

4 Materials

4.1 Cement

Cement used in all mixes conforming to [14], provides 43MPa or 43, 00, 000 kg/sqm.
And also provide initial strength gaining facility. Its initial setting times also less as
compare to other grade of cement. This grade cement is mostly used in M30 and
M35 grade concrete mix.

4.2 Coarse Aggregate

A mixture of coarse aggregate of different size is formed (Routhfourth’s method of
gradation). The percentage taken are 15, 40, 30 and 15% from 4.75 to 10 mm, 10
to 12.5 mm, 12.5 to 16 mm, 16 to 20 mm of the total weight of coarse aggregate
respectively. Main functions of the coarse aggregate are to bear the load coming on
the structure. Figure 1 and Fig. 2 presents the particle size distribution curves of
coarse aggregate and fine aggregate, respectively.
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Fig. 1 Particle size distribution of coarse aggregate

Fig. 2 Particle size distribution of fine aggregate

4.3 Fine Aggregate

Fine aggregate used falls under zone II. Zone I–Sand being very coarse and Zone
IV sand is very fine. It is generally recommended by code to use sands of Zones I to
III for Structural concrete works. Zone II sand known as normal sand, which has the
total void content and interconnecting void in a good proportion as per [15].

Fine aggregate plays the main role of filling the void among the coarse aggregate
which helps in increasing the strength of the concrete as a whole at the same time it
decreases the permeability. Table 1 present the specific gravity of different materials.
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Table 1 Material properties Properties Value

Specific gravity of course aggregate 2.7

Specific gravity of fine aggregate 2.68

Specific gravity of cement 3.1

4.4 Water

Water-cement ratio to be selected which generally varies from 0.26 to 0.40 as per
[16].

5 Methodology

5.1 Concrete Mix

The concrete mix was designed based on the calculation obtained from [17]. And
also follow the [18] for calculation of the quantities of Cement, Coarse Aggregate
and Fine Aggregate in the previous concrete mix. Adopted target strength is M35
and water-cement ratio is 0.34. The ratio between the cement, fine aggregate and
coarse aggregate was taken as 1:1.436:2.006.

Mixing of concrete was done by electrical concrete mixer machine. Total four
mixes were prepared by varying the quantity of fine aggregate as 0, 10, 20 & 30% of
fine aggregate while fine aggregate was replaced by coarse aggregate in the concrete
mix.

5.2 Compressive Strength Test

Casting of cubes having inner dimension 150 × 150 × 150 mm is done as per [19]
recommendations. The concrete was poured into the mould with three layers and
each layer was compacted using 16 mm tamping rod. The specimens were kept in
the mould for 24 h and after removal of all the specimens were left in the curing
tank for a period of 28 days. After the curing of concrete cubes they were removed
and placed in the compression testing machine which is having a least count of
1.00 tonne. The load was applied gradually over the specimen till to the failure of
the specimen at a rate 140 kg/cm2/min or 22.1 kN/mm2/s confirming to the range
given by IS code and the corresponding load was noted as ultimate load and the
strength is calculated in MPa. Average of all the values was taken and reported as
the compressive strength of that mix. Similarly test was conducted for all types of
mixes and the corresponding compressive strength was obtained.
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5.3 Flexural Strength Test

Casting of beams having inner dimension 100 × 100 × 300 mm is done as per [19]
recommendations. The concrete was poured into the mould with three layers and
each layer was compacted using 16 mm tamping rod. The specimens were kept in
the mould for 24 h and then after removal of all the specimens were left in the curing
tank for a period of 28 days. Concrete sample was placed in the machine after the
curing period. Specimen was placed in the machine centred with the longitudinal
axis of the specimen at right angles to the rollers and the load is applied gradually
at a rate of 29.5 N/sec. Maximum load that was bear by the specimen was noted
down and flexural strength was calculated by using the formula. The average of all
the values was taken as the flexural strength of mix. Similarly test was conducted for
all types of mixes and the corresponding flexural strength was obtained.

5.4 Split Tensile Strength Test

Casting of cylinders having inner dimension 100 × 300 mm is done as per [20]
recommendations. The concrete was poured into the mould with three layers and
each layer was compacted using 16 mm tamping rod. The specimens were kept in
the mould for 24 h and then after removal of all the specimens were left in the curing
tank for a period of 28 days. The cylinder specimen was placed in the machine after
the curing period in such a way that the longitudinal axis was perpendicular to the
bed. Two bearing strips were provided on the upper and lower side of the specimen
and load is applied gradually at a rate of 17.25 kN/s. The maximum applied load
indicated by the machine at failure was noted down and split tensile strength was
calculated by using the formula. The average of all the values was taken as the split
tensile strength of that mix. Similarly test was conducted for all types of mixes and
the corresponding split tensile strength was obtained.

5.5 Angularity Number

30 kg of oven dried sample was taken by using a metal scoop and the metal container
was filled in three layers. Each layer was compacted by 100 blows at a rate of 2
blows/second by lifting the tamping rod 5 cm above the aggregate surface. The last
layer was filled with overflowing quantity and after compaction of the last layer the
excess materials were removed by using tamping rod as a straight edge.Weight of the
aggregates with cylinder measured and recorded to the nearest 10 g. Three different
determinations were made and mean weight of the aggregates was calculated. Then
by using the obtained data angularity number was calculated by the “Eq. (1)”
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Angularity Number = 67− 100 W

C GA
(1)

where, W = mean weight in g of the aggregate in the cylinder,
C = weight of water in g required.
GA = specific gravity of aggregate.

5.6 Permeability

Casting of slab having inner dimension 500 × 500 × 150 mm is done as per [21]
recommendations. The concrete was poured into the mould with three layers and
each layer was compacted using 16 mm tamping rod. The specimens were kept in
the mould for 24 h and after removal of all the specimens were left in the curing
tank for a period of 28 days. The concrete slab was cleaned by brooming Putty
was applied around bottom edge of the infiltration ring and placed on the concrete
slab. The applied putty was pressed in to the surrounding to avoid the leakage of
water through the ring area. Then water was poured into the ring maintaining a head
between two marked lines. The test was performed by constant head method and
time required from pouring of water to when there was no free water on the surface
is recorded and the permeability was calculated. The test was conducted at three
different positions on the concrete slab and the average of all was recorded as the
permeability of that respective mix. Similarly test was conducted for all types of
mixes and the corresponding permeability was obtained.

6 Result and Discussion

6.1 Total Void Content

Total void content was calculated by using the angularity number as per “Eq. (2)”.
Total void content = 33 + Angularity number (IS 2386 part (I):1963)

Total Void Content = 100− 100 W

C GA
(2)

where, W = mean weight in g of the aggregate in the cylinder.
C = weight of water in g required.
GA = specific gravity of aggregate.
Generally, preferable angularity number in coarse aggregate in between 0 and 11.

Total void in aggregate calculated concept based on angularity number. As increase in
fine aggregate percentage, angularity number decreases as well as total void content
also decreases (Fig. 3). Angularity number our sample varies between 5 and 12
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Fig. 3 Angularity number versus total void in aggregate versus percentage of fine aggregate

and total void of aggregate varies from 38.7 to 45.3 as increase in fine aggregate
in aggregate sample. In road construction angularity number of 5–10 is generally
preferred [22]. Adding of fine aggregate leads to filling the voids in coarse aggregate
and decrease void content in the previous concrete mix.

6.2 Strength Characteristics

Figures 4, 5, and 6 represents the variation of compressive strength, split tensile
strength and flexural strength with respect to the percentage of fine aggregate respec-
tively. From the graph it is observed that with the increase in percentage of fine

Fig. 4 Compressive strength versus percentage of fine aggregate
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Fig. 5 Split tensile strength versus percentage of fine aggregate

Fig. 6 Graph of flexural strength versus percentage of fine aggregate

aggregate the compressive strength, split tensile strength and flexural strength of the
concrete exponentially increases. Compressive strength of pervious concrete varies
from 9 to 20 MPa. Split tensile strength varies from 1.295 to 2.777 MPa. Flexural
strength varies from 1.416 to 2.666MPa. This happens due to increase of bond inside
the structure due to addition of fine aggregate.

6.3 Permeability

Figure 7 shown represents the variation of permeabilitywith respect to the percentage
of fine aggregate. Co-efficient of Permeability of pervious concrete varies from 0.908
to 1.015 cm/min. From the figure it is observed that with the increase in percentage
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Fig. 7 Graph of permeability versus percentage of fine aggregate

of fine aggregate the permeability of the concrete exponentially decreases. This
happens due to decrease in voids content inside the structure due to addition of fine
aggregate. And addition fine aggregates blocks the interconnection of voids as well
as void network.

6.4 Optimum Mix

By using the Fig. 8, it can preparemix of desire strength and permeability. Angularity
number our sample varies between 5 to 12 and total void of aggregate varies from38.7
to 45.3 as increase in fine aggregate in aggregate sample. Compressive strength of

Fig. 8 Compressive strength versus permeability versus percentage of fine aggregate
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pervious concrete varies from 9 to 20 MPa. Co-efficient of Permeability of pervious
concrete varies from0.908 to 1.015 cm/min. If our required strength and permeability
are high, then we have to negotiate with one characteristic of pervious concrete.

7 Conclusion

From the experiment it is seen that the compressive strength of the previous concrete
with 0, 10, 20, 30% fine aggregate is 9.88, 11.19, 15.11 and 20.20 MPa respectively
and the permeability is 1.01, 1.00, 0.95 and 0.90 in cm/min respectively. This indi-
cates that with increasing the percentage of fine aggregate the compressive strength
of the previous concrete increases and permeability decreases and vice-versa. In
order to bring a balance between the compressive strength and permeability of the
previous concrete a relationship between them is obtained in the form of graph. By
using this graph we can get a particular mixture composition for a specific value of
permeability and strength. The angularity number falls in range of 5–10 which is
suitable for pavement construction for light traffic area.
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Performance-Based Design
for Binary-Blended Filler Application
in Dense-Graded Cold Mix Asphalt
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Abstract The quest to developing a universally acceptable mix design procedure
for cold mix asphalt (CMA) is in the spotlight of continuous research. Moreover, the
performance improvement of CMA coupled with sustainable construction drives had
witnessed the inclusion of industrial by-products and biomass waste alike in CMA.
Nonetheless, various transportation departments in different countries tailor CMA’s
design to suit their geographic regions’ peculiar challenges. Despite such efforts, mix
designs need to produce laboratory results replicative of service conditions capable
of ameliorating the high void content, weak early strength, and slow rate of strength
gain of CMAs. This study proposed a performance-based mix design based on the
combined result of indirect tensile stiffness modulus (ITSM) and Cantabro loss tests
compared to the standardMarshall mix design. Themixtures contain binary blending
of 1–4% palm oil fuel ash (POFA) with 3–6% granite filler by total aggregate weight
in a fine dense-graded CMA using a polymer-modified cationic quick set (CQS-1h)
and an unmodified rapid set (RS-1K) emulsified asphalt. A gradation with a nominal
maximum aggregate size (NMAS) of 4.75 mm (FGCMA-4.75 mm) was employed.
In addition to Cantabro and ITSM, the designed mix was tested for Indirect Tensile
Strength (ITS), and modified Lottman’s test. Results revealed a significant correla-
tion between the usual Marshall design with the proposed design based on the estab-
lished optimum emulsion contents (OEC). An optimal 3% POFA yielded moisture-
resistant mixtures with enhanced mechanical and Marshall volumetric properties in
void reduction, increased stability, and adequate early strength.
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Keywords Cold mix asphalt · Fine dense-graded cold mix asphalt · Palm oil fuel
ash · CQS-1h · RS-1K

1 Introduction

Cold mix asphalt (CMA) emerges as an environmentally friendly cost-effective
alternative to hot mix asphalt (HMA) for varying applications. CMA comprises of
well-graded aggregates, emulsified asphalt, water, and additives mixed and placed
at ambient temperatures [1]. The most common application of CMAs is in pave-
ment repair and rehabilitation works, and to a lesser extent as wearing courses of
light-trafficked roads. Advances in material science and emulsified asphalt formu-
lation have witnessed the use of CMA as a base course and wearing courses of
heavily-trafficked roads [2]. However, absence of a universal design method has
slowed the pace at which CMA is used globally. Most transportation departments or
companies inMalaysia, the US, Europe, and Africa have different design approaches
for CMA, often customised to suit specific needs [3]. Efforts were made to develop
acceptablemix designs including volumetric, simplified, and performance-basedmix
designs amongst others [4–6]. Performance-based mix designs utilising mechanical
performance tests reflects a closer replica of service conditions. Moreover, indirect
tensile stiffness modulus (ITSM) or resilient modulus and Cantabro were identified
as simplified yet, robust tests for designing CMA [7].

In recent times sustainable construction has encouraged the addition of waste
material and industrial by-products in CMA to further improves its performance
and reduce cost. This study introduces the addition of palm oil fuel ash (POFA) as
supplemental to granite filler to produce a fine dense-graded CMA with a nominal
maximumaggregate size (NMAS) of 4.75mmformulated to suit reinstatementworks
of pipes laid in pavement cuts. POFA is the by-product of burning palm oil biomass,
including kernels, fruit bunches, leaves, and fibres in power generating plants or
palm oil mills. POFA is often dumped in landfills, causing environmental menace.
POFA waste exponentially increases over the years in Malaysia, concomitant to
increased palm plantation, which was reported to stand at 5.90 million hectares in
2019 [8]. The race in curbing the environmental threat posed by POFA’s landfill
disposal resulted in its application in hot mix asphalt (HMA) [9] and as cement
replacement in concrete with great success and performance improvement [10]. The
use of POFA as filler in HMA improves theMarshall volumetric properties, enhances
stiffness, tensile strength, durability, and resistance to moisture damage [9, 11, 12].
Despite these achievements, there is the need to extend further the use of POFA in
other construction material, including CMA.

Research efforts at improving CMA’s performance have witnessed the addition
of numerous industrial waste and by-products with attendant mixture improvement.
An improvement in mechanical properties, thermal and moisture susceptibility of
a CMA employed as a binder course was achieved by incorporating binary filler.
The filler comprises high calcium fly ash and a fluid catalytic cracking catalyst



Performance-Based Design for Binary-Blended Filler … 531

residue [13]. CMA exhibited higher emulsion and water content demand in a related
vein, despite enhancement in stiffness and fatigue cracking consisting of a complete
aggregate replacement with construction and demolitionwaste (CDW).However, the
complicated design procedure was highlighted as a great challenge for this mix [14].
Thanaya’s research is among the pioneer studies target simplifying design method-
ology forCMAcouplewith the addition ofwide-rangingwastematerials as aggregate
and filler replacements. Thanaya study’s main objective was to simplify the CMA
design procedure and make it practicable to site conditions. The approach for deter-
mining the optimum total liquid content at compactionwas particularly impracticable
for site applications [15]. Researchers tried several mix design approaches, including
a volumetric mix design that takes account of residual water after compaction [5].
In recent times, optimisation techniques are employed to enhance the mix design of
CMA [16]. Due to the high variability in themixture’s characteristics, the two notable
design procedures for CMAs viz. Illinois method based on the modified Marshall
method, the Asphalt institute method based on modified Hveem are often utilised.
As a consequence, several transportation departments significantly vary these modi-
fied designs to suit peculiar needs. Consequently, CMA mix design improvement
remained a grey area with recorded successes and opened for further enhancement.

Notwithstanding the successes recorded, the lingering challenge associated with
CMA of absence for a simplified, universally accepted mix design remains far from
being attained [17]. This study aimed to bridge the gap by proposing a performance-
based mix design replicative of site conditions in designing a CMA blended with
<0.75 µm sized POFA and granite as fillers.

2 Materials and Test Methods

The detailed characteristics of the materials used in this study and the methodology
employed are elucidated in Sects. 2.1–2.3.

2.1 Emulsified Asphalts

Emulsified asphalt is a stable dispersion of typically two immiscible liquids called
‘continuous’ and ‘discontinuous’ phase. They are blended in proportions and varying
viscosities, which allows low temperatures application as emulsified asphaltmixtures
or as recycled mixtures [18]. The emulsion is gaining wider usage, especially for
rehabilitation and maintenance work as CMA or slurries, for ease of application and
minimal emission, with attendant cost and energy-saving [19]. In a drive to ensure
a fast-curing mix, cationic quick (CQS-1h) and rapid (RS-1K) setting emulsions
with medium viscosities were employed in this study. The emulsions’ choice was
intended to ensure material compatibility, as they are compatible with both alkaline
and acid-nature aggregates [20]. Even though it is a well-established fact that alkaline
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aggregates like limestone bonds betterwith bitumen than acidic aggregates yet, acidic
aggregate offers better abrasion and skid resistance. Moreover, the aforementioned
fact applies to a neat bitumen in bitumen-aggregate mixes not emulsion-aggregate
mixes [21, 22]. The reason is that, water present in emulsified asphalts may prevent
proper adhesion between the bitumen’s active components from reacting with the
calcium (Ca+) from the limestone [21].

The polymer-modified cationic quick set (CQS-1h) emulsion is a unique formu-
lation for micro-surfacing, enabling fast curing of the mixture and early opening
to traffic. Thus, CQS-1h breaks and set faster than standard emulsions. The rapid
setting (RS-1K) emulsion is also a medium viscosity fast curing emulsion typically
used in Malaysia for spray applications [23]. The curing of emulsified asphalt is a
determinant factor of their earlier life strength and the type of application intended.
In high humidity, low wind speed or night time application, fast curing emulsions
become desirable for adequate early strength development [24].

The emulsions and their residues were tested for mechanical and rheological
properties according to the American Society for Testing and Materials (ASTM)
and American Association of State Highway and Transport Officials (AASHTO)
standards as the casemay be. The result has satisfied the Jabatan Kerja Raya (JKR)—
Malaysian Public Works Department requirements and presented in Table 1 [25].

Table 1 Mechanical, and physical, properties of the emulsion

Test on emulsified asphalt

Test description Test method Result Specification
(CQS/RS)

Requirement

ASTM AASHTO CQS-1h RS-1K

Physical
appearance

– – Brownish Brownish JKR, 2008,
MS 161, and
ASTM
D2397

Storage stability
(%)

D6930 T 59 0.9 1.0 1% max

Settlement test
(%)

D6930 T 59 1.0 1.0 1% max

Residue by
evaporation (%)

D6934 T 59 65 63 57/50 min

Particle charge D7402 – Positive Positive

Saybolt Furol
viscosity (s)

D7496 – 20 22 15–50

Test on emulsified asphalt residue

Penetration at
25 °C (0.1 mm)

D5 T 49 40 68 40/60–90/200

Softening point
(oC)

D36 T 53 69 – 54–57 °C min JKR

Solubility in
Trichloroethylene
(%)

D2042 – 95 100 97.5 min
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Table 2 Physical and mechanical properties of cement, granite filler, and POFA (Salam et al.,
2018)

Property tested Materials

POFA Granite Cement

Colour – Dark grey Grey Grey

Specific gravity – 2.51 2.97 3.16

Fraction passing through a 75 µm sieve (wt%) 97 90 100

Bulk density (g/cm3) 2.51 2.96 1.14

Solubility in water – Insoluble Insoluble Insoluble

2.2 Palm Oil Fuel Ash

Palm oil fuel ash (POFA) is the ash by-product of burning palm tree biomass,
including empty palm fruit bunches, fibres, kernels/shells, palm leaves in palm oil
mills, and power generating plants. POFA is ideally grey but turns black depending
on the proportion of unburnt carbon. A higher percentage of unburnt carbon makes
POFA black; hence further burning at 1000 °C reverts the POFA to grey. POFA’s
specific gravity ranges from 1.89 to 2.60, and it has a high silica and alumina content,
thus pozzolanic [26]. POFA’s characteristics and chemical constituent are distinctly
different, primarily influenced by several factors comprising (i) the Biomass part that
was used in its production, (ii) geographic location of the palm biomass, (iii) burning
temperature, (iv) particle size, and (v) pre or post-production treatment applied [26].

Moreover, Malaysia is among the World’s leading oil palm producers, with
Indonesia topping the list [27]. The large quantity of POFAbeing disposed of aswaste
in Malaysia has reached alarming levels [26], quantity over 1000 tons are dumped in
landfills [28]. Consequently, research in notable Asian palm oil-producing countries
and theWorld on the sustainable application of POFA in construction sprung [10, 29,
30]. POFA’s application varies from one study to another depending on the produced
material—either concrete,modified bitumen, or asphalt concrete; the POFA’s particle
size required, which dictates the adopted drying and grinding method. The usual
POFA’s percentage replacement in asphalt or bitumen ranges between 1 and 7% [11,
30]. Evidence of the use of POFA in concrete at percentage replacement between
0 – 70% exist, and this produces compressive strength of up to 95 MPa [31, 32].
POFA’s properties in comparison to cement and granite filler are given in Table 2.

2.3 Aggregate

The aggregate used in this study is a crushed granite with angular features inherent
of an impact cone crusher. This crusher shares the dual advantage of both impact and
cone crushers, as such granite aggregates obtained from such crushers is desirable
for asphalt production as it ensures good stone-on-stone interlock.
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Table 3 Mechanical Properties of fine and Coarse aggregate

Aggregate Properties Granite Limit Relevant specification

Fine aggregate (≤
4.75 mm)

Specific gravity – 2.89 - ASTM C 128

Sand equivalent (%) 96.0 >45 ASTM D 2419

Water absorption (%) 0.48 ≤2 ASTM C 128/MS 30

Bulk density (Kg/m3) 1815 – ASTM C 128

Fig. 1 Aggregate gradation plot

The nominal maximum aggregate size used for this study is 4.75 mm with a filler
of <0.075 mm in size. Result of the physio-mechanical testing on the aggregate is
presented in Table 3.

The plot of the aggregate gradation used in this study is presented in Fig. 1.

3 Experimental Program

The experimental program entails testing the individual aggregate for physical and
mechanical properties. The properties of individual constituents inCMAare pertinent
to ensuringmaterial compatibility, hence, goodworkability and performance.Among
the crucial parameters tested is the specific gravity, which translates to the materials’
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volume/mass measures. The specific gravity was evaluated with an air-displacement
pycnometer. The reason for choosing this device is because the gravimetric test is
not suitable for testing the specific gravity of granite filler and POFA as aggregates
need to be submerged.

Subsequently, material preparation, mixture design, and performance testingwere
conducted. The laboratory tests are highlighted in the subsequent sections.

3.1 Specimen Preparation

The traditional water addition to CMA for ease of workability and coating was not
used in this study particularly due to coating problems associated with the RS-1K
emulsion. Mixing was conducted mechanically in a Hobart steel bowl mechanical
mixer at ambient temperature. Mixtures are manually tilled in the mixer to enhance
aggregate coating. Mixing was limited to within a maximum of three (3) minutes as
typically obtainable in the literatures. Nonetheless, higher or lower mixing times are
also possible depending on the gradation, emulsion type, and perhaps water content
[33, 34]. Thereafter, the mixture was transferred into oiled moulds equipped with
circular plastics at the bottom and top of the moulds having diameters same with
the Marshall mould and tamped in three (3) layers. Each layer was tamped 15 blows
by the mould’s periphery and ten (10) blows at the centre, as spelt out in ASTM
D6926-10 [35].

The standard compaction level for CMA is typically 50 blows as specified by
the Malaysia’s public works department—Jabatan Kerja Raya (JKR) and India’s
ministry of road, transport and highways (MoRTH) [25, 36]. Nonetheless, this study
adopted 75 blows per face for all samples in order to keep void levels to a practical
minimum and to achieve maximum density. However, some studies highlighted that
3–5% air void is difficult to achieve even at compaction levels higher than 75 blows
[37]. Arguably, 3–5% VTM can be achieved with CMA depending on the mixture
gradation. Some studies adopt compactive effort even higher than 75 blows, though
higher compaction levels lead to aggregate crushing for coarser mixes, hencemixture
weakening [38]. As such the Asphalt Institute (AI) and MoRTH CMA mix designs
specified 50 blows per face of theMarshall sample. This is so because most CMA are
used as pavement maintenance mixtures and for light-trafficked road construction.
It is worth mentioning that water was observed to seep under the mould, especially
with the RS-1K emulsion, but minimal amount of water was observed with CQS-1h.
This is perhaps attributable to the higher water content of RS-1K, which stood at
37%, while CQS-1h has 35% water content.

After compaction, samples were oven cured at 40 °C in their moulds for 24 h
after which they are further cured for additional 72 h at the same temperature [39].
A similar curing protocol was reported, only that the curing temperature was set at
60 °C [40].
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Sample testing. The designed samples were subjected to mechanical performance
testing. Test conducted on the designed mixtures included ITSM, indirect tensile
strength (ITS), and moisture damage (modified Lottman test). Samples are condi-
tioned before testing according to the requirement for the respective individual
tests.

3.2 Mix Design

A performance-based mix design base on result of indirect tensile stiffness modulus
(ITSM) and Cantabro was used to design the mixtures. Result were compared with
that obtained by the modified Marshall method adopted by Illinois design method
as outlined in asphalt institute (AI) manual series MS-19 as elucidated in MoRTH
specification [36]. The design procedure is as outlined in Sects. 3.2.1 and 3.2.2.

The mixture acronyms used in this study are presented in Table 4. FGCMA
stands for fine dense-graded cold mix asphalt, the ‘C’ and ‘P’ suffices in front of
the acronyms stands for the control and POFA-modified mixes respectively. The size
of the grounded POFA is <0.075 mm while the nominal maximum aggregate size
(NMAS) of the mixture is 4.75 mm as shown in Table 4.

ModifiedMarshall Stability and FlowTest.The procedure contained in the revised
Marshall flow and stability specification was used to design all mixtures according
to ASTM D6926-10 [35].

Stability and flow tests were performed in accordance with ASTM D 6927-06,
with samples conditioned for forty minutes in a water bath at 60 °C prior to testing.
The maximum failure load in Kilo Newton (kN) at a constant deformation rate of
50 mm/min was recorded as the stability values. Similarly, flow is the maximum
deformation measured in millimetres (mm) at the failure load using a flow meter.
Triplicate samples for each binder content were tested and the average recorded.

Confirmatory tests were conducted to re-assess the established optimum emul-
sion contents (OEC). Four key Marshall volumetric parameters were used for the

Table 4 Mix Design Acronym Description

S/N Mixture acronym Mixture description Binder type Nominal Maximum
aggregate size (mm)

1 FGCMA-C Control mixture (0%
POFA)

CQS-1h & RS-1K 4.75 mm

2 FGCMA-P 1% Different percentages of
filler (pan material <
0.075 mm) replacement
with POFA (1–4%) and
(3–6%) granite filler

3 FGCMA-P 2%

4 FGCMA-P 3%

5 FGCMA-P 4%
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confirmatory test which include stability, flow, voids in total mix (VTM), and voids
filled with binder (VFB).

Performance-Based Mix Design Based on Indirect Tensile Stiffness Modulus
and Cantabro. Concomitant to the absence of a universally acceptable mix design
for CMA, this study further adopted ITSM and Cantabro test results to achieve the
optimum residual asphalt emulsion content.

The highest values of resilient modulus with the least Cantabro losses in addition
to some fundamental Marshall Volumetric properties were utilised to arrive at the
optimum emulsion content. The utilisation of performance-based mix design for
CMA was explored with success using foamed emulsion for CIPR mixtures (Saidi
et al., 2019). Similarly, dry and immersion ITS performance test results at 15 °C
were employed to arrive at the OEC of cold recycled emulsified asphalt mixtures
(Zhu et al. 2019).

3.2.1 Mix Design Based on Indirect Tensile Stiffness Modulus Test

This study uses the peak value of the average values from triplicate samples tested
within the range of emulsion contents. It is worth noting that the trend exhibited by
Marshall Specimens was similar to that of the Resilient Modulus samples. Resilient
modulus is a measure of a material’s Modulus of Elasticity under the influence of
rapidly applied loads similar to traffic loading on pavements.

This study conducted the resilient modulus test according to ASTM D 7369–11
as a re-approval from the initial ASTM D4123- 82/96 [41]. Laboratory fabricated
samples were conditioned at 25 °C and 40 °C for three (3) hours before being tested
under a repeated haversine/waveform indirect tension loading. Triplicate samples
were prepared for each binder content, and each sample was tested at 0° and 90°
orientation. Average values for each set of samples are used for plotting the graph.
The maximum value in a range of binder contents (7–9%) taken from the curve’s
peak is taken to be the optimised value.

3.2.2 Mix Design Based on Cantabro Test

Cantabro test was utilised as part of the performance-based mix design protocol. The
Texas Department of Transportation’s specification (Tx-DOT-Tex-245) guided the
conduct of the test [42]. It measures a compacted bituminous specimen’s resistance to
abrasion, which translates to an asphalt mixture’s durability. The sample’s crumbling
is simulated by subjecting theMarshall specimen to 300 revolutions in a Los Angeles
Abrasion (LAA) machine without the steel balls.

Triplicate samples for each individual mixture at their respective OEC determined
from ITSMwere cast and tested. Thus, at OEC, each individual mixture will produce
a value of Cantabro loss commensurate to its abrasion resistance capability. The
Cantabro loss in the mass loss is expressed as a percentage of the initial weight. The
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smaller the Cantabro loss the better the samples are in resisting abrasion loss thus
better durability performance.

The best mixture in all the mix design process was chosen by utilising multi-
criteria decision method to arrive at 3% POFA replacement.

4 Results and Discussion

4.1 Results of Optimum Emulsion Content for Various
Mixtures

The combined optimum emulsion contents (OEC) for CQS-1h and RS-1K designed
by Marshall, and ITSM coupled with Cantabro percentage losses are presented in
Table 5. In terms of the Marshall design CQS-1h has the least OEC with control
mix while RS-1K has similar OEC for both the control and POFA modified mixes.
Also, for the ITSM design method, CQS-1h has the least OEC of 7.9%. Generally,
there is increasing emulsion demand at higher POFA replacements. Similarly, there
is increasing Cantabro loss with increasing POFA content except for the 3% POFA
replacement. The least Cantabro loss with FGCMA-3% of both CQS-1h and RS-1K
as compared to other mixtures signified the mixture’s better performance than the
others.

The Cantabro losses in Table 5 for CQS-1h and RS-1K represents the respec-
tive average percentage degradation of the individual mixtures fabricated with their
respective OEC. It is not optimum emulsion percentage hence, lower than the OEC
for Marshall and ITSM as evident in Table 5. From Table 5, it is discernable that the
Cantabro losses of CQS-1h mixtures are lower compared to that of RS-1K mixtures.

All samples were verified for Marshall parameters of stability, flow, VTM, and
VFB for CQS-1h andRS-1K and the result presented in Table 6. Tickmarks indicated

Table 5 Combined optimum emulsion contents for Marshall, and ITSM tests with Cantabro losses

Percentage
replacement

Mixture
designation

Average ITSM OEC
(%)

Average Marshall
OEC (%)

Average Cantabro
loss (%)

CQS-1h RS-1K CQS-1h RS-1K CQS-1h RS-1K

Control FGCMA-C 8.1 7.8 7.7 8.1 4.5 8.5

1% POFA FGCMA-P
1%

8.1 8.3 8.5 8.3 4.2 9.6

2% POFA FGCMA-P
2%

7.9 8.4 8.6 8.2 5.5 4.6

3% POFA FGCMA-C
3%

7.7 8.0 8.1 8.4 3.8 4.0

4% POFA FGCMA-C
4%

7.9 8.0 8.7 8.8 6.8 8.7
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Table 6 Summary of Marshall verification of result for CQS-1h and RS-1K mixtures

Mix types CMA mix requirements and Marshall result verification to MoRTH [36]

Stability Flow VTM VFB

(Maximum) (Minimum) (Range) (Minimum)

2.2 (kN) 2.0 (mm) 3.0–5.0 (%) 15.0 (%)

CQS-1h

FGCMA-C 9.70 ✔ 2.40 ✔ 10.50 × 60.20 ✔

FGCMA-P
1%

10.20 ✔ 2.10 ✔ 4.70 ✔ 80.00 ✔

FGCMA-P
2%

8.30 ✔ 2.30 ✔ 4.40 ✔ 81.20 ✔

FGCMA-P
3%

15.35 ✔ 2.40 ✔ 4.00 ✔ 82.40 ✔

FGCMA-P
4%

5.39 ✔ 2.51 ✔ 4.70 ✔ 80.10 ✔

RS-1K

FGCMA-C 10.60 ✔ 2.10 ✔ 10.20 × 62.10 ✔

FGCMA-P
1%

10.45 ✔ 2.90 ✔ 4.40 ✔ 80.60 ✔

FGCMA-P
2%

11.51 ✔ 2.42 ✔ 4.00 ✔ 83.00 ✔

FGCMA-P
3%

13.28 ✔ 2.16 ✔ 3.80 ✔ 83.90 ✔

FGCMA-P
4%

6.49 ✔ 2.80 ✔ 5.40 × 78.10 ✔

that the sample has passed the requirement, while the crosses indicated the opposite.
All the mixtures have satisfied the minimum criteria set by India’s Ministry of Road
Transport and highways (MoRTH) specifications for emulsified asphalt mixtures
[36].

However, the control mixtures of both emulsions and the 4% POFA replacement
for RS-1K emulsion did not met the criteria. All the control mixtures of both emul-
sions and the FGCMA-P 4% of RS-1K have high void content. High voids in CMA
lead to greater susceptibility to moisture damage. From the result in Table 6, it can
be deduced that FGCMA-P 3% of both emulsions has higher stability than either of
control mixtures and other POFA percentages. Progressively higher POFA replace-
ment percentages from 1 to 4% lead to corresponding increase in flow. The VFB for
all POFA modified mixtures are higher than FGCMA-C for CQS-1h and RS-1K.

Sample ITSM values of the control mixtures are presented in Table 7. From Table
7, 7.5 and 8% emulsion of the control mixture have the highest ITSM values at both
25 °C and 40 °C for both emulsions. Nonetheless, only samples with 8% emulsion
content at the two test temperatures for both emulsions has recorded all through
improvement irrespective of test temperature or emulsion type. At 8% emulsion
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Table 7 Average ITSM values for CQS-1h and RS-1K at 25 °C and 40 °C

Average ITSM for FGCMA-C (control mixture) (MPa)

Emulsion CQS-1h RS-1K

(%) 25 °C 40 °C 25 °C 40 °C

7.00 4192.0 2424.0 6947.0 4895.0

7.50 3665.0 2078.0 8706.0 6047.0

8.00 5178.0 2626.0 7648.0 5640.0

8.50 2617.0 1055.0 7334.0 857.0

9.00 2591.0 2449.0 7509.0 2178.0

content, the ITSM values for CQS-1h and RS-1K at 25 °C and 40 °C are 23.50%,
8.3%, and 10.10%, and 15.22%, respectively, in comparisonwith the controlmixture.
Moreover, 7.5% emulsion recorded the highest ITSM value at 25 °C among all other
mixtures, though, higher ITSM values at 25 °C signifies a low cracking resistance.
On the other hand, at 8.5% - 9.0% emulsion content CQS-1h mixtures present higher
cracking resistance with lower ITSM than RS-1Kmixtures.More so, RS-1K samples
exhibited greater rutting resistance for their higher ITSM at 40 °C than CQS-1h
between 7.0 and 8.0% emulsion.

The combined ITSM plots at 25 °C and 40 °C for both emulsions is plotted and
presented in Figs. 2 and 3. From Figs. 2 and 3, the OEC is computed by adding the
emulsion contents corresponding to the peak ITSM similar to the Marshall test. The
data in Table 7 was plotted to obtain the OEC in Figs. 2 and 3. Similarly, the OECs
for all the POFA modified mixtures were obtained by plotting their corresponding
ITSM data as determined above for the control (FGCMA-C) mixture as detailed in
Table 5.

The OEC obtained from combined ITSM and Cantabro are closely related,
meaning that the two test produces OEC similar to that obtained by the Marshall
method.

4.2 Indirect Tensile Strength Result

The indirect tensile strength test result is depicted in Fig. 4. There is improved fatigue
cracking resistance by the addition of 3% POFA. This is linked to the pozzolanic
attribute of POFA which aid adequate adhesion hence higher ITS values than the
control mixtures for both CQS-1h and RS-1K. However, RS-1K FGCMA-P 3%
recorded higher ITS than the corresponding CQS-1h mix, this could be connected
to the higher elasticity and less stiffness of RS-1K revealed by the penetration result
on its residue.
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Fig. 2 Combined indirect tensile stiffness modulus at 25 °C—FGCMA-C

4.3 Moisture Damage

The ITS and tensile strength ratios (TSR) of FGCMA-P 3% is presented in Fig. 5.
FGCMA-P 3% has higher than FGCMA-C mixtures for both dry and wet subset
samples. The improved moisture damage resistance is linked to the enhanced adhe-
sion of the POFA and that of added cement. Hence, FGCMA-P 3% could amelio-
rate moisture-induced damage in CMA, which is identified as the critical element
affecting the performance of CMA.

5 Conclusion

The OEC obtained with ITSM and Cantabro are in close range to that obtained by the
Marshall test, as such these tests could be employed for designing fine dense-graded
CMA, especially those with NMAS of 4.75 mm. Furthermore, the incorporation
of POFA in CMA improves Marshall volumetric properties and mechanical perfor-
mance. Importantly, FGCMA-P 3%producesmixtureswith enhancedMarshall volu-
metric properties in void reduction, increased stability, and adequate early strength.
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Fig. 3 Combined indirect tensile stiffness modulus at 40 °C—FGCMA-C

Fig. 4 Indirect tensile strength result for CQS-1h and RS-1K
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Fig. 5 Moisture damage (Modified Lottman’s) test result for CQS-1h and RS-1K

More so, the optimal 3%POFA replacement yielded improved cracking andmoisture
damage resistance as revealed by the ITS and modified Lottman’s tests respectively.
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Predicting California Bearing Ratio
(CBR) Value of a Selected Subgrade
Material

Kasun Wimalasena and Chaminda Gallage

Abstract The subgrade bearing capacity is an important parameter in flexible pave-
ment design, and it is largely influenced by the variation of subgrade moisture. Cali-
fornia Bearing Ratio (CBR) is the most popular method of assessing the subgrade
bearing capacity. It compares the load required to make a particular penetration on
a given subgrade with the load to make the same penetration on standard material.
Although it would be beneficial to perform CBR tests at more frequent intervals
on a road section to design, it would not be practical in certain instances owing
to the laborious and time-consuming CBR test process. In that case, developing a
method to predict the subgrade CBR based on the variation of moisture would be an
advantage. Accordingly, this study aims to assess the influence of moisture content
and the compacted density on the subgrade CBR value. Hence, the possibility of
developing a model to predict subgrade CBR was investigated. A series of standard
CBR tests were performed for different combinations of moisture and compaction
densities, and standard CBR values were estimated. Thereafter, a statistical model
was developed to predict the CBR value for the selected clay material and validated
with laboratory test results.

Keywords Pavement Engineering · Pavement materials · Unsaturated soils ·
California Bearing Ratio · Subgrade · Subgrade moisture

1 Introduction

A well-connected transportation network plays a vital role in the economic devel-
opment of a country [1–3]. In such networks, road and rail links establish connec-
tions between major cities to facilitate logistics and to commute. These networks
should be constructed not to fail before the end of design life and, therefore, need
a strong subgrade as the foundation of constructing resilient roads and rail lines
[4]. Overestimation of subgrade condition would develop an inadequate design to
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bear traffic loads and, as a result, will induce early pavement distresses. Underes-
timation of the subgrade condition would lead to the decision that the subgrade is
weak and hence, would recommend weak subgrade improvements, such as geogrid
reinforcement and increasing granular cover [5–8], which could create unnecessary
demand for resources [9, 10]. Therefore, an accurate subgrade assessmentwill ensure
a long-lasting pavements and railroads.

California Bearing Ratio (CBR) test is the most popular method being used to
assess the bearing capacity of subgrades [11, 12]. Thiswas first developed by theCali-
fornia Division of Highways in 1920 and subsequently adopted by most of the trans-
portation agencies for subgrade assessment [13, 14]. In some instances, researchers
have used the CBR test to assess the stability of recycled concrete aggregates [9]
and stress–strain stage of railroad subgrades [15, 16]. Although CBR is not a funda-
mental material property that can be incorporated in mechanistic-empirical road
design methods, its simplicity and inexpensiveness have made it a popular test for
subgrade assessment [13]. Moreover, Austroads pavement design guidelines assume
tenfold of subgrade CBR as the resilient modulus in the absence of experimentally
estimated subgrade resilient modulus for mechanistic-empirical pavement design
[17].

Usually, the CBR test is performed multiple times and obtain the average to
eliminate test errors. Also, in order to assess the existing subgrade condition of a road
section to be designed, the CBR test has to be performed at multiple locations with a
reasonable gap. Despite doing CBR tests at more frequent intervals with repetitions
would be beneficial, number of tests must be limited owing to the time and labour
requirement. In that case, a prediction model could be helpful to assess the subgrade
while reducing the number of CBR trials [18]. Moreover, prediction models could
also be helpful to estimate the variation of CBR with changes to soil properties.
Subgrade conditions drastically change with the variation of groundwater height
and the presence of expansive clay type soil [19, 20]. This condition is prominent
in Queensland, Australia [21–29], and as a result, weak subgrades have become a
frequent challenge in road construction [30]. With the support of prediction models,
variation of CBR can be pre-assessed for design processes while estimating the
current condition with laboratory experiments [13].

In literature, researchers have found that subgradeCBRdepends on soil properties:
such as optimummoisture content, liquid limit, plastic limit, plastic index, shrinkage
limit and density [13, 14, 31–33]. Even though the relationship between the CBR and
the soil properties is complex to be defined, studies have reported that multiple linear
regression method and the Artificial Neural Network (ANN) method can effectively
be used to predict subgrade CBR from soil properties with reasonable accuracy [11,
13, 18, 34]. However, the developed models have their own limitations and needs to
be calibrated for different conditions if required to be used.

This study has been conducted as a part of a large-scale laboratory plate load
testing project to evaluate the performance of geogrid reinforced flexible pavements.
In order to create a subgrade of a predetermined bearing capacity, it is required to
know the relationship between the bearing capacity of the subgrade and its properties.
Otherwise, a large number of standard CBR trials has to be performed to determine



Predicting California Bearing Ratio (CBR) Value of a Selected … 549

required subgrade properties for desired bearing capacity. Accordingly, this paper
reports the development of a statistical model to predict unsoaked CBR by consid-
ering subgrade soil properties as input variables. The scope of the study is limited
to one clay type soil. Moreover, only the moisture content of subgrade soil and the
Degree of Compaction (DOC) of the subgrade have been selected as independent
variables to develop a prediction model.

2 Materials and Testing

2.1 Subgrade Soil

The subgrade soil was collected from a road construction site in Queensland,
Australia. Standard procedures specified in the Material Testing Manual (MTM) of
Queensland Department of Transport and Main Roads [35] were followed to deter-
mine the basic soil properties listed in Table 1. This subgrade soil can be classified as
high plastic silt as per the Unified Soil Classification System (USCS). Furthermore,
it also matches with classification A-7-6 of the AASHTO soil classification method.

The standard proctor compaction test was conducted, following Q142A standard
procedure stipulated in MTM [35], aiming to estimate the relationship between the
dry density and themoisture content for the selected subgrade soil. Figure 1 illustrates
the compaction curve of the subgrade soil.Moreover,MaximumDryDensity (MDD)
and Optimum Moisture Content (OMC) of the subgrade soil was determined as
1.3 g/cm3 and 33%, respectively.

Table 1 Properties of
subgrade soil

Soil property Value

Soil particle density 2.62

Maximum dry density (g/cm3) 1.316

Optimum moisture content (%) 33

Liquid limit (%) 73

Plastic limit (%) 53

Shrinkage limit (%) 20

D10 (mm) 0.00081

D30 (mm) 0.0085

D60 (mm) 0.041

Coefficient of curvature (Cc) 50.62

Coefficient of uniformity (Cu) 2.18

USCS classification MH
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Fig. 1 Dry density versus moisture content of subgrade soil

2.2 Standard CBR Testing

The subgrade soil was oven-dried at 60 °C for three days to remove the moisture.
Thereafter, subgrade soil was mixed with water in small batches, and water content
for each batch was changed to achieve different soil moisture contents. In this study,
the moisture content was varied between 30 and 50%. The mixed soil was sealed in
polythene bags and cured for 7 days as considerable time is required for clay type
soil to equalise moisture throughout the bulk.

The prepared clay soil was used to create subgrades, with knownmoisture content
and density, inside the standard CBR mould. The DOC was maintained between 80
and 100%. First, as the moisture content of the subgrade soil and the volume of the
standard CBR mould is known, the required weight of the mixed subgrade soil to
achieve the desired degree of compactionwas calculated. Then, themeasured soilwas
compacted inside the CBR mould in three equally thick layers. Thereafter, annular
weights were placed on the top surface, and the sample was tested in Instron machine
as shown inFig. 2. TheCBRof each trialwas calculated based on standard calculation
procedure of Q113A in TMR specification [35] using the load-deformation data
recorded from testing. The results of the 26 trials are listed in Table 2.
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Fig. 2 Performing standard
CBR test using Instron
machine

3 Statistical Analysis

The results from CBR trials were analysed using the regression method to under-
stand the correlations between selected subgrade soil properties and subgrade bearing
capacity. Hence, a bearing capacity prediction model was estimated. Initially, simple
linear regression was applied, selecting one subgrade property as an exogenous vari-
able and the estimated CBR value as an endogenous variable. Thereafter, themultiple
linear regression method was considered selecting both subgrade moisture and DOC
as independent variables while subgrade bearing capacity (CBR) as dependent vari-
able. All 26 observations in Table 2 were used for both simple and multiple linear
regression analysis.

3.1 Simple Linear Regression Models

First, the moisture content was selected as the independent variable and the esti-
mated subgrade CBR as the dependent variable. The model equation is expressed
by Eq. 1 and also illustrated in Fig. 3. This model estimated a linear relationship
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Table 2 Results of CBR trials

Test No. Moisture (%) Density (g/cm3) DOC (%) Measured CBR (%)

1 30.9 1.33 102 7.4

2 37.0 1.04 80 3.5

3 37.0 1.11 85 3.8

4 37.0 1.17 90 5.7

5 37.0 1.24 95 6

6 37.6 1.10 85 4

7 37.6 1.17 90 3.5

8 37.6 1.23 95 4.5

9 37.6 1.29 100 6.8

13 41.9 1.12 86 4.3

14 41.9 1.19 91 4.7

15 41.9 1.25 96 5.1

10 43.0 1.10 84 4.3

11 43.0 1.16 89 3.6

12 43.0 1.23 94 5.1

16 43.7 1.12 86 3.4

17 43.7 1.19 91 3.4

18 43.7 1.26 97 5

19 47.9 1.11 85 2.6

20 47.9 1.17 90 3.5

21 47.9 1.24 95 4.1

22 48.9 1.11 86 2.6

23 48.9 1.18 91 3

24 48.9 1.24 96 3.5

25 50.3 1.13 87 2

26 50.3 1.20 92 1.9

between subgrade CBR and the moisture content with Multiple R = 0.7404 and R2

= 0.5482. Multiple R > 0.5 implies that moisture content has a strong relationship
with subgrade bearing capacity. The p-values of all mode coefficients are less than
0.05, which indicates that the estimated linear model is statistically significant (α
< 0.05). However, R2 value confirms that this model can only explain 54.8% of
subgrade CBR variance only.

CBR = 12.23 − 0.19(Moisture) (1)
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Fig. 3 CBR (%) versus moisture content (%)

In the second analysis, the DOC and subgrade bearing capacity were selected
as independent and dependent variables, respectively. Equation 2 defines the model
equation with Multiple R = 0.6329 and R2 = 0.4006 and the linear relationship
between two variables are illustrated in Fig. 4. All model coefficients are statistically
significant with p-value < 0.05. Although DOC has a great correlation with subgrade

Fig. 4 CBR (%) versus Degree of Compaction(%)
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bearing capacity (Multiple R > 0.5), the R2 indicate that the DOC itself could explain
40% of the subgrade CBR only.

CBR = −10.42 + 0.16(DOC) (2)

3.2 Multiple Linear Regression Model

The simple linear regression analysis in Sect. 3.1 confirms that all estimated models
are statistically significant and both moisture content and DOC have greater correla-
tion with subgrade CBR. However, aforementioned estimation considered only one
subgrade property as exogenous variable and hence, does not result powerful statis-
tical models that can predict the subgrade bearing capacity with greater accuracy.
This is due to the fact that subgrade CBR is dependent on both moisture content and
DOC. Accordingly, multiple linear regression was applied by considering both mois-
ture content and the DOC as independent variables while considering subgrade CBR
as the dependent variable. The model equation is given in Eq. 3 and the regression
statistics are listed in Table 3. Accordingly, the MLM model can explain 82.4% of
the CBR variation, which is high in accuracy compared to the case of simple linear
regression models. Moreover, p values of the two independent variables estimated
below 0.05 confirmed that both variables are statistically significant in MLMmodel.

CBR = 12.24 + 13.53(DOC) − 20.069(Moisture Content)2 (3)

The estimated MLM model was further validated by performing Analysis of
Variance (ANOVA) on regression results. The analysis compares the null hypothesis:
subgrade CBR not related to the subgrade moisture content and the DOC, to the
alternative hypothesis of subgrade CBR is dependent on these two variables. Table 4
summaries the results ofANOVA test. As the Significance F value records 2.11E−09,
which is exceedingly lower than 0.01, the null hypothesis can be rejected with 99%
confidence, supporting that the subgrade CBR is greatly dependent on moisture

Table 3 MLM model statistics

Regression statistics

Multiple R 0.9077

R square 0.8239

Variable Coefficients P-value

Intercept 12.2369 5.08E−02

DOC (%) 13.5314 3.72E−06

Moisture content (%) −20.0692 1.47E−07
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Table 4 Results of ANOVA test

df SS MS F Significance F

Regression 2 37.4654 18.7327 53.8177 2.11E−09

Residual 23 8.0058 0.3481

Total 25 45.4712

content and DOC. Hence, the developed multiple linear regression model is a valid
prediction of subgrade CBR against moisture content and DOC.

4 Validation

The developed subgrade CBR prediction model was validated by conducting another
CBR test series with 10 experimental trials. The combination of the moisture content
and the DOC for those trials are listed in Table 5. Figure 5 illustrates the experi-
mentally estimated CBR and the predicted CBR for the ten trials. The straight line
represents the points where predicted CBR and experimental CBR are exactly same.
Almost all points are closer to the straight line depicts that predicted CBR value is
closer to the experimentally estimated value. Furthermore, the standard error of the
predicted versus experimental CBR was estimated as 0.5141.

Table 5 CBR trials for validation

Test Moisture content (%) DOC
(%)

Predicted CBR
(y)

Estimated CBR
(y′)

(y – y′)2

1 41.6 95.3 4.9 4.8 0.0205

2 38.4 89.8 4.7 4.4 0.1036

3 44.9 94.4 4.3 4.8 0.2901

4 46.0 78.9 2.0 2.7 0.5380

5 45.8 90.1 3.5 3.5 0.0003

6 47.3 90.5 3.3 3.5 0.0460

7 49.0 84.4 2.1 2.1 0.0016

8 52.5 83.7 1.3 2.6 1.6367

9 51.4 85.9 1.9 1.9 0.0021

10 49.2 81.7 1.7 1.8 0.0041

Standard error 0.5141



556 K. Wimalasena and C. Gallage

Fig. 5 Estimated versus predicted CBR

5 Conclusion

This study was aimed to develop a relationship between the subgrade moisture
content andDOCwith its unsoaked CBR value. The simple linear regression analysis
indicated that moisture content and the DOC has a significant correlation with the
unsoaked CBR of subgrade soil. A multiple linear regression model was developed
with R2 = 0.8239, selecting subgrade moisture and the DOC as independent vari-
ables to predict the unsoaked CBR of the subgrade. Additional 10 CBR trials were
performed and obtained data to validate the proposed CBR prediction model, and it
was confirmed that the proposedMLMmodel can predict CBR value with a standard
error of 0.5141. Therefore, it can be concluded thatMLM can successfully be used to
develop statistical models to predict the unsoaked CBR of subgrades. Moreover, the
proposed model could be used to estimate the unsoaked CBR of a subgrade, given
that the subgrade soil moisture and the DOC are known. In addition, the prediction
model could also be used to determine the required moisture content and the degree
of compaction to create a subgrade of a known CBR value for laboratory testing
purposes.
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Selection of Image Processing Algorithms
for Evaluation of Pervious Pavement
Pore Network Properties

Ajayshankar Jagadeesh, Ghim Ping Ong, and Yu-Min Su

Abstract Digital Image Processing (DIP) algorithms are often required as a
precursor to measure the internal characteristics of pavement structures during X-ray
computed tomography (XRCT) based non-destructive evaluation (NDE) of pavement
materials. The improper use of DIP algorithms can result in the significant under-
or over-estimation of internal pavement characteristics, thereby affecting pavement
design and maintenance strategies. Past research studies highlighted the significance
of threshold segmentation algorithms and binarization of greyscale images on the
porosity and permeability characteristics of pervious pavementmixtures. In addition,
the use of a watershed segmentation algorithm was introduced to separate intercon-
nected pore network structure into multiple pores. However, isolated pores were not
removed in past analyses found in the literature due to a lack of consideration in
using ungrouping algorithm to segregate connected and isolated pores. The main
objective of this study is to select the appropriate DIP algorithms that can be used to
evaluate pervious pavement pore network properties from three-dimensional XRCT
based images. In this paper, a key microstructural pore parameter was investigated
using various DIP algorithms for different pervious pavement mixtures and recom-
mendations are made. It is expected that the results presented in this paper can help
researchers understand the importance of DIP algorithms on XRCT-based pavement
evaluation studies.
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1 Introduction

Pervious pavements are widely used because of their increased permeability, skid
resistance and acoustic absorption coefficients resulting in reduced surface water
runoffs, accidents and tire/road noise [1]. This necessitates an understanding of pore
network properties and their relationships to structural and functional performance
characteristics. In recent years, the usage of X-ray computed tomography (XRCT)
gained momentum because of its non-destructive nature and enabling the accurate
measurement of pervious concrete pore network parameters such as volume, surface
area, size and shape parameters which are difficult to obtain experimentally. Digital
Image Processing (DIP) algorithms are often required as a precursor tomeasuring the
internal characteristics of pavement structures during X-ray computed tomography
(XRCT) based non-destructive evaluation (NDE) of pavement materials.

Earlier studies in pavement XRCT processing were mainly limited to two-
dimensional analysis of pores, mainly the total porosity profiles versus depth. Kayha-
nian et al. [2] and Manahiloh et al. [3] studied the effect of clogging in pervious
concrete field samples with the porosity profiles obtained from CT scanning in the
image processing software such as Matlab and Image-Pro Plus. With significant
improvements in image processing techniques, many researchers started exploring
the three-dimensional characteristics of pavement pore properties. Cosic et al. [4]
evaluated the influence of aggregate type and size on the inter-connected and isolated
pore volume and pore connectivity of pervious concrete mixtures in Avizo Fire 3D
image analysis software. Kuang et al. [5] investigated the pore parameters of porous
concrete samples such as pore size distribution, effective and total porosity, tortu-
osity, specific surface area using Bayes decision theory of pattern recognition. Chan-
drappa and Biligiri [6] investigated the effect of pervious concrete pore parameters
such as surface area, porosity, pore radius and tortuosity on unconfined compres-
sive strength and permeability. Although the application of digital image processing
in pervious pavement mixtures started long ago, a brief literature review indicated
that proper usage of image processing algorithms such as thresholding, watershed
segmentation and ungrouping algorithm was not carried out, resulting in improper
analysis and lack of experimental validation. The improper use of DIP algorithms can
result in the significant under- or over-estimation of internal pavement characteristics,
thereby affecting pavement design and maintenance strategies. Past research studies
highlighted the significance of threshold segmentation algorithms and binarization
of greyscale images on the porosity and permeability characteristics of pervious
pavement mixtures [7, 8]. Jagadeesh et al. [9–11] investigated the effect of different
thresholding algorithms and gradient functions of watershed segmentation algorithm
on porosity, permeability, pore network and skid resistance properties. In addition,
the use of watershed segmentation algorithm was introduced to separate intercon-
nected pore network structure into multiple pores. However, isolated pores were
not removed in past analyses found in the literature due to a lack of considera-
tion in using ungrouping algorithm to segregate connected and isolated pores. Ong
et al. [12] recently investigated the effect of pore network properties on non-Darcy
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permeability characteristics of pervious concrete samples using discharge thresh-
olding, watershed and ungrouping algorithms. The current study is aimed at inves-
tigating the effect of image processing algorithms such as thresholding, watershed
and ungrouping on pervious concrete pore network properties using XRCT scanning
and DIP techniques.

2 Materials and Experiments

Three pervious concrete cylinders of 250 mm height and 150 mm diameter were
cast using the siliceous aggregates obtained from southern Taiwan. The mix design
parameters are same for all three samples: coarse aggregates = 1530 kg/m3, cement
= 340 kg/m3, superplasticizer= 2 kg/m3 andwater-cement ratio of 0.30. The specific
gravity and the percent absorption of the aggregates were same for all mixtures and
are 2.64 and 1.35% respectively. The aggregate gradations are different for three
samples, named P1 (nominal maximum aggregate size of 9.5 mm), P2 (nominal
maximum aggregate size of 12.5 mm) and P3 (a combination of both). More details
on the aggregate gradations can be found in Jagadeesh et al. [8]. The machine mixing
was carried out followed by the compaction using tapping rods in three layers.
The hardened samples were then extracted and cured for 28 days in a limewater
tank. The XRCT scanning, effective porosity and permeability tests are performed
for all samples to allow a comparison between specimen properties to functional
properties of pervious concrete and pore network characteristics. The Somatom
Emotion 16-channel medical XRCT scanner with an Ultra-Fast Ceramic detector,
high-performance X-ray tube of DURA 422 MV was used to obtain the internal
structure of the pavement samples at the resolution of 0.326 mm × 0.326 mm ×
0.7 mm. The Simpleware ScanIP N-2018.03 software was used in the conversion of
voxel absorption coefficients into 12-bit greyscale intensities (212 = 4096, varying
from 0 to 4095). The image pre-processing was optimized using the convolution
kernel algorithm in the XRCT scanner and carried out in default. In addition to this,
the effective porosities and permeabilities of the hardened pervious concrete samples
was determined from the ASTM C1754 [13] standard (Drying Method B) and the
falling head permeameter [14].

3 Evaluation of Pore Network Properties

This section explains in detail the evaluation of XRCT-based pore network properties
using various Digital Image processing (DIP) algorithms. Figure 1 illustrates the
steps in Digital Image processing (DIP) for the processing of XRCT images for pore
network properties. The first step in the evaluation of pore network properties using
pre-processedmedical XRCT images is the image threshold segmentation algorithm,
which is the process of dividing the greyscale images into two phases such as solids
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Fig. 1 Flowchart for pore network properties evaluation
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and voids. The thresholding algorithms used in the current study includes histogram
(intermodes, minimum), clustering (Otsu bilevel, trilevel, isodata), entropy (Kapur,
Yen, Sahoo, Li) and laboratory (volumetric, discharge) algorithms [8]. The following
sub-sections explain in detail the various otherDIP algorithms shown in Fig. 1 such as
ungrouping, watershed segmentation, object-oriented bounding box and centreline
algorithms.

3.1 Ungrouping Algorithm

After the air voids are separated from the solids, we adopt an ungrouping algorithm
to separate the effective or interconnected voids from the isolated voids. This algo-
rithm is used in the permeability simulation models to remove the isolated voids
since it does not contribute to the fluid flow simulations [15, 16]. The major pore
structure connecting from the top to the bottom surface is considered as the effective
or interconnected pore. When the pores do not have a connection zone with the inter-
connected pore, it can then be considered as isolated pores, regardless of their size.
The lack of ungrouping algorithm results in the inaccurate measurement of average
pore network properties due to the consideration of the isolated pores along with
the effective voids as observed in the past studies [6, 17–19]. Figure 2 shows the
three-dimensional segmented pore network structures of pervious concrete sample
before and after ungrouping algorithm in Simpleware ScanIP N-2018.03.

(a) Effective pores (b) Isolated pores

Fig. 2 Pervious concrete pore network structures after ungrouping algorithm
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3.2 Watershed Segmentation Algorithm

The watershed segmentation algorithm is defined as a particle segmentation algo-
rithm, in which the greyscale pixels of digital images are processed as topographic
terrains having ridges and valleys and watersheds are identified as the boundaries
separating different particles [20, 21]. The working procedure of the watershed
segmentation algorithm is explained for a single XRCT image: (1) The input data
includes the pre-processed XRCT image and the threshold segmented image, (2) The
image gradientmagnitude, defined as the first-order derivative of the greyscale values
(using finite difference approach) with respect to the dimensions of the image, is first
obtained from the pre-processed XRCT image, (3) The obtained image gradient
magnitude is then overlapped to the threshold segmented image and considered as
the topographic terrain (or height map of greyscale values) with ridges and valleys,
(4) Finally, the valleys are filled with water (using a dilating algorithm) from the local
minima point and the point or line of connection between two valleys are defined as
the throats or watersheds. The above results are obtained from computations made
within the software Synopsis’ SimplewareTM ScanIP version N-2018.03.

Although the use of XRCT images to analyze pavement materials has increased
over the past two decades, the current image processing techniques do not incorporate
the watershed algorithm and this results in significant errors in the measurement of
pervious pavement pore volume and shape properties [15, 16, 22, 23]. The watershed
segmentation algorithm is necessary to avoid considering the entire volume of inter-
connected voids in the specimen as a single void structure, which may potentially
result in significant errors in pore network properties. In this study, the evaluation
of solid network properties was carried out for the combined cement and aggregate
phases as both materials occupy similar greyscale values. Figure 3 shows the three-

(a) Effective pores (b) Isolated pores (c) Solids

Fig. 3 Pervious concrete pore and solids network structures afterwatershed segmentation algorithm
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dimensional segmented pore and solid network structures of the pervious concrete
sample after watershed segmentation in Simpleware ScanIP N-2018.03.

3.3 Object Oriented Bounding Box Algorithm

In addition to the above algorithms, the object-oriented minimum bounding box
(OOBB) algorithm inSimpleware ScanIPN-2018.03 softwarewas used in the current
study to determine the shape factor characteristics. In this algorithm, the object (pore
or solid) is placed in a virtual box (as shown in Fig. 4a) and rotated in three dimensions
until the object occupies the smallest possible volume of the virtual box. Figure 4
illustrates the default axis-aligned and object-oriented bounding boxes. The use of an
axis-aligned bounding box instead of an object-oriented bounding box will result in
the significant overestimation of the virtual bounding box volume, thereby affecting
the shape factor characteristics of the objects. The output of this OOBB algorithm
includes the length, width and height of the bounding box, which is used to compute
the shape factor for the pores and solids. This algorithm is similar to the digital
sieving algorithm [24], in which the object is placed a cuboidal box with a square
cross-section and rotated to get the least possible square cross-section.

(a) Axis aligned bounding box (b) Object oriented bounding box

Fig. 4 Axis-aligned and object-oriented bounding boxes for shape factor calculation
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3.4 Centreline Algorithm

The centreline algorithm in Simpleware ScanIP N-2018.03 software was used in the
current study to determine the tortuosity characteristics. The effective pore structure
obtained from the ungrouping algorithm is used to evaluate the tortuosity charac-
teristics of the pervious concrete samples in the centreline algorithm. The working
procedure of the centreline algorithm is explained as follows: (1) At first, the centre-
line of the effective pore structure from the top to the bottom of the sample will be
created, (2) the calculation of the length for all the possible pore paths between the
two ends of the sample is carried out, (3) The shortest distance between the two ends
will then be obtained and used for the tortuosity determination (ratio of shortest fluid
path to sample length).

4 Results and Discussion

4.1 Effect of Image Processing Algorithms on Pore Network
Characteristics

In this section, the effect of various image processing algorithms such as thresh-
olding, ungrouping and watershed algorithms on the determination of average pore
volume characteristics are investigated. Table 1 compares the average pore volume
properties of pervious concrete samples P1, P2 and P3 using various combinations
of image processing algorithms. Table 2 shows the percentage errors of the average
pore volume with respect to discharge-based thresholding, ungrouping and water-
shed segmentation algorithms. The details on the validation of the effective porosity
and permeability with experimental results can be found in Jagadeesh [8].

The below observations can be made:

• An increase in the threshold value results in an increase of air void voxels thereby
increasing the average pore volume properties. This is observed for all the combi-
nations of the ungrouping and watershed algorithms and is in line with the find-
ings on the effect of thresholding algorithms on porosity and permeability as
reported in Jagadeesh et al. [8]. It is evident that several literatures do not mention
the threshold algorithm used leading to difficulties in the comparison of results
[15, 16, 22, 23, 25, 26].

• The ungrouping and watershed algorithms have a greater effect on the average
pore volume properties and their percentage errors compared to the thresh-
olding algorithms. For example, it can be seen for sample P1 in Table 2 that
the percentage errors for various combinations of ungrouping and watershed
algorithms using discharge thresholding algorithm vary from 0 to 197,895.546%
(comparing row results). On the other hand, the error percentages for various
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Table 1 Comparison of average pore volume using different DIP algorithms

Sample Algorithms Threshold Average pore volume (mm3)

Lack of
watershed
and
ungrouping
algorithma

Use of
ungrouping
algorithmb

Use of
watershed
algorithmc

Use of
watershed
and
ungrouping
algorithmd

P1 Minimum 1204 568.800 785,500.000 192.068 405.527

Li 1317 794.000 863,300.000 231.500 443.389

Intermodes 1381 944.000 907,500.000 255.799 462.796

Otsu trilevel 1471 1176.000 969,900.000 293.375 489.872

Isodata 1574 1525.000 1,042,000.000 333.995 521.224

Otsu bilevel 1583 1573.000 1,048,000.000 339.800 525.724

Discharge 1632 1739.000 1,083,000.000 360.714 546.982

Volumetric 1660 1870.000 1,103,000.000 372.776 561.324

Kapur 1895 3098.000 1,278,000.000 484.254 656.104

Sahoo 2056 3839.000 1,408,000.000 558.056 729.131

Yen 2152 4045.000 1,491,000.000 595.310 771.539

P2 Discharge 1539 2736.529 927,200.000 582.970 845.988

Volumetric 1776 3199.000 1,033,000.000 656.801 929.118

P3 Discharge 1620 1298.000 960,400.000 363.010 590.292

Volumetric 1517 1151.000 905,700.000 324.620 546.257

a Single effective pore + multiple isolated pores [6, 17–19]
b Single effective pore [15, 16, 22, 23]
c Multiple effective pores + multiple isolated pores [25, 26]
d Multiple effective pores (current study)

thresholding algorithms using ungrouping and watershed algorithms varies from
−25.861 to 41.054% (comparing column results).

The thresholding algorithm is selected based on the comparison with the labo-
ratory experiments [8], whereas ungrouping and watershed algorithms are selected
based on the importance of the effective pores and its understanding with the fluid
flow characteristics. Overall, it has to be understood that the proper evaluation of
the pore network properties has to be carried out using the discharge based thresh-
olding, ungrouping and watershed segmentation algorithms to investigate its effect
on non-Darcy permeability characteristics of pervious concrete specimens.
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Table 2 Comparison of average pore volume percentage error using different DIP algorithms

Sample Algorithms Threshold Percent error w.r.t. discharge, watershed and ungrouping
algorithms

Lack of
watershed
and
ungrouping
algorithma

Use of
ungrouping
algorithmb

Use of
watershed
algorithmc

Use of
watershed
and
Ungrouping
algorithmd

P1 Minimum 1204 3.989 143,506.188 −64.886 −25.861

Li 1317 45.160 157,729.691 −57.677 −18.939

Intermodes 1381 72.583 165,810.396 −53.234 −15.391

Otsu trilevel 1471 114.998 177,218.449 −46.365 −10.441

Isodata 1574 178.803 190,399.870 −38.939 −4.709

Otsu bilevel 1583 187.578 191,496.798 −37.877 −3.886

Discharge 1632 217.926 197,895.546 −34.054 0.000

Volumetric 1660 241.876 201,551.974 −31.849 2.622

Kapur 1895 466.381 233,545.714 −11.468 19.950

Sahoo 2056 601.851 257,312.493 2.025 33.301

Yen 2152 639.512 272,486.666 8.835 41.054

P2 Discharge 1539 223.471 109,499.663 −31.090 0.000

Volumetric 1776 278.138 122,005.751 −22.363 9.826

P3 Discharge 1620 119.891 162,599.139 −38.503 0.000

Volumetric 1517 94.988 153,332.538 −45.007 −7.460

a Single effective pore + multiple isolated pores [6, 17–19]
b Single effective pore [15, 16, 22, 23]
c Multiple effective pores + multiple isolated pores [25, 26]
d Multiple effective pores (current study)

4.2 Effect of Mixture Parameters on Pore Network
Characteristics

Table 3 shows the obtained pore network properties of pervious concrete samples
P1, P2 and P3 using the image processing algorithms illustrated in Fig. 1. Following
observations can be made: (1) an increase in the nominal maximum aggregate size
(P2 > P1) results in the increase of average pore volume, surface area, throat area,
sphericity and shape factor and decrease in coordination number and tortuosity. The
coordination number is defined as the number of contacts for a particular pore and the
throats are defined as the geometric constrictions or the contacts between the voids;
(2) The sample P3 exhibits the intermediate characteristics of P1 and P2 except
for coordination number, shape factor and tortuosity. The major limitation in the
calculation of the mean tortuosity is that the effect of the cross-sectional area of the
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Table 3 Comparison of
average pore properties for
different pervious concrete
samples

Average properties Samples

P1 P2 P3

Volume (mm3) 546.982 845.988 590.292

Surface area (mm2) 1021.952 1227.445 984.176

Throat area (mm) 7.767 12.306 9.141

Coordination number 12.086 9.026 8.281

Sphericity 0.316 0.352 0.346

Shape factor 0.978 0.982 0.957

Tortuosity 1.373 1.363 1.138

interconnected pore paths has not been considered in the current study and will be
used in the future using the weighted tortuosity parameter.

5 Conclusions

This study attempts to investigate the effect of digital image processing techniques
on pore network properties of pervious concrete samples. Three different pervious
concrete samples were produced in the laboratory and its internal pore network struc-
ture was obtained using medical XRCT and digital image processing. A detailed
explanation of the advanced image processing algorithms such as watershed and
ungrouping algorithmswas carried out to evaluate the internal pore and solid network
characteristics. The importance of the image processing algorithms on the pore
network properties are investigated and the appropriate set of DIP algorithms were
selected for further analysis to study the effect of pore network structure on computa-
tional fluid dynamics permeability simulation results. The developed image analysis
methodology for the pervious concrete mixtures can be used to analyze the mecha-
nisms of the fluid flow characteristics. Overall, the findings presented in this study
can help in understanding the importance of pavement image processing techniques
and their effects on pavement mixture quality control.
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4. Ćosić K, Korat L, Ducman V, Netinger I (2015) Influence of aggregate type and size on
properties of pervious concrete. Constr Build Mater 78:69–76

5. Kuang X, Ying G, Ranieri V, Sansalone J (2015) Examination of pervious pavement pore
parameters with X-ray tomography. J Environ Eng 141(10):04015021

6. Chandrappa AK, Biligiri KP (2017) Relationships between structural, functional, and X-ray
microcomputed tomographyparameters of pervious concrete for pavement applications. Transp
Res Rec 2629(1):51–62

7. Abera KA, Manahiloh KN, Nejad MM (2017) The effectiveness of global thresholding
techniques in segmenting two-phase porous media. Constr Build Mater 142:256–267

8. Jagadeesh A, Ong GP, Su YM (2019) development of discharge-based thresholding algorithm
for pervious concrete pavement mixtures. J Mater Civ Eng 31(9):04019179

9. Jagadeesh A, Ong GP, Su YM (2019) Evaluation of pervious concrete pore network proper-
ties using watershed segmentation approach. In: International airfield and highway pavements
conference, Chicago, USA, July 21–24

10. Jagadeesh A, Ong GP, Su YM (2020) Effect of global thresholding algorithms on pervious
concrete pore network properties using XRCT-based digital image processing. In: 9th inter-
national conference on maintenance and rehabilitation of pavements (MAIREPAV), Zurich,
Switzerland, July 1–3

11. Jagadeesh A, Ong GP, Su YM (2020) Effect of thresholding algorithms on pervious pavement
skid resistance. In: Advances in materials and pavement performance prediction (AM3P), San
Antonio, USA, August 3–7

12. Ong GP, Jagadeesh A, Su YM (2020) Effect of pore network characteristics on non-Darcy
permeability of pervious concrete mixture. Constr Build Mater 259:119859

13. ASTM: Standard test method for density and void content of hardened pervious concrete.
ASTM C1754-12/C1754M. ASTM, West Conshohocken, PA (2012)

14. Fwa TF, Lim E, Tan KH (2015) Comparison of permeability and clogging characteristics of
porous asphalt and pervious concrete pavement materials. Transp Res Rec 2511(1):72–80

15. Kutay ME, Aydilek AH, Masad E, Harman T (2007) Computational and experimental
evaluation of hydraulic conductivity anisotropy in hot-mix asphalt. Int J Pavement Eng
8(1):29–43

16. Masad E, Al Omari A, Chen HC (2007) Computations of permeability tensor coefficients and
anisotropy of asphalt concrete based on microstructure simulation of fluid flow. Comput Mater
Sci 40(4):449–459

17. Gruber I, Zinovik I, Holzer L, Flisch A, Poulikakos LD (2012) A computational study of the
effect of structural anisotropy of porous asphalt on hydraulic conductivity. Constr Build Mater
36:66–77

18. Chandrappa AK, Biligiri KP (2018) Pore structure characterization of pervious concrete using
X-ray microcomputed tomography. J Mater Civ Eng 30(6):04018108

19. Chen S, You Z, Yang SL, Garcia A, Rose L (2021) Influence of air void structures on the
coefficient of permeability of asphalt mixtures. Powder Technol 377:1–9

20. Kutay ME, Arambula E, Gibson N, Youtcheff J (2010) Three-dimensional image processing
methods to identify and characterise aggregates in compacted asphalt mixtures. Int J Pavement
Eng 11(6):511–528

21. Zelelew HM, Papagiannakis AT (2011) A volumetrics thresholding algorithm for processing
asphalt concrete X-ray CT images. Int J Pavement Eng 12(6):543–551

22. Chen J, Yin X, Wang H, Ma X, Ding Y, Liao G (2018) Directional distribution of three-
dimensional connected voids in porous asphalt mixture and flow simulation of permeability
anisotropy. Int J Pavement Eng 1–13

23. Fedele V, Berloco N, Colonna P, Hertrich A, Intini P, Ranieri V, Sansalone JJ (2020) Computa-
tional fluid dynamics as a tool to estimate hydraulic conductivity of permeable asphalts. Transp
Res Rec 2674(8):370–383

24. Hu C, Ma J, Kutay ME (2017) Three dimensional digital sieving of asphalt mixture based on
X-ray computed tomography. Appl Sci 7(7):734



Selection of Image Processing Algorithms for Evaluation … 571

25. Zhang J,MaG,Ming R, Cui X, Li L, XuH (2018) Numerical study on seepage flow in pervious
concrete based on 3D CT imaging. Constr Build Mater 161:468–478

26. Yu F, Sun D, Hu M, Wang J (2019) Study on the pores characteristics and permeability
simulation of pervious concrete based on 2D/3D CT images. Constr Build Mater 200:687–702



Pavement Material Characterization
and Modelling



A Comparative Investigation
on the Effectiveness of a Wax and a Resin
Based Curing Compound as an Alternate
of Water Curing for Concrete Pavement
Slab

Pankaj Goel and Rakesh Kumar

Abstract In this study, the effectiveness of two easily available concrete curing
compounds in the Indian construction Industry namely; wax and synthetic resin-
based, in comparison with water cured cubes and beams specimens of a paving
concrete of 39 MPa compressive strength and 4.5 MPa flexural strength at 28-day
has been reported. The concrete specimens were cast and kept for curing under
different conditions such as in water, in the sunlight, and under the sunshade. Two
coats of curing compounds as per the manufacturer’s instruction were applied on the
surfaces of the concrete specimens and put in the sunlight and under the sunshade.
The compressive and the flexural strength in comparison with water cured concrete
specimens were evaluated. The study has shown 12% lower compressive strength
and about 7% lower flexural strength for concrete samples cured with resin-based
curing compound than the water cured samples. The study also indicates a reduction
in compressive and flexural strengths of about 33% and 11%, respectively for wax-
based curing compound. Finally, the study shows an upper hand for the resin-based
curing compound, however, neither of them has shown potential as an alternate for
the conventional water curing.

Keywords Curing compound · Resin · Concrete · Compressive and flexural
strength

1 Introduction

Concrete is a heterogeneous material, composed of cement, aggregates, water and
air voids. The strength and the durability of a hardened concrete largely depend its
matrix microstructure i.e., porosity, pore size distributions and its connectivity. The
development of microstructure of concrete is mostly governed by the curing process.
With an increase in voids, the strength and durability of concrete decreases. In order
to reduce the voids in concrete two approaches are used, one is to use the water
to cement ratio as low as possible. The second approach is to reduce the voids by

P. Goel (B) · R. Kumar
Rigid Pavement Division, CSIR-Central Road Research Institute, New Delhi 110025, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. R. Pasindu et al. (eds.), Road and Airfield Pavement Technology, Lecture Notes
in Civil Engineering 193, https://doi.org/10.1007/978-3-030-87379-0_43

575

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87379-0_43&domain=pdf
https://doi.org/10.1007/978-3-030-87379-0_43


576 P. Goel and R. Kumar

ensuring the hydration of cement as much as possible. The voids in concrete other
than entrained and entrapped air, are created as the volume initially occupied by the
water is vacated due to its consumption during the hydration process. The hydration
process is a strength gaining process in which the voids especially capillary pores
initially occupied by water are filled with the hydration products. The hydration of
cement requires certain level of relative humidity (more than 90%) and temperature
for a particular period of time (preferably 7 days or more). Majority of the cement
hydration completes within first 7 days of concrete casting so during this period
continuous water supply should be ensured as these hydration products primarily
governs the quality of concrete. Curing of concrete maintains its temperature and
moisture content, and ensures a successful development of concrete with desired
properties. The strength and the durability of a hardened concrete largely depend on
its matrix microstructure i.e., porosity, pore size distributions and its connectivity.
The development of the microstructure of concrete is mostly governed by the curing
process. With an increase in voids, the strength, and durability of concrete decrease.
In order to reduce the voids in concrete two approaches are used, one is to use the
water to cement ratio as low as possible. The second approach is to reduce the voids
by ensuring the hydration of cement as much as possible. The voids in concrete other
than entrained and entrapped air, are created as the volume initially occupied by the
water is vacated due to its consumption during the hydration process. The hydration
process is a strength gaining process in which the voids especially capillary pores
initially occupied by water are filled with the hydration products. The hydration of
cement requires a certain level of relative humidity (more than 90%) and a favorable
temperature for a particular period of time (preferably 7 days or more). The majority
of the cement hydration completes within the first 7 days of concrete casting so
during this period continuous water supply should be ensured as these hydration
products primarily govern the quality of concrete. Curing of concrete maintains its
temperature and moisture content, ensures the successful development of desired
properties of concrete because once curing stops strength the gaining process also
stops [1, 2].

In the construction of a concrete pavement, a large surface area is exposed to the
environment causing a rapid loss ofwater from the concrete surface in the plastic state
resulting in the development of plastic shrinkage crack. Plastic shrinkage crack does
occurwhen the rate ofwater loss due to evaporation from the concrete surface exceeds
the rate at which bleed water is available. Improper curing of concrete causes insuf-
ficient hydration of the cementitious material and results in a reduction in mechan-
ical properties as well as durability of concrete for its design life. On the other
hand, proper curing not only controls the plastic shrinkage cracking of concrete
but also makes the concrete more impermeable with enhanced abrasion-resistant.
The effectiveness of curing depends on environmental conditions at the site (wind
speed, temperature, relative humidity), materials used, method of construction, and
availability of curing methods. Various curing methods are used such as ponding
(conventional method), fogging, wet coverings, impervious paper, plastic sheets,
curing compounds, etc. Among all the available curing methods, ponding is consid-
ered ideal for retainingheat andmoisture.Nevertheless, the uses of curing compounds
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are also gaining popularity to control plastic shrinkage cracking particularly in a hot
climatic conditions. The curing compounds usually consist of a synthetic resin, wax,
chlorinated rubbers dissolved in a solvent or emulsified in water. They are sprayed
to the pavement surface immediately after disappearance of the surface water, by
evaporation of the solvent, an impermeable membrane forms that retards the loss of
water from the concrete surface. Their effectiveness varies quite widely depending
on the materials and strength of the emulsion [3]. Numerous researchers [4–10]
have investigated the properties of concrete by using different curing compounds, and
the factors affecting their performance. Curing compounds can efficiently maintain
the moisture content and increase the degree of cement hydration [4]. Al-Gahtani
[5] studied the effect of curing methods on the properties of plain and blended
cement concretes and had reported that the strength development in concrete spec-
imens covering by wet burlap was more than that in specimens cured by applying
water or acrylic-based curing compounds. He further reported that concrete speci-
mens cured by spraying curing compounds exhibited higher efficiency in decreasing
plastic and drying shrinkage of a concrete strain than the specimens cured by covering
with wet burlap only [5]. Wang et al. [6] reported that the effectiveness of curing
compoundmainly depends on the time of its application. They further concluded that
among the curing compound studied chlorinated rubber performed the best, followed
by solvent-based type, the least effective was the water-based type. Whitting and
Synder [7] examined the effectiveness of different types of curing compounds (six)
in retaining the water for hydration. They concluded that the application of curing
compounds improved the concrete strength and reduced the permeability, relative
to plastic sheeting and ponding. They further concluded that the performance of six
curing compounds used in the study varied greatly, but none of them performed at
par with the specimens cured with water or plastic sheeting. However, all the curing
compounds performed better than the uncured specimens. Patil et al. [8], studied the
effect of two different wax-based curing compounds on the strength and durability
of concrete mixes of M20, M30, M40 and a self-compacting concrete. The compres-
sive strength efficiency varies between 78–97% at 7 days and 80–95% at 28 days
under different conditions in comparison with water-cured specimens [8, 9]. The
results showed that both the curing compounds are less efficient in self-compacting
concrete [8]. Princy and John [10], investigated the effectiveness of various curing
compounds (acrylic resin-based and wax-based) on the properties of concrete. They
achieved 96%–99% efficiency in compressive strength, 75–80% in flexural strength,
and 84% in splitting tensile strength in comparison with the conventional curing.

enlargethispage-24ptIndia is a country that has the second largest road network in
the world. Due to the overall economy of concrete pavement over flexible pavement,
paradigms have been shifted towards the concrete pavement, consequently, most of
the expressway and national highways are being constructed using concrete. This has
opened a huge market for curing compound manufacturers. Several manufacturers
of curing compounds claim a significant improvement in concrete properties without
sufficient research data. Hence, in order to educate and disseminate the performance
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of curing compounds used in cement concrete road construction an extensive experi-
mental study was conducted to evaluate the effectiveness of these curing compounds
with reference to water curing, the salient findings have been reported in this paper.

2 Experimental Study

Ordinary Portland cement conforming to requirements of IS 8112 [11] was used in
the study. A well-graded crushed quartzite coarse aggregate of nominal maximum
size 20 mm was used and tested according to Indian standard IS-2386 [12]. The
physical properties of aggregate such as specific gravity, bulk density and water
absorption were 2.7, 1604 kg/m3 and 0.46%, respectively. Mechanical properties
of aggregate such as Impact, Crushing, and Abrasion loss (by Los-Angeles) values
were 18%, 20% and 32%, respectively. Locally available land quarried sand was
used as fine aggregate. Its specific gravity and water absorption was 2.71 and 0.42%,
respectively. Potable water available in the CSIR-CRRI laboratory was used for
mixing and curing of concrete specimens. A high range water-reducing admixture
(HRWRA) Naphthalene based was used as a superplasticizer to achieve the desired
workability. Two types of curing compounds: resin-based and wax-based was used
in the study. The technical specifications of the curing compound (given by the
manufacturer) are shown in Table 1.

2.1 Mix Proportions

The mix proportions used in this study are given in Table 2.

Table 1 Technical
specification of curing
compound

Details Wax-based Resin-based

Sp. gravity 1.02 1.10

Form Wax-based liquid Water-based liquid

Color White Pink

Coverage 4–6 m2/l 10–15 m2/kg

Drying time Approx. 120 min. at
30 °C

Approx.
40–50 min./coat

Toxicity Non-toxic Non-toxic,
Non-VOC
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Table 2 Concrete mix
proportions

Ingredients Resin based mix
proportion (kg/m3)

Wax based, mix
proportion (kg/m3)

Cement 400 415

Fine aggregate 616 614

Coarse aggregate,
10 mm

596 494

Coarse aggregate,
20 mm

596 743

Water 160 166

W/C 0.38 0.40

HRWRA – 0.38% of cement

2.2 Sample Preparation

150mmcube, and 100× 100× 500mmbeam specimenswere cast for the evaluation
of compressive and flexural strengths of concrete respectively. The specimens were
demolded after 24 h of casting. The compressive strength of concrete was determined
as per Indian Standard IS-516 [13] at different ages 3, 7 and 28 days, while flexural
strength of concrete was determined at age of 28 days as per Indian standards IS-516
[13]. Two concrete mixes shown in Table 2 were used in his study. From each mix
27 cubes of 150 mm and 9 beams of 100 × 100 × 500 mm were prepared. One
set of 9 cubes and 3 beams were submerged in water for curing while the rest of
the two sets i.e. 18 cubes and 6 beams were coated with curing compounds. After
coating, 9 cubes and 3 beams were kept in sun and 9 cubes and 3 beams were kept in
sunshade. Therefore, specimens from both mixes were water cured and cured with
curing compounds.

2.3 Method of Spraying Curing Compound

The first coat of curing compound was sprayed over the top surface of the specimen
just after a few hours of casting when surface water disappeared. The concrete spec-
imens were demolded after 24 h of casting and curing compound was sprayed at
the remaining five surfaces. The curing compound was sprayed using a low-pressure
spray machine following the rate of application as prescribed by the manufacturer
(5 m2 per liter for wax-based and 13 m2 per liter for resin-based) as shown in Fig. 1.
The second and final coat of curing compound was again sprayed with the same
application rate to all the surfaces just after 30–45 min after first application.
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Fig. 1 Spraying of curing compound in progress

3 Results and Discussion

3.1 Compressive Strength

The average of three cubes crushing strength was recorded as the compressive
strength of the mix. The compressive strength development with age, for samples
cured with resin-based, wax-based curing compound exposed in different conditions
along with water-cured samples are shown in Figs. 2 and 3, respectively.

It can be seen from Figs. 2 and 3 that the development in the compressive strength
of concrete cured with ponding is higher up to 5–33% than the concrete specimens
cured with curing compound and kept under sunshade and sunlight. It can be seen
fromFig. 2 that, the efficiency of resin-based curing compound varies between 81 and
97% at different test ages under different exposure conditions. It can also be noticed
that for wax-based curing compound the efficiency of compressive strength devel-
opment is very low i.e., 67–82% in comparison with the specimens cured with water
ponding. Since this reduction in efficiency of compressive strength of concrete was

Fig. 2 Development in
compressive strength with
age (resin-based curing
compound)
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Fig. 3 Development in
compressive strength with
age (wax-based curing
compound)

significant, to see the effect of wax-based curing compound mix was repeated with
two additional sets of concrete specimens. One set of specimens was kept in sunlight
and in sunshade without any curing while the other set was applied with a curing
compound. Shocking results were noticed (also shown in Fig. 3); the compressive
strength of concrete specimens kept without application of curing compound under
the same exposure conditions (sunlight and in sunshade) were significantly higher
(16–27%) than the concrete specimens appliedwithwax-based curing compound and
kept in the same exposure conditions. It worth noting that the compressive strength
of concrete specimens cured with resin-based curing compound was quite higher
than the concrete specimens cured with wax-based curing compound under different
exposure conditions. The reason for such behavior of the curing compounds may
be attributed to the water retention efficiency of these curing compounds. The water
retention efficiency of a resin-based curing compound is generally more than 90%
while the same for a wax-based curing compound is about 60–70%. It was further
observed that among all the cases, the compressive strength of concrete specimens
cured with curing compound and kept under sunshade was slightly higher than those
concrete samples kept under sunlight.

3.2 Flexural Strength

The flexural strength of the concrete beam specimens was determined as per IS-
516. The third point loading system was used to determine the flexural strength of
concrete. An average of three values was recorded as the flexural strength at 28 days
and test results under the different curing conditions with resin-based and wax-based
curing compounds are presented in Figs. 4 and 5, respectively.

It can be seen from Figs. 4 and 5 that flexural strength of concrete cured with
ponding is higher (4.5–13%) than the concrete specimens cured with the curing
compound and kept under sunlight and sunshade exposure conditions. The flexural
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Fig. 4 Flexural strength of
concrete under different
curing conditions (with resin
based)

Fig. 5 Flexural strength of
concrete under different
curing conditions (with wax
based)

strength of concrete specimens cured with curing compound kept under the shade
exposure condition is slightly higher than the concrete specimen cured with curing
compound but kept in sunlight.

4 Conclusions/Recommendations

From the study following important conclusions may be drawn:

1. The compressive strength of concrete specimens cured with wax-based curing
compound kept in sunlight and the sunshade is lesser than water cured concrete
specimens at all the test ages. It is further observed that the compressive
strength of concrete specimens not cured with curing compound but kept in
the sunlight and sunshade are even higher than concrete specimens cured with
curing compound.

2. The compressive strength of concrete specimens cured with the resin-based
curing compound kept in sunlight and sunshade is 5–33% lesser than water
cured samples at all ages.
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3. From the compressive strength point of view resin-based curing compound
performs much better than the wax-based curing compound.

4. The flexural strength of concrete specimens cured with curing compound and
kept under the different exposure conditions is almost 4.5–13% lesser thanwater
cured specimens.

5. Neither the wax-based nor the resin-based curing compound could be used as
an alternative to the water curing of paving concrete.

Recommendation for Further Research

Further research on the use of curing compound related to the pavement concrete
may be focused on shrinkage behavior in different environments, abrasion resistance
of concrete besides microstructure study on cover zone concrete.
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An Assessment of the Polishing
Behaviour of Road Surfacing Aggregates
in Sri Lanka

H. V. Thenuwara , W. W. C. Jayasuriya, and H. R. Pasindu

Abstract Friction capacity between the tire-pavement interface, facilitates sufficient
braking force ensuring road user safety. Inadequate skid resistance has been identified
as the prominent pavement-related cause of highway crashes. Availability of friction
at the wearing course is governed by pavement, vehicle and tire/driver condition
parameters combined with environmental parameters, of which pavement-related
characteristics concern a greater proportion. Crucial pavement-related characteristics
include mineralogical and textural properties of road surfacing aggregates, where the
polishing behaviour of coarse aggregates exhibits significant influence in the estab-
lishment of skid resistance of asphalt concrete pavings. Thus, many research have
been conducted to determine the suitability of aggregates, in terms of resistance to
polishing under trafficking. In the national context, broader attention is being devel-
oped towards road safety as one of the critical performance parameters due to the
integration of an expressway system with the prevailing road network. However,
the amount of such extensive study into pavement friction and properties of locally
available aggregates, is scarce. No guidelines considering user safety have been
specified in the Standard Specifications for Construction and Maintenance of Roads
and Bridges by the Institute for Construction Training and Development, Sri Lanka.
Therefore, initiatives to incorporate skid resistance in the national practice of aggre-
gate selection for pavement construction, are indispensable. Hence, this study aims
to establish the friction characteristics of Sri Lankan natural roadstones, through
the Polish Stone Value Test involving the Accelerated Polishing Machine and the
British Pendulum Tester, and to evaluate the observed polishing patterns through a
petrographic analysis and microscopic investigation.
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1 Introduction

Pavement friction by definition, is the retarding force between the tire-pavement
interface, that resists the relative motion of a vehicle tire in rotation [1]. Availability
of satisfactory friction co-efficient at the pavement surface, ensures sufficient braking
force on the vehicle against skidding during maneuvers. Inadequate friction capacity
at the wearing course, has been recognized to be one of the prime causative factors
of road crashes, apart from the vehicle, driver, other roadway infrastructure and
environment related factors [2, 3]. Friction related pavement characteristics cause
for about 28% of the total road crashes and 14% of all fatal crashes [4–6]. Hence,
provision and maintenance of adequate road friction is indispensable to prevent
roadway departure crashes, skidding, run-off-road and head-on collisions to facilitate
safer riding [7–10].

The extent of friction co-efficient present at the tire-pavement interface is governed
by many contributing constituents such as pavement, vehicle/tire condition proper-
ties and water film thickness, where friction related pavement characteristics concern
a significant proportion [1]. Coarse aggregates comprise about 90% of the Hot Mix
Asphalt (HMA) surfacings by weight, thus the crucial fiction-related pavement char-
acteristics include mineralogical and textural properties of road surfacing aggre-
gates [11, 12]. The induced polishing action of the exposed course aggregates of
the wearing course over time due to repeated traffic application apart from adverse
weather conditions and many other site-specific reasons, leads to friction deteriora-
tion of the pavement, resulting in the increase of highway crashes, specially under
wet surface conditions [1, 3]. Therefore, the polishing resistance of coarse aggre-
gates exhibits significant influence in the establishment of skid resistance of asphalt
concrete pavings [13].

Pavement friction is a complex integration of two major frictional force compo-
nents: adhesion resulted by the microtexture of individual aggregate particles, and
hysteresis influenced by the macrotexture of the pavement surface. Although the
hysteresis component is pre-dominant at greater vehicle speeds and wet weather
conditions, adhesion contributes to the magnitude of the tire friction and skid resis-
tance at all speeds for dry andwet surface conditions [1, 3, 14].Microscopic asperities
and textural properties of an individual aggregate define its polishing behavior and
decay patterns when subjected to the traffic applications. In conclusion, polishing
resistance of road surfacing aggregates is a key determining factor of the friction
deterioration trends and long-term skid resistance of asphalt concrete pavements
[13]. Hence, in addition to the physical and mechanical properties, polishing char-
acteristics of road stones have to be evaluated in the aggregate selection process to
ensure adequate and durable friction capacity at the pavement [15].

There are several laboratory methods available to assess the polishing charac-
teristics of coarse aggregates, among which the Polished Stone Value (PSV) test is
the most commonly used by many countries [14]. The polished stone value (PSV)
test measures the resistance of roadstone to the polishing action of vehicle tyres
under conditions similar to those occurring on the surface of a road, by means of
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accelerated polishing under controlled laboratory conditions [13]. The higher the
PSV is, the more skid resistant is the aggregate. Many countries including the USA,
the UK and China have defined specifications and provisions on the PSV of coarse
aggregate, which is a key index in the aggregate selection process for the anti-sliding
abrasion layer of an asphalt pavement [15–17]. As a step towards the incorporation
of such user safety induced parameters in the design and construction stages of the
pavement, countries such as Afghanistan, India, Bangladesh, Pakisthan, Thailand,
Iran, Iraq and many other have established the frictional properties of their locally
available road surfacing aggregates [12, 18–22].

Nonetheless, the amount of such extensive study into polishing characteristics of
locally available aggregates, is scarce, whereas no relatable guidelines have been
specified even in the latest issue of Standard Specifications for Construction and
Maintenance of Roads and Bridges by the Institute for Construction Training and
Development, Sri Lanka [23]. At present, around 12,380 km of national road network
comprises of class “A” roads (trunk roads), class “B” roads (main roads) and class
“E” roads (expressways) with maximum operating speeds ranging from70 km/h to
100 km/h [24–26]. An average of 38,000 crashes occur annually which result in
around 3000 fatalities and 8000 serious injuries, of which about 600 crashes are
recorded in the expressway system [27–29]. Ensuring satisfactory pavement friction
is thus very important as speeding combined with inadequate braking force leads
to a considerable amount of highway crashes. Therefore, counter-measures should
be taken, from aggregate selection upto construction and periodic maintenance of
especially major trunk roads, expressway network including the interchange ramps,
critical horizontal curves and steep grades, intersections and other identified skid
hazardous roadway sections [30].

However, in the national context, broader attention is being developed towards
road user safety as one of the critical performance parameters due to the growing
concern over the escalating number of speeding crashes. Therefore, initiatives to
incorporate skid resistance in the national practice of aggregate selection for pave-
ment construction, and to enable advanced planning of maintenance interventions
in the Pavement Friction Management (PFM) of skid hazardous road sections, are
demanding.

2 Research Objectives

As an initiative chapter to establish the polishing resistance of locally aviable road
stones, encourage further experimental studies related to the topic, as well as to influ-
ence the incorporation of skid resistance of aggregates and user safety in the national
practice of design, construction and maintenance of major trunk road network, this
experimental study expects to,
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1. Establish the friction characteristics of Sri Lankan natural roadstones, through
the Polish Stone Value Test

2. Evaluate the observed polishing patterns through a petrographic analysis and
microscopic investigation as PSV is meaningfully related to mineralogical
properties of coarse aggregates.

3 Experimental Study

3.1 Specimen Preparation

The Industrial Mining License (IML) grade quarries of road surfacing aggregates
located in Kaduwela (Colombo District), Anuradhapura (Anuradhapura District),
Horana (Kalutara District), Hambantota (Hambantota District) and Kurunegala
(Kurunegala District) account for the major contribution of the natural aggregate
production for the road construction industry. Therefore, samples of aggregates
were acquired from 10 major natural rock quarry and suppliers from the above
mentioned locations, representing 5 rock origins, where aggregates were collected
from 2 different major suppliers of the same rock source for each source.

In order to determine the polishing behaviour of the aggregates, 28 number (no.)
of test specimens were prepared for 2 wheel runs in accordance with the ASTM-
D3319-06, where 14 no. of specimens were subjected to polishing per each run (4
no. of specimens from each source of rock (2 no. of specimen from each supplier)
+ 4 no. of control stone specimen). The detailing of the material acquisition and
specimen preparation is presented in Table 1.

3.2 Polish Stone Value Test

Polish Stone Value test was performed with the use of the Accelerated Polishing
Machine and the British Pendulum Tester, in accordance with the ASTM-D3319-06
and ASTM-E303-93. The BPT was initially calibrated using the polished criggion
stone specimens. The specimens of local aggregates were first conditioned for 2 h
of accelerated polishing, prior to the test. The friction deterioration curves of the
aggregates are shown in Fig. 1.

Before commencement of the process of polishing, Residual Polish Value (RPV)
of the selected specimens was obtained. Polish Value (PV n) or British Pendulum
Number (BPN) or Skid Resistance Number (SRV) of specimens after “n” number
of hours of rotation under wet condition was taken using the BPT. 4 consecutive
readings of BPN with no deviation greater than 3 points were recorded for each
reading for the polishing intervals of 1.5 h during the 9 h of polishing.
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Fig. 1 Friction deterioration curves of the aggregate samples

3.3 Physical Properties

The test result summary of the physical properties of the aggregate samples deter-
mined by the basic laboratory testings (specific gravity and water absorption), is
given in Table 2.

In order to test the compliance of the aggregates with the the Standard Specifi-
cations for Construction and Maintenance of Roads and Bridges by the Institute for
Construction Training and Development (ICTAD)-Section 407 and 506, following
mechanical properties of the aggregate samples, were evaluated as in Table 3.

Table 2 Physical properties
of the aggregate samples

Rock origin Specific gravity Water absorption (%)

Anuradhapura 2.71 0.46

Horana 2.61 0.49

Kaduwela 2.61 0.42

Hambantota 2.67 0.45

Kurunegala 2.69 0.42
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Table 3 Mechanical properties of the aggregate samples

Rock origin LAAV
(%)

ICTAD
upper
limit (%)

AIV
(%)

ICTAD
upper
limit (%)

FI
(%)

ICTAD
upper
limit (%)

SSS
(%)

ICTAD
upper
limit (%)

Anuradhapura 38 40 23 30 20 35 1.8 12

Horana 35 40 16 30 15 35 1.8 12

Kaduwela 33 40 21 30 16 35 0.2 12

Hambantota 33 40 24 30 13 35 1.0 12

Kurunegala 37 40 24 30 17 35 2.2 12

1. Los Angeles Abrasion Value (LAAV)—ASTM C535
2. Aggregate Impact Value (AIV)—B.S.812:Part 112
3. Flakiness Index (FI)—B.S.812:Part 105.1
4. Sodium Sulphate Soundess (SSS)—ASTM C88.

3.4 Petrographic Analysis and Microscopic Investigation

Mineralogy of the aggregate samples were verified by the microscopic investigation
of 30 µm thin sections prepared from 10 mm crushed rock chippings, using the
Olympus BH polarising microscope attached with a microscope video camera. Table
4 elaborates a summary of the petrographic analysis of the aggregate samples.

4 Results and Discussion

In Sri Lanka, there are over 2500 Industrial Mining License (IML) grade quarries
and most of the major aggregate suppliers of the road construction projects are from
Hambanthota, Anurdhapuraya, Kurunegala, Kaduwela and Horana [31]. Therefore,
natural aggregate samples representative of the above mentioned source points were
acquired to be tested for the polishing resistance. All the aggregate samples from
the five rock origins, is suitable for the wearing course application in terms of their
physical andmechanical properties, as per the ICTADspecifications. Table 5 presents
a summary of the experimental study outcomes.

As far as the friction deterioration curves are concerned, the PSVs of all the rock
samples are scattered in the range of 40–75 during the 9 h polishng period, exhibiting
intermediate levels of skid resistance capacities. In norm, coarse aggregateswith PSV
greater than or equal to 60, are regarded to fall into the high friction category.

Petrographic analysis of the rock samples concludes that all of them have a gneiss-
based mineralogy and composition. Geologically, 90% of the natural rocks in Sri
Lanka aremade up of high grademetamorphic rocks of Precambrian age, whichmost
consist of charnokites, migmatites and varieties of gneissic rocks [32]. Laboratory
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Table 5 Laboratory test results summary of the aggregate samples

Rock origin Petrography Initial PSV before
polishing

Final PSV after 9 h
of polishing

Average PSV

Anuradhapura Quatzo-feldspathic
gneiss

71 50 60.5

Horana Biotite gneiss with
pyroxene

65.5 40 52.8

Kaduwela Biotite gneiss 68 44.5 56.3

Hambantota Hornblende biotite
gneiss

75 45 60.0

Kurunegala Biotite hornblende
gneiss

73 51 62.0

investigations on gneiss-based coarse aggregates in Sri Lanka, have concluded that
they are good quality, hard, tough and durable aggregates, as established in this
study as well [33]. Gneiss-based aggregates are often termed as granite-based in the
industry or literature due to their resemblance in many departments of physical and
mechanical properties.

The texture of gneisses is of platy foliations,where coarserminerals are distributed
in a softer mineral matrix. Hence, when subjected to polishing, the weaker minerals
disintergrate exposing harder, unweathered minerals, which are able to retain their
texture for a prolonged period and thus less susceptible to polishing [34, 35]. The
presence of minerals such as Feldspar, Plagioclase and Pyroxene also contributes
to the high skid resistance capacities due to their high siliceous content [36]. The
thin section observations, justify the impressive degrees of polishing resistance of
the rock samples collected.

5 Conclusion

There is no any form of specification nor national guidance over the selection of
aggregates based on their polishing characteristics and there have been no studies
carried out at the national level to assess the polishing characteristics of Sri Lankan
roadstones. The major objective of this study was to evaluate the polishing patterns
of local aggregates, where it has been established that the gneiss-based Sri Lankan
roadstones showcase presence of wear-resistant particles and desirable frictional
properties. The results and findings can be incorporated in the aggregate selection
process specifically in the construction,maintenance and rehabilitation ofmajor trunk
roads and expressways and in the determination of intervention threshold levels in
the Pavement Management System of the expressway network.

Since the study aims at determining the polishing behaviour of Sri Lankan
roadstones under laboratory conditions, it is further recommended to evaluate the
polishing patterns of natural aggregates under actual field conditions, to assist in
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determining the polishing patterns and decay curves of the pavement surface under
site-specific conditions and in depth skid resistance oriented characterization of the
roadstones.
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Applicability of Gneiss Based Mineral
Aggregates for the Use in High Friction
Surface Treatment in Terms of Polishing
Characteristics

H. V. Thenuwara , P. H. G. H. Buddhi, and H. R. Pasindu

Abstract Speed and safety management of highways plays a prominent role in
ensuring road user safety, especially of the vulnerable categories. Pavement Friction
Management (PFM) is being considered as the best possible option in developing the
road infrastructure over the other prevalent strategies, with the focus of improving
user safety. High Friction Surface Treatment (HFST) is widely being used as a reme-
dial measure to improve the friction and texture retention capacity of the wearing
course, as it provides economical and sustainable solutions in upgrading the pave-
ment performance in both as an urgent response and in the long run as well. As an
urgent remedial intervention, HFST can be incorporated in the national practice of
safetymanagement in Sri Lanka, to address the concerns over the escalating numbers
of grievous highway crashes. In place of the most commonly used high skid resis-
tant aggregates, gneiss-based mineral aggregate can be a viable alternative since it
delivers similar functionality to that of granites. The study examines the polishing
characteristics of widely used gneiss-based roadstones in the country through labo-
ratory experiments involving the Polish Stone Value (PSV) test. Both qualitative and
quantitative analyses of the specified physical and mechanical laboratory testing are
conducted to evaluate the applicability of gneiss-based mineral aggregates in the
use of HFST as an alternative skid-resistant roadstone in terms of their polishing
behavior.
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1 Introduction

Pavement friction is a crucial functional aspect of overall pavement performance,
facilitating motorists the ability to control/maneuver their vehicles in a safe manner
[1, 2]. In definition, the resistive force that obstructs the relative motion between a
rotating vehicle tire and a pavement surface at the tire-pavement interface, is inter-
preted as pavement friction [1]. Therefore, friction co-efficient is incorporated in
the geometric design of highways as a key input parameter, since a satisfactory
degree of pavement friction is required to ensure user safety. Specifically, in the
design, construction, and maintenance of accident-prone critical geometric elements
of highway alignment (horizontal, spiral, and vertical curves, as well as intersec-
tions) provision andmaintenance of adequate road friction is indispensable to prevent
roadway departure crashes, skidding, run-off-road and head-on collisions for a safer
riding [3–6].

Highway crashes, the ninth leading cause of death, which will escalate to
the fifth by 2030, cause 1.3 million fatalities and 20–50 million grievous and
non-grievous injuries worldwide annually [7, 8]. In addition to driver, vehicle,
and highway infrastructure-related causative factors, inadequate pavement friction
capacity catering to increased Stopping Sight Distance (SSD), has been identified
as the major pavement-related cause of highway crashes. Friction-related pavement
characteristics cause about 28% of the total road crashes and 14% of all fatal crashes
[9–11]. Induced polishing action of the wearing course over time due to repeated
traffic application apart from adverseweather conditions andmany other site-specific
reasons, leads to friction deterioration of the pavement, resulting in the increase of
highway crashes, specially under wet surface conditions [1, 2, 12]. The coefficient
of friction of a vehicle tire sliding over a wet pavement surface decreases exponen-
tially as water film thickness increases and may lead to extreme conditions such as
hydroplaning [1, 2].

Highway safety is a high priority user concern that is not being directly addressed,
opposed in the case of mobility and user comfort. Three pillars of safety design are
concerned with driver behavior, vehicle design, and highway infrastructure, where
geometric design and Pavement Friction Management (PFM) of highways fall under
infrastructure [7]. Pavement surface characteristics (network friction and texture)
account for providing the minimum required skid resistance of the pavement to cater
to the friction demand defined by the geometric design combined with the vehicle
speed. Most current safety effort addresses the vehicle and driver issues whereas
infrastructure effort is on geometric design issues, while focus on improvement and
retention of pavement characteristics is minimal. Many comprehensive studies on
crash trends, including theFederalHighwayAdministration (FHWA)have concluded
that improvement of the pavement surface friction can result in an approximate 70%
reduction of the number of crashes while contributing to an apparent decrease in the
severity of crashes and their related consequences [3, 8, 13].
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There are several restoration methods that can be used to reestablish the frictional
properties of flexible pavements. The United States (US) Department of Transporta-
tion (DoT) of FHWA pooled fund study “Evaluation of Low-Cost Safety Improve-
ments” recommends skid-resistive pavement surface treatments as one of the highly
cost-effective pavement friction enhancements [14, 15]. According to the FHWA,
High Friction Surface Treatment (HFST) is an appealing alternative since these
High Friction Surface (HFS) systems can dramatically and immediately reduce the
occurrence of crashes and fatalities at abrupt curves, variable superelevations, wet
conditions, polished roadway surfaces, and excessive driving speeds [16].

2 Literature Review

2.1 High Friction Surface Treatment

High Friction Surface Treatment (HFST) is a specially designed process that can
compensate driver error, poor geometric alignment of the roadway, and inadequate
road surface skid resistance, hydroplaning, splash, and spray especially during wet
weather, increasing driver awareness, and water drainage. The typical installation
practice of HFSTs is the application of a single or double layer of hard, durable, and
high Polished Stone Value (PSV) aggregates on hot-applied thermo-setting polymer
resin binder or cold-applied epoxy at critical maneuver locations of the roadway [13].

HFST can resolve site-specific issues that require high friction demand by geom-
etry, type of functional element, expected driver behavior or traffic volume, as in [8,
17].

• Intersections and roundabouts
• Exit-entrance ramps and toll plazas
• School crossings and crosswalks
• Sharp horizontal curves and steep slopes
• Bridge decks
• Identified crash-prone or skid hazardous areas.

In comparison, HFST excels micro surfacing technique as a countermeasure to
improve pavement surface characteristics at the above-mentioned roadway locations,
since it provides more friction than the latter would.

2.2 Polishing Characteristics of Aggregates

Friction related pavement characteristics are greatly defined and influenced by the
textural properties of the exposed coarse aggregates of the wearing course. Micro-
scopic asperities of the aggregate termed as microtexture (of the amplitude of planar
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deviations less than or equal to 0.5 mm within wavelength less than or equal to
0.5 mm), account for the adhesion component of the total friction force exerted on
a rolling vehicle tire by the pavement, through intermolecular bonding between the
tire tread and the aggregate surface [1, 2]. These irregularities facilitate the escape
of thin water films in excess and skid resistance at all speeds for dry and wet condi-
tions [1, 2, 18]. The degree of polishing of aggregates highly depends on these
asperities at the micron scale, defined by the crystalline structure and the content of
wear-resistant minerals of the aggregates. Microtexture is thus a function of aggre-
gate particle mineralogy and petrology, which altogether contribute to the polishing
characteristics and long-term skid resistance of mineral aggregates.

Therefore, specifications for the selection anduse of aggregate forHFSTare aimed
at measuring the aggregate’s ability to retain microtexture and resist polishing. The
polished stone value (PSV) test measures the resistance of roadstone to the polishing
action of vehicle tires under conditions similar to those occurring on the surface of a
road, by means of accelerated polishing under controlled laboratory conditions. The
higher the PSV is, the more skid-resistant is the aggregate. In general terms, high
friction aggregates are such that those with PSV greater than or equal to 60 [19, 20].

2.3 Commonly Used Aggregates for HFST

The aggregates should resist abrasion and polishing due to trafficking action and
disintegration caused by weathering, providing a durable, skid-resistant wearing
course with an optimal level of pavement surface texture. As per the aggregate
properties for HFST specified by the FHWA, the coarse aggregates should meet
a minimum of PSV of 38, in accordance with the standard AASHTO T279 as similar
to BS 812 part 114, BSEN1097-8, and ASTM D3319 [3, 8]. Commercially used
common types of aggregates in HFST include [13, 21],

• Calcined bauxite
• Dolomite
• Granite
• Silica
• Steel slag
• Flint.

Calcined bauxite, a manufactured high wear and polishing resistant coarse aggre-
gatewith its PSVexceeding 70, has been predominantly used in theHFSTapplication
process [13]. However, many researchers have investigated the use of locally avail-
able aggregates in place of such artificial aggregate to optimize the cost of HFST
process [8]. Granite is considered to have intermediate polishing resistance proper-
ties, with fairly good abrasion resistant qualities. Gneiss-based aggregates are often
termed as granite-based in the industry or literature due to their resemblance in many
departments of physical and mechanical properties.
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Gneiss-based aggregates tend to behave similarly to igneous rocks of the same
mineralogy and thus are widely used in the industry for road surfacing applications.
Gneiss is a common and widely distributed type of rock, specifically in Asia, formed
by high-grade regional metamorphic processes of either igneous or sedimentary
rocks, whereas granite is of igneous rock origins. Commonminerals found in a gneiss
matrix are Biotite, Chlorite, Feldspar, Garnet, Graphite, Hornblade, Micas, Quartz,
Quartzite, Silica, and Zircon, which can be discovered in granite-based aggregates
as well [22]. It is a hard and durable type of aggregate with specific gravity ranging
from2.6 to 2.9.Medium to coarse-grained structure provides significantly less porous
formationwithMohs’ hardness value of 7,which reflects its impressive toughness and
hardness properties [23, 24]. The texture of gneisses is of banded or platy foliations,
with irregular fracture surfaces, where harder, coarser minerals are distributed in
a softer mineral matrix. Hence, when subjected to polishing and weathering, the
weaker minerals disintegrate, exposing harder, unweathered minerals, which can
retain their texture for a prolonged period and thus restoring the skid resistance of
the pavement [24, 25]. In conclusion, as far as textural and physical characteristics
are concerned, gneiss-based aggregates are a vehement alternative to be used in the
HFST applications.

2.4 Experience of HFST in the United States

Signature trial HFST application projects carried out in Pennsylvania, Wisconsin,
Kentucky, and South Carolina DoTs have reported total crash reductions of 100%,
95%, 90%, and 57%, respectively, where Kentucky experienced a total crash reduc-
tion of 78%, with a wet weather crash reduction of 85%. In general, various state
DOTs studies on HFST resulted in a 20–30% reduction in all crashes and a 50%
reduction in wet weather crashes [21].

Proper installation of HFST can guarantee 7–12 years of service life, while 12–
15 years on bridge decks and interstate highways with Average Daily Traffic (ADT)
of 48,000–62,000 vehicles per day. Studies have shown that HFST delivers a high
cost-benefit ratio of about 20–24 with a relatively excellent life cycle cost [26]. For
large-scale projects and small bundled installations, unit cost of HFST can vary from
20 to 30 US Dollars per square meter [21]. Although the unit cost of HFST is higher
than other skid-resistive pavement surface treatments, in the long run, it ensures
maximum possible user safety and a durable pavement with minimum noise and
rider comfort-related issues as well. Furthermore, the production and construction
process related to HFST application concerns less adverse environmental impacts as
well.
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2.5 Status of PFM in the Context of Sri Lanka

According to the World Health Organization (WHO), 90% percent of the road acci-
dents reported are taken place in low and middle-income countries, and highway
crashes incur direct and indirect costs of about 3% of the Gross Domestic Product
(GDP) in most countries [7]. Sri Lanka has a well-distributed road network of about
116,000 km, consisting of 12,380 km of National roads comprising of class “A”
roads (trunk roads), class “B” roads (main roads), and Expressways (E) [27–29].

An average of 38,000 crashes occurs annually, which result in around 3000 fatal-
ities and 8000 serious injuries, of which about 600 crashes are recorded in the
expressway system [7, 30, 31]. Crash fatalities and injuries are expected to esca-
late steadily given the rapid growth in vehicle ownership unless urgently required
countermeasures are implemented [32]. These numbers represent not only the loss
of human lives but also the nation’s working population apart from the infrastruc-
ture and property damage combined with other indirect economic losses. In a study
conducted by theWHO, the estimated economic gains from achieving a 50% fatality
reduction in the countries assessed, ranged between (7–22) % increase in GDP over
the analysis time frame of 24 years, whereas the estimated population welfare gains
were equivalent to (6–32) % of GDP [7]. The obvious need to implement strategies
and measures to improve road user safety, can thus be well justified.

However, most of the safety management programs funded and guided by the
government and the relevant authorities, emphasize on addressing the vehicle,
driver or other vulnerable road user categories related to causative factors. The
infrastructure-related issues are often left unaddressed specially those regarding inad-
equate geometric designs and crash-prone locations. Speed management by the erec-
tion of road signs, imposing speed limits only cannot effectively reduce the crash
rate at such vulnerable roadway locations, where additional robust improvements
of infrastructure are required. Sand sealing or any other slurry sealing methods and
Double Bituminous Surface Treatment (DBST) carried out in the national mainte-
nance routine of highways, are to optimize and retain the mobility, roughness and
durability of the existing pavement surface, whilst there are no industry practices
involved with the retention of pavement friction [12, 33]. Though Pavement Fric-
tion Management (PFM) under the Pavement Management System (PMS) has been
incorporated into the national practice of maintenance of the expressway network of
the country, focus and studies on possible restoration criteria are still scarce.

Hence, Pavement Friction Management, especially to reduce fatal highway
crashes occurring at sharp horizontal curves, intersections, school crossings and
identified crash-prone or skid hazardous areas, should be incorporated in the typical
maintenance routine of the national road network (“A, B, E” class roads), in which
case the application of High Friction Surface Treatment to improve pavement friction
at such specifically identified accident-prone areas are highly recommended.
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2.6 Natural Coarse Aggregates in Sri Lanka

Geologically, 90% of the natural rocks in Sri Lanka are made up of high-grade
metamorphic rocks of Precambrian age, while the remaining are comprised of sedi-
mentary rocks of predominantly Miocene age. Precambrian crystalline rocks, which
most often occur as hills or mountains, consist of charnokites, migmatites, and vari-
eties of gneissic rocks. There are 5 geological complexes prevalent in the country, and
gneiss-based natural aggregates are the broadly available type of mineral aggregates
[34].

The annual production of rock aggregates in the country, is around 8million cubic
meters and there are over 2500 IndustrialMining License (IML) grade quarries.Most
of the major aggregate suppliers of the road construction projects in Sri Lanka are
from Hambanthota, Anurdhapuraya, Kurunegala, Kaduwela, and Horana [34].

Investigations and studies on gneiss-based coarse aggregates in Sri Lanka have
concluded that they are good quality, hard, tough, and durable aggregates complying
with the Standard Specifications for Construction and Maintenance of Roads and
Bridges by the Institute for Construction Training and Development (ICTAD) [35].
Yet, ICTAD has only defined specifications regarding the physical, and mechanical
properties of roadstones, whereas there is no any form of specification nor national
guidance over the selection of aggregates based on their polishing characteristics.
Further, there have been no studies carried out at the national level to assess the
polishing characteristics of Sri Lankan roadstones. Therefore, this study intends to
evaluate the applicability of the most abundant type of mineral aggregates in Sri
Lanka-Gneiss based coarse aggregates in the application of the HFST, in terms of
their polishing behavior.

3 Methodology

The research objective of the study is to assess whether the locally available gneiss-
based mineral aggregates comply with the requirements of polishing resistance spec-
ified for the aggregates in HFST by the FWHA. Following is a description in brief of
the sequence, including the basic procedure, laboratory testing, and analysis methods
adopted in the progression of the research.

• A thorough literature review, conducted to identify the best possible option of
infrastructure development related approach-high friction surface treatment, to
address the speed and safety management of high crash-prone, skid hazardous
areas and vulnerable user category wise roadway elements of interest (school
crossings).

• Isolation of the geological complexes in Sri Lanka with origins of gneiss-based
mineral aggregates and material acquisition form the selected IML grade rock
quarries/suppliers of highway construction industry.
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Table 1 Details of the
aggregate sources

Source of
aggregate

District Geological
complex

Code

Ganewalpola,
Anuradhapura

Anuradhapura Wanni
complex

A

Horana Kalutara Wanni
complex

B

Kaduwela Colombo Wanni
complex

C

• Determination of the physical properties of the collected aggregates through
laboratory testing (specific gravity, water absorption, and thin section analysis
tests).

• Establishment of the suitability of the aggregates for the wearing course appli-
cation and surface treatment as per the ICTAD specifications by conducting to
determine mechanical properties.

• Preparation of the PSV test specimens in accordancewith the respective standards.
• Derivation of the friction deterioration curves of the aggregates through the Polish

Stone Value test to determine the PSV values of gneiss-based aggregates.
• Determination of the texture retention capacities of the aggregates through

evaluation of their micro-texture characteristics.
• Analysis of the laboratory experiment results in terms of the research problem.
• Recommendations to incorporate the research findings into national practice of

safety management.

3.1 Material Acquisition

Aggregates were collected from 6 major suppliers of roadstones scattered in 3
Districts, whose sources of rock are located in the largest geological complex of
the country. The rock sources of gneiss-based aggregates are located in Kaduwela
(Colombo District), Anuradhapura (Anuradhapura District), and Horana (Kalutara
District), representing theWanni complex, the sampleswere acquired from2different
major suppliers of the same rock source for each source. Thedetailing of the aggregate
sources is indicated in Table 1.

4 Laboratory Testing

4.1 Physical Properties

Physical properties of the aggregates collected were first determined by basic labora-
tory testing (specific gravity, water absorption, and thin section observation). The test
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Table 2 Physical properties of aggregates

Source of
aggregate

Thin section observation Mineralogy
(Petrography)

SG WA
(%)

A Quartz, Feldspar,
Biotite
(Quatzo-feldspathic
gneiss)

2.71 0.46

B Plagioclase, Quartz,
Biotite, Pyroxene
(Biotite gneiss with
pyroxene)

2.67 0.49

C Plagioclase, Quartz,
Biotite (Biotite gneiss)

2.67 0.42

result summary is given in Table 2. The aggregates to be tested have the petrography
of 3 sub-categories of gneiss.

• Biotite gneiss
• Quatzo-feldspathic gneiss
• Biotite gneiss with pyroxene.

Specific Gravity andWater Absorption (on Saturated Surface Dry (SSD) Basis)
(ASTM C127)

SpecificGravity (SG) is defined as the ratio of theweight of aggregate to theweight of
an equal volume of water, which is considered to be a measure of strength or quality
of the material. Water Absorption (WA) is the change in the mass of an aggregate
due to water absorbed in the pore spaces within the constituent particles, compared
to the dry condition.
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Thin Section Observation

Mineralogy of the aggregate sampleswas verified by themicroscopic investigation of
thin sections. The thin sections were produced from 10 mm crushed rock chippings
bonded together using epoxy resin. The specimens were cut into slices, which were
ground and polished to 30 µm thin sections. The sections were observed using the
Olympus BH polarizing microscope attached to a microscope video camera, and
images from the camera were sent to a video monitor and to a computer running the
installed image processing and analysis software.

4.2 Mechanical Properties

Mechanical properties of the gneiss-based aggregates were then determined by the
laboratory testing as per the ICTAD specifications (Section 407 and 506). Table 3
shows the test results of the aggregate samples.

Los Angeles Abrasion Value (ASTM C535)

The Los Angeles Abrasion Value (LAAV) is a measure of degradation of aggregates
when subjected to a combination of actions involving abrasion, attrition, impact and
grinding.

Aggregate Impact Value (B.S.812: Part 112)

Aggregate Impact Value (AIV) reflects the toughness of aggregates or the ability to
resist fracture under pounding action or impact due to traffic loading.

Flakiness Index (B.S.812: Part 105.1)

Flakiness Index (FI) is a measure of the proportion of flat or flaky particles of the
aggregate sample, that has a tendency to fracture along their weak dimension under
trafficking, leading to gradation and stability-related issues.

Sodium Sulphate Soundness (ASTM C88)

Sodium Sulphate Soundness (SSS) delivers a measure of the resistance of aggregates
to in-service weathering or disintegration.

Table 3 Mechanical properties of aggregates

Source of aggregate LAAV (%) AIV (%) FI (%) SSS (%)

A 38 22.5 20 1.8

B 35 15.8 15 1.8

C 33 20.8 16 0.2
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4.3 Polishing Characteristics

Preparation of test specimens and laboratory testing with the use of Accelerated
Polishing Machine and the British Pendulum Tester, was carried out to determine
the polishing behavior of the gneiss-based aggregates.

Specimen Preparation

14 number (no.) of specimens (4 no. of specimens from each source of rock (2 no.
of specimen from each supplier) + 2 no. of control stone specimen) were prepared
in accordance with the ASTM—D3319-06 and the following were required.

• Coarse aggregate—ASTMD75 (sieved through 12.7 mm and retained on 9.5 mm
sieves)

• Fine sand—ASTM C 778 graded sand
• Metal molds and Sanding Block
• Mold release agent
• Bonding agent—polyester resin and catalyst.

One layer of coarse aggregates was placed in the mold in a tight packed manner,
and the voids remaining were filled with sand. After being filled to the upper level by
the bonding agent, the pressurewas applied by the sanding block onto themold. After
completion of the hardening process, the mold was dismantled, and the specimen
was taken off. Specimens were numbered from 1 to 14, and the direction of rotation
was marked.

Polish Stone Value Test (ASTM—D3319-06)

By accelerating the rate of polish under controlled laboratory conditions using the
Accelerated Polishing Machine, aggregates can be assessed before being used as
a surfacing material. The degree of polish attained is measured using the British
Pendulum Tester (BPT) and expressed as a PSV with values ranging from 30 to 80.

Accelerated Polishing Machine

Polishing of the 14 aggregate specimens was performed using the accelerated
polishing machine with the use of the following supportive elements.

• Water
• Corn emery and flour emery (polishing agent)
• Specified rubber tire.

Fourteen specimens were placed using “O” rings onto the Road wheel in the
numbered order in the clockwise direction. Water was applied at a rate of 4 l/h,
and emery was applied at a rate of 0.48 kg/h. A load of 725 N was applied, and
the polishing was performed for 9 h at a rate of 320 rpm. The specimens were
first conditioned for 2 h through accelerated polishing, before the 9-h polishing was
conducted.



610 H. V. Thenuwara et al.

British Pendulum Tester (ASTM—E303-93)

Initially, before the commencement of the process of polishing, the Residual Polish
Value (RPV) of the selected specimens was obtained. Polish Value (PV n) or British
Pendulum Number (BPN) or Skid Resistance Number (SRV) of specimens after
“n” number of hours of rotation under wet condition was taken using the BPT. 4
consecutive readings of BPN with no deviation greater than 3 points were recorded
for each reading for the polishing intervals of 1.5 h.

The PSV is calculated using the following equation. The PSVs of the 3 gneiss-
based aggregate types are shown in the

PSV = S + (52.5− C) (1)

where,

S mean of the four test specimens
C mean of the specimens of control stone.

The friction deterioration curves of gneiss-based aggregates are shown in Fig. 1.
Table 4. discusses the prominent results from the polishing of the aggregates.

Fig. 1 Polishing characteristics (friction deterioration curve) of gneiss-based aggregates
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Table 4 PSV results of the
gneiss-based aggregates

Source of
aggregate

Initial PSV
before
polishing

Final PSV
after 9 h of
polishing

Average PSV

A 71 50 60.5

B 65.5 40 52.8

C 68 44.5 56.3

4.4 Textural Characteristics

To further support the results and findings of the polish stone value test, textural
properties of the gneiss-based aggregate samples were derived. Micro-texture of
the aggregates was measured in terms of the root- mean square height (Rq) [36].
This determination was conducted on the specimens before and after each polishing
interval using the CoordinateMeasuringMachine (with a level of accuracy of 1µm).
Figure 2 illustrates the textural properties of the gneiss-based aggregates.

Rq =
√

1

N

∑ (
Zi − Z

)2
(2)

where,

N Number of points
Zi Generic ordinate (Z axis co-ordinate of the point)
Z Average of Zi values.

Fig. 2 Micro-texture deterioration curve of Gneiss-based aggregates
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5 Results and Analysis

Themechanical properties of the gneiss-based aggregates all complywith the ICTAD
specifications. The LAAVs are less than 40%, while the AIVs are less than 30%. The
FI values are less than 35%, and the SSS values are less than 12%. The physical and
mechanical properties indicate that all the sub-types of gneiss-based aggregates are
suitable for pavement surfacing and surface treatment.

The results of the PSV test indicate intermediate levels of skid resistance, which
is satisfactory to be applied in the HFST process, as per the FWHA specifications.
The presence of minerals such as Feldspar, Plagioclase, and Pyroxene in the gneiss-
based aggregate sources contributes to the high siliceous content resulting in high
skid resistance capacities of the aggregates. The textural properties of the three types
of gneiss-based aggregates also suggest the same in support of their reasonably good
levels of friction retention. In general, aggregates with microtexture between 0.2 and
0.5 mm are considered to be high in skid resistance. The aggregate sources under
the study showcase micro-texture levels between 0.17 and 0.7 mm, implicating the
intermediate levels of friction and texture retention ability [13, 19].

6 Conclusion

The applicability ofGneiss-basedmineral aggregate in the use of high friction surface
treatment in terms of polishing characteristics, has been evaluated and established in
this study. Gneiss-based mineral aggregate is one of the best possible alternatives to
be used as the high polishing aggregates, in the application of HFST in Sri Lanka.
The mineral aggregate exhibits a relatively high degree of polishing resistance with
adequate friction and texture retention capacities. It will be a promising investment to
reduce the number and the severity of highway crashes, if used for the infrastructure
development and rehabilitation projects of the road sector.

7 Recommendations

HFST is a viable solution to improve the skid resistant properties of the pavement,
specifically in terms of frictional and textural properties. Gneiss-basedmineral aggre-
gates can be used as the skid resistant aggregates in the application of high fric-
tion surface treatment, which can be successfully incorporated into national safety
management practice and pavement friction management. Since the focus of this
study was to evaluate the properties of gneiss-based mineral aggregates as required
by the FHWAspecifications ofHFST application, in-depth experimental studies have
to be carried out, especially on the mix design. Though there are ample amount of
research and projects carried out on the application of HFST, further studies on the
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in-service performance of HFST with gneiss-based mineral aggregates at national
level industry practice, are encouraged.
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Abstract Agriculture waste have many advantages such as high specific strength
and modulus, low density, renewable nature, biodegradability and absence of health
hazards. This advantage is good for construction industry because it can improve
the properties of the composites. The coconut fruits contain 40% coconut husk, 30%
fiber and 30% dust, consisted of flesh, shell and fiber and chemical composition
such as cellulose, lignin, charcoal, acid and potassium. The advantages of coconut
shell are strong, rigid and lightweight material, very economical as large amounts
are available as agricultural waste material and environmentally friendly. This paper
presents the performance of modified binder incorporating coconut char in terms of
chemical properties. Fourier Transform Infrared Test (FTIR), Particle Size Analyzer
Test (LPSA) and Elemental Analyzer Test (EA) were used to analyze the chemical
properties on modified binder. Based on the findings, the increased content of char
affects the performance of bitumen significantly, as the bitumen maintains stability
and homogenous state even though placed in high temperature condition. The testing
result value of FTIR and LPSA are increased with the increased content of coconut
char. Based on the results, the modified mixture has the higher chemical compo-
nents and porosity compared to original bitumen and coconut shell because of the
modification.
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1 Introduction

Asphalt is 100% reusable and while we are well on our way to achieving the goal of a
truly circular economy in the sector, more remains to be done to improve the sustain-
ability of road surfacing. Nonetheless, with roads increasingly being viewed as a
service, comfort, safety and functionality are considered standard. When it comes
to improve the sustainability of asphalt pavement, the waste hierarchy is a great tool
to guide the decision-making process in selecting the most sustainable solutions.
Many factors influence the behavior asphalt at low temperature such as environment,
materials and also pavement structure. The consistency of the binder is an important
factor for materials [7]. Temperature has a direct effect on bitumen, wherein at low
temperature, bitumen acts like an elastic solid, while at high temperature, bitumen
acts as viscous fluid. The behavior of bitumen must be measured through its phys-
ical, rheological and chemical properties; as bitumen is a viscoelastic material, the
response depends largely on the temperature and loading time when stress is applied.

Nowadays, the environmental issue of biomass waste is of top concern [11].
Several researches have been conducted including the production of activated carbon
from waste biomass. Coconut Shell had been discarded and grinded until it become
a form of carbon. This study was conducted to determine the chemical and physical
properties of coconut shell carbon and activated carbon to be used as an additive in
asphalt bitumen.

In a study conducted by Licence [9], the pyrolysis oil obtained at these optimum
process conditions were analyzed for physical and chemical properties to be used
as an alternative fuel. As far as the proximate analysis is concerned, the contents
of moisture, volatile matter, ash and fixed carbon are similar to the values reported
for other types of waste [6]. The proximate and ultimate analysis and gross calorific
values of the coconut shells are presented in Table 1. The results of this analysis
showed that coconut shell has high potential to produce liquid fuel by pyrolysis
conversion process based on investigation of the chemical properties [10].

Chemical changes during aging have been studied before and it is known that
oxidation of bitumen produces carbonyls and sulfoxides. The production increases
polarity and also causes increases in bitumenviscosity and softeningpoint. Therefore,
the result from aging test showed that chemical changes may differ largely between
different bitumen, especially between unmodified and polymer modified binders.

Figure 1a shows the coconut shell collected for this study. The shell is first cleaned,
then crushed to smaller sizes using an aggregate crusher machine. The crushed

Table 1 Proximate and ultimate analysis, and gross calorific values of solid coconut shell [6]

Proximate analysis (wt%) Ultimate analysis (wt%)

Biomass
samples

Combusible
matter

Moisture Ash C H O S N GCV
(MJ/Kg)

Coconut
shell

85.36 11.26 3.38 63.45 6.73 28.27 0.17 0.43 22.83
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Fig. 1 a Coconut shell b Coconut char

coconut shell was burned at an optimum temperature of 450 °C for 5 min in a
small furnace until it become in a form of carbon as shown in Fig. 1b. The objective
in modifying the hot mix asphalt using coconut shell is to increase the specification
of stability (permanent deformation resistance), durability (moisture damage and
aging), fatigue cracking resistance, safety (adequate skid resistance), resistance to
thermal cracking, permeability and flexibility.

Coconut Shell Carbon (CSC), commonly known as charcoal, is usually used as a
fuel and as green material because it is safe to use [9]. It is one of the wood-based
materials that can be used to produce charcoal. Charcoal derived from coconut shell
has been applied in many things other than its use as fuel, such as gas purification,
air filters, water filters and also in medicine [7]. This study evaluates the chemical
properties of bitumenmodifiedwithCSCand coconut shell activated carbon (CSAC).

Activated carbon is obtained from other sources mainly due to small macrospores
structure which renders it more effective for the adsorption of gas/vapor and for
the removal of color and odor of compounds. It has high fixed carbon and low
ash content. The adsorption behavior of activated carbon is determined not only
by their porous structures but also by the chemical nature of its surface. Chemical
properties describe the potential of some chemical change or reaction by virtue of its
composition. Chemical change results in one or more substances from the original
substances. The amount of chemical composition depends on the source of bitumen.
The elements at the start of the reaction are rearranged into new product compounds
or elements. Different elements or compounds are present at the end of the chemical
change.
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Fig. 2 Flow chart of
methodology Material Preparations, Bitumen (PEN 80/100) + CSC 

& CSAC

Chemical Properties Test:

i) FTIR

ii) EA

iii) LPSA

Analysis and Discussion

2 Methodology

The chemical properties of the modified binder were determined through Fourier
Transform Infrared Test (FTIR), Elemental Analyzer (EA) and Laser Particle Size
Analyzer (LPSA). Figure 2 shows the flow chart of methodology for chemical
properties test.

3 Materials and Method

3.1 Bitumen

The bitumen of penetration 80/100 was used in this study to produce a modified
binder. The selection of bitumen contents is according to JKR Standard Specification
for road [8], all the samples were ranged between 4 and 6% for AC 14 (Table 2).

Table 2 Characteristic of
Bitumen PEN 80/100

Test Standard test methods 80/100

Penetration (0.1 mm) at
25 °C

ASTM D5 85

Softening point (°C) ASTM D36 46

Penetration index (PI) – −0.968

Ductility (mm) at 25 °C ASTM D113 >100

Viscosity (mPa s) at
135 °C

ASTM D4402 306.5
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3.2 Production of CSC and Mixing Procedure

3.2.1 Preparation of CSC

The coconut shell (waste) was collected from local area in Skudai, Johor and cut
into small pieces and washed with water for removal of dust adhered to it. Then, it
was dried in sunlight for 48 h or for 2 days. Dried materials were kept inside the
furnace and it will be burnt in the furnace at 450 °C for removal of moisture and
until it becomes charcoal. The charcoal is then crushed and sieved to 0.075 µm size.
The CSAC (powder) were purchased from a supplier of activated carbon in Ipoh,
Perak. After receipt of the material, the next process is to sieve the powder of CSAC
to 0.075 µm size.

3.2.2 Mixing Process Between Bitumen and CSC and CSAC

Conventional bitumen 80/100 PENwas used in this study. The bitumen was supplied
by Chevron Company in Selangor. The physical properties tests were performed on
this bitumen prior to modification using CSC and CSAC. For the bitumen modifica-
tion, the blending process of bitumen and binder was conducted by using a high shear
mixer as shown in Fig. 3. The blending was carried out at the speed of 1000 rpm for
60 min at a temperature of 160 °C. A speed of 1000 rpm was used to ensure that the
CSC and CSAC was well dispersed in the bitumen.

3.3 Fourier Transform Infrared Test (FTIR)

FTIR was used to determine the reaction of particles when exposed to infrared as
shown in Fig. 4. The result obtained is used to determine the functional characteristic
of the material. For bitumen sample, two polished salt plates were used to sandwich
the bitumen sample. The plates were safely clamped and tested. Spectra or infrared
spectrum was used for analysis by observing the absorbance infrared spectrum in
order to obtain the qualitative and quantitative.

3.4 Elemental Analyzer (EA) Test

EA was conducted to analyze the chemical composition of particles. Information
of chemical composition percentage can be obtained by using the analysis. Carbon
and hydrogen are the main constituents found in the bitumen with a small amount
of sulphur, nitrogen and oxygen. EA was used to test the chemical composition in
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Fig. 3 Preparation of CSC

the bitumen as shown in Fig. 5. The change of composition from the bitumen tested
was recorded.

3.5 Laser Particle Size Analyzer (LPSA) Test

Laser diffraction measures particle size distributions by measuring the angular vari-
ation in intensity of light scattered as a laser beam passes through a dispersed partic-
ulate sample. Large particles scatter light at small angles relative to the laser beam
and small particles scatter light at large angles. Figure 6 shows the equipment of
LPSA Test.
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Fig. 4 Fourier transformation Infrared (FTIR)

Fig. 5 Elemental analyzer (EA)

4 Results and Discussion

In this study, the chemical properties of the CSC and CSAC modified bitumen are
evaluated through FTIR, EA and LPSA test. Results of the test are discussed in the
following sections.
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Fig. 6 Laser particle size analyzer (LPSA)

4.1 Fourier Transform Infrared (FTIR)

FTIR for asphalt binders can be used as an indicator of aging, because it allows the
identification of the evolution of two chemical entities resulting from oxidation, the
Carbonyl (C=O) and Sulfoxide (S=O) [12]. This test was conducted to investigate
the change in chemical bond of the bitumen due to optimum bitumen content. CSC
and CSAC are commonly used for modifying physical mechanical properties of
bitumen. As shown in Figs. 7 and 8, FTIR test used in this study is capable to display
wavenumber between 400 and 4000 cm−1; only wavenumbers between 800 and
2800 cm−1 have been analyzed in this study. Figure 7 shows that smoothing CSAC
recorded the wavenumber between 400 and 2400 cm−1. The highest wavenumber is
around 486 cm−1 and 0.55 Abs. In the range of 2700–400 cm−1, several peaks were
found.A strong functional groupof theC=Cbondof the aromatic indexwas identified
near 2328 cm−1.Meanwhile, at 2097 and 1991 cm−1, C–Hbond of the aliphatic index
was observed. It was found significant in bitumen evolution and remains in a stable
and homogenous state even though placed in high temperature condition. Figure 8
shows the spectrum for CSC, wavenumber that will recorded is between 600 and
2300 cm−1. It shows the highest wavenumber is around 500 cm−1 and 1.7 Abs. In
the range of 2050–400 cm−1, several peaks were found. A strong functional group of
the C=C bond of the aromatic index was identified near 2328 cm−1. Meanwhile, at
2087 and 1992 cm−1. C–H bond of the aliphatic index was observed. This is because
the sample having different softening point temperature below 2 °C was categorized
as stable and these samples were considered to be compatible.
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Fig. 7 FTIR spectrum for CSAC

Fig. 8 FTIR spectrum of CSC
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Table 3 Chemical
components of CSC and
CSAC

Elemental analysis (%) CSC CSAC

Carbon 54.3913 36.7021

Hydrogen 2.6811 4.6856

Nitrogen 0.3389 0.2578

Sulphur 0.241 0.1207

4.2 Elemental Analyzer (EA)

The EA of materials is mainly conducted as critical parameter in safety and product
quality. The analysiswas conducted to investigate the change in certainmixture based
on chemical composition due to recycling process. This test is applied to bitumen
content to determine the chemical composition in bitumen such as nitrogen, oxygen,
carbon, hydrogen and sulphur. Table 3 presents the results of the chemical compo-
sitions between CSC and CSAC analyzed through the elemental analyzer. Based on
the analysis, it was found that CSC and CSAC formed four main components which
is carbon, hydrogen, nitrogen and sulphur. As a result, the CSAC mixtures have
higher carbon, nitrogen and sulphur value than the CSC at 54%, 0.3% and 0.2%,
respectively. It can be observed that CSC contains a very small amount of carbon,
sulfur and nitrogen, 36%, 0.26% and 0.12%, respectively. It can be seen that the
value of hydrogen for CSCwas higher than the CSACwith value 4.7%. Based on the
analysis, CSAC produced high carbon, nitrogen and sulphur with less hydrogen. This
increase of carbon can be interpreted as carbon entering from the bitumen content
and forming bonds, as well as bonding interactions with binder carbon molecules.

4.3 Laser Particle Size Analyzer (LPSA)

Figures 9 and 10 present the particle size and specific surface area results of CSC and
CSAC. The results for all five percentages of modified bitumen of CSC and CSAC
show the specific area of bitumen content consistently increase. The increase in
specific surface area formodifiedbitumenofCSACvaried from339.2 to 354.3m2/Kg
with cumulative weight 15–20%. Meanwhile, the value of specific area for CSC
varied from 35 to 77%. In general, modified bitumen prepared with CSC have the
smaller particle size and greatest specific surface area, which indicated the highest
storage stability. The result of particle size for CSC shows that the percentage
of cumulative weight is higher when the specific area is lower. Meanwhile, the
percentage of cumulative weight for CSAC is lower with bigger size of specific
surface area. It can be seen that the specific area increases the contact between modi-
fier (CSC andCSAC)with the bitumen, which affects the performance of the bitumen
binder and also affects the performance of the mixtures.
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Fig. 9 Specific surface area for CSC

Fig. 10 Specific surface area for CSAC

5 Conclusions

Based on the results, it can be concluded that in terms of chemical point of view using
elemental analyzer, the reduction in carbon, hydrogen, nitrogen and Sulphur compo-
sitions were observed. Moreover, result from Fourier transform infrared (FTIR) test
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showed significant bitumen performance, which remained in a stable and homoge-
nous state even though placed in high temperature. The relative increase of C=O and
S=O functional groups reflects asphalt aging, accompanied by a hardening (decrease
in penetration and increase in the softening point). The LPSA result shows the larger
specific surface area increases the contacting surface between the asphalt. Overall, it
can be concluded that the coconut shell activated carbon was successfully prepared
by chemical activation method. The results indicated that the adsorption capacity
depends upon the pore size, surface area micropore volume of the activated carbon.
Micro-mechanics of the bitumen surface are influenced by a synergistic effect of the
chemical composition. In terms of chemical properties, value of carbon, hydrogen
and nitrogen compositions were observed due to FTIR test. The results from Fourier
transform infrared (FTIR) test showed thatmore carbonyl (C=O) and sulfoxide (S=O)
were developed incorporating CSC and CSAC in bitumen mixtures. The results of
chemical properties were supported by the chemical test which is EA and LPSA.
From all the chemical tests, it was shown that the modified bitumen using CSC and
CSAC can be selected to increase the performance of bitumen properties.
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Comparative Assessment of CMSDBC
and HMSDBC Competency

Gautam Prakash and Sanjeev Kumar Suman

Abstract Over ninety percent of the total road network in India, including the
airfield pavements, are flexible pavements with black-top surfaces. The construction
of wearing and binder courses of a flexible pavement require high energy consump-
tion during heating of bitumen and aggregate, with consequent giant emission of
greenhouse gases during the preparation of hot-mixed bituminous mixtures. Earlier,
in flexible pavements, the use of bitumen emulsion was restricted to only spray
applications and as dust palliatives, but over the years, with the development of new
types, grades, specifications, and availability of improved construction equipment
and practices, emulsion-based cold mix technology offers a wide range of solutions.
Judicial selection and appropriate use of these technologies can yield significant
economic benefits, environmental benefits, and energy security as far as construc-
tion andmaintenance of roads are concerned. Hence, this paper aimed to compare the
strength, durability, and performance of a cold mix semi-dense bituminous concrete
(CMSDBC) and hot mix semi-dense bituminous concrete (HMSDBC) pertaining
to competency. Materials for the preparation of representative samples are coarse
aggregate, fine aggregate, and cement as a filler, in suitable proportions mixed with
bitumen or slow-setting cationic bitumen emulsion (where applicable). Tests like
Marshall stability, Indirect tensile strength, moisture susceptibility, and rut depth
using wheel tracker device were carried out according to standard guidelines. The
results showed that CMSDBC yielded significant values, which are comparable with
HMSDBC. It infers that CMSDBC is capable to be exercised in the practice for low
traffic, low rainfall, moderate and cold climate regions.
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1 Introduction

Road construction is on the rise all over the country and is evident from the fact
that there has been a rapid increase in India’s rate of construction of roads per year
since 2013–14 [1]. Though road construction is beneficial to the developmental
growth of the nation, it has also resulted in a proportional increase in the production
of greenhouse gases which eventually causes global warming. The primary reason of
the emission of harmful gases is the adoption of hot mix asphalt (HMA) technology
by the paving engineers for the construction of roads. In addition to the emission
problem associated with the HMA technology, the requirement of intensive fuel
energy demand for sustained heating of bitumen, aggregate, and the bituminous
mixture during its preparation too is a deterrent. Considering all these factors, the use
of coldmix asphalt (CMA) technology in flexible pavement has gained importance in
many developed countries. CMA is produced by mixing bitumen emulsion, mineral
filler, and un-heated aggregates at ambient temperatures (<40 °C). The non-heating
of aggregates and bitumen during its preparation adds to the ease in laying of paving
mix in wet and humid climatic conditions. It also makes CMA relatively pollution-
free and economical [2]. The energy consumption and emission of harmful gases
for construction of around 10 cm thick pavement are almost twice higher for HMA
when compared with CMA [3]. Despite several advantages, CMA’s use has mostly
been limited to patch repairs and crack seals.

The engineering properties of CMA primarily depend on the aggregate source,
emulsion type, curing condition, and time of curing [4].MORTH [5] specification has
almost followed the guidelines given by the Asphalt Institute for designing of CMA.
Numerous researches have been conducted around the world to study the properties
of CMA. Oruc et al. [6] suggested that the emulsified cold mixes with cement as
filler may be used as a structural pavement layer. Thanaya et al. [7] reported that the
addition of 1–2% of rapid-setting cement accelerated the early strength in addition
to the enhanced mechanical performance of CMA. Pundhir et al. [8] prepared semi-
dense bituminous concrete (SDBC) by coldmixmethod under varying test conditions
and reported improvement in mix properties when curing time was increased. Abbas
Al-Hdabi et al. [9] studied the effects of cement on gap-graded CMA and reported
improvedmechanical properties comparablewithHMAwithin one-day curing. From
field studies, it was reported that pavements constructed with CMA technology have
excelled well for 10–15 years [10].

2 Research Objectives

The purpose of this study is to ascertain the competency of cold mix technology with
respect to the conventional HMA technology by preparing semi-dense bituminous
concrete (SDBC) mixtures. The research objectives are as follows:
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• To evaluate and compare the marshall properties of cold mix SDBC (CMSDBC)
mixtures and hot mix SDBC (HMSDBC) mixtures prepared at optimum binder
contents.

• To evaluate and compare the performance of CMSDBC in comparison to
HMSDBC based on mechanical properties such as tensile strength, moisture
susceptibility, and rutting properties.

3 Materials and Methods

This section deals with the materials used and methods adopted in the construc-
tion of CMSDBC and HMSDBC mixtures. SDBC is a continuously graded mix,
which can be used as a binder course and wearing course in flexible pavement. It
consists of coarse aggregates, fine aggregate and filler, with suitable quantities of
bitumen/emulsified bitumen binder.

3.1 Bitumen/Bitumen Emulsion

The bitumen used for the study was VG 30, which was utilized as the binder material
for the preparation of HMA. For preparing CMA mixtures, cationic emulsification
of bitumen was done with 65% residual bitumen. The percentage of residual bitumen
was determined based on design procedures suggested by the Asphalt Institute [4].
The physical properties of bitumen and its emulsion is given in Table 1.

3.2 Aggregate

Three sets of natural stone aggregate, conforming to MORTH [5], have been used
in this study, namely—20 mm nominal size, 10 mm nominal size, and stone dust
with a specific gravity of 2.78, 2.72, and 2.70 respectively. These aggregates have
been obtained from a quarry site at Gaya, Bihar, India. The physical properties of
aggregates were tested and are presented in Table 2.

3.3 Filler

PPC 53 grade cement with a specific gravity of 3.04 was used as the filler material in
this study. The gradation of the filler has met the required specifications as per IRC:
111 [22] and has been shown in Table 3.
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Table 1 Physical properties
of bitumen and emulsified
bitumen

Property Result Testing standard

(a) VG 30 bitumen

Specific gravity 1.02 IS 1202 [11]

Ductility at 25 °C (in
cm)

87 IS 1208 [12]

Penetration at 25 °C (in
mm)

68 IS 1203 [13]

Absolute viscosity at
60 °C (in poise)

2700 IS 1206 (part II) [14]

Kinematic viscosity at
135 °C (in cSt)

380 IS 1206 (part III) [15]

Softening point (in °C) 53 IS 1205 [16]

(b) Emulsified bitumen

Specific gravity 1.01 IS 1202 [11]

Residual bitumen
content

65% IS 8887 (Annex J) [17]

Ductility at 27 °C (in
cm)

98 IS 1208 [12]

Penetration at 25 °C (in
mm)

82 IS 1203 [13]

Viscosity at 50 °C (in
cSt)

125 ASTM D88 [18]

Table 2 Physical properties
of aggregate

Property Result Testing standard

Aggregate impact value (%) 21.4 IS 2386 (part IV) [19]

Los Angeles abrasion value
(%)

28.7 IS 2386 (part IV) [19]

Aggregate crushing value
(%)

24.6 IS 2386 (part IV) [19]

Elongation index (%) 11 IS 2386 (part I) [20]

Flakiness index (%) 13 IS 2386 (part I) [20]

Water absorption (%) 0.4 IS 2386 (part III) [21]

Table 3 Gradation of the
filler material

IS sieve (mm) Cumulative % passing by weight of total
aggregate

Obtained value Required value as per
specification

0.6 100 100

0.3 97.2 95–100

0.075 88.7 85–100
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Fig. 1 Aggregate gradation used in CMSDBC and HMSDBC mixtures

3.4 Aggregate Gradation

Sieve analysis was conducted by the wet sieving method on the aggregates as per IS
2386 part I [20]. The combined gradation of aggregates and the filler must conform
to the specified limits of CMSDBC and HMSDBC as per IRC:SP:100 [23] and IRC:
111 [22] respectively. Both CMSDBC and HMSDBC were prepared with a nominal
maximum aggregate size of 9.5 mm and the same aggregate gradation. The final
proportioning after combined aggregate gradation was selected at 5:47:45:3 for 20-
mm nominal size aggregate, 10-mm nominal size aggregate, stone dust, and filler
respectively. Figure 1 shows the plotted aggregate gradation chart with lower and
higher limits.

3.5 Design Procedure of CMA

After the gradation of aggregates, the preparation of CMA includes the determination
of various parameters to ascertain its suitability as compared to HMA. The designing
procedure as per Asphalt Institute [4] and MORTH [5] has been discussed below by
a step-by-step process.

• Calculation of initial residual bitumen content (IRBC) and initial emulsion content
(IEC) by mass of the total mixture.

IRBC and IEC have been calculated by Eqs. 1 and 2 respectively.

I RBC = (0.05A + 0.1B + 0.5C) × (0.7) (1)
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I EC = I RBC/X (2)

where,

A percentage of aggregate retained on 2.36 mm sieve;
B percentage of aggregate passing 2.36 mm sieve and retained on 0.075mm sieve;
C percentage of aggregate passing 0.075 mm sieve;
X percentage bitumen content in the emulsion.

• Determination of optimum pre-wetting water content (OPWC) by dry density test

In this test, pre-wetting of dry aggregates and filler material was done with suitable
water content. After pre-wetting, emulsified bitumen of IEC value was added and
mixed for few minutes to form a uniform coating. The process was repeated with
varying amounts of water content at the same IEC value. The dry density of each
sample was determined and the water content at which the maximum density was
achieved was termed as OPWC.

• Determination of optimum total liquid content (OTLC) by dry stability test

Aggregate wasmixedwith emulsion (IEC value) andwater (OPWCvalue) to prepare
the mix. Then the mix was compacted at 50 marshall blows on both sides of the
sample. More samples were prepared with varying PWC content. After compacting,
the samples were kept in moulds for 24 h before extracting. Later, they were stored
at 40 °C in an oven for 24 h. Then, they were kept at room temperature for 24 h.
These samples were then tested for Marshall stability. The liquid content at which
the highest stability value was achieved was reported as the OTLC.

• Determination of optimum residual bitumen content (ORBC) by soaked stability
test

For the soaked stability test, the dry test samples were prepared as explained earlier
in the dry stability test. After that, the dry samples were water-conditioned at room
temperature for 48 hwith awater level of half of the total thickness. The sampleswere
inverted after the first 24 h and the other half was soaked in water. After conditioning,
the samples were dried with a towel, and the Marshall stability test was performed.
The residual bitumen content corresponding to the maximum soaked stability was
reported as ORBC.
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4 Results and Discussion

4.1 Determination of Optimum Compositions of HMSDBC
and CMSDBC

Determination of optimum bitumen content (OBC) of HMSDBC mixture. The
OBC for HMSDBC was determined by the Marshall method of mix design. The
test procedure was followed as per ASTM D6927-15 [24]. The observed values of
bitumen content at maximum stability, maximum bulk density, and at a mean air void
percentage of 4% were selected for the calculation of OBC according to Eq. 3. The
OBC was calculated to be 5.47%, sufficiently greater than the minimum prescribed
value of 5% for HMSDBC as per IRC 111 [22]. The test results have been presented
in Fig. 2.

OBC = BCmax densi t y + BCmax stabili t y + BCat 4% air void

3
(3)

Determination of optimum CMSDBC compositions. As per the CMA design
procedure discussed in Sect. 3.5, the optimum compositions of CMSDBC were
calculated based on IRBC and IEC values. From Eqs. 1 and 2, the IRBC value
was calculated as 6.53% while, IEC was found to be 10.05%. Then, the OPWC
was determined by the dry density method keeping a constant IEC and varying the
pre-wetting water content as shown in Fig. 3. The OPWC was found to be 3.28%.

Further, OTLC was determined by dry stability test by varying the total liquid
content while keeping the IEC value constant. It was found to be 6.48% (Fig. 4a).
Also, the soaked stability test was conducted to determine the ORBC by varying
the residual bitumen content while maintaining constant OTLC. It was found to be
4.81% (Fig. 4b). The obtained ORBC value was well above the minimum residual
bitumen content of 4.5% for CMSDBC mixtures as per IRC: SP: 100 [23].

4.2 Marshall Properties

The Marshall properties such as Marshall stability, Marshall flow, percentage of air
voids, voids in mineral aggregate (VMA), and voids filled with bitumen (VFB) of
HMSDBC and CMSDBC mixtures were compared. The samples were prepared at
their respective OBC and ORBC values of 5.47% and 4.81% for HMSDBC and
CMSDBC respectively. The obtained values have been presented in Table 4.

The Marshall stability for HMSDBC was examined at 60 °C and the obtained
value of 10.76 kN was above the minimum stability value of 9 kN as per IRC: 111
[22]. In the case of CMSDBC, IRC: SP: 100 [23] suggests testing the stability at
25 °C after 72 h of curing at room temperature. The obtained value of 5.73 kN was
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Fig. 2 Variation of (a) stability, (b) bulk density, (c) flow, (d) air voids %, (e) VMA, and (f) VFB
in HMSDBC mixtures, with increase in bitumen content

found to be greater than the minimum required stability value of 5 kN. CMSDBC
mixtures exhibited a higher flow value than HMSDBC due to the presence of water
during its preparation. It requires a longer curing time to become stable. Air voids
% in CMSDBC was found to be 8.32%, which was well above the range of 3–5%
given by MORTH [5]. However, Gao et al. [25] have suggested that it is practically
not possible to achieve an air void range as specified by MORTH [5] and for the
design purpose generally an air void range of 7–10% must be adopted. The VMA
and VFB values of both HMSDBC and CMSDBC were similar although the VMA
value tends to be slightly higher in CMSDBC.
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Fig. 3 Determination of OPWC in CMSDBC

Fig. 4 Determination of (a) OTLC, and (b) ORBC in CMSDBC

Table 4 Marshall properties
of HMSDBC and CMSDBC
mixtures

Marshall properties HMSDBC CMSDBC

Marshall stability (kN) 10.76 5.73

Marshall flow (mm) 2.92 3.48

Air voids (%) 3.67 8.32

VMA (%) 16.61 16.92

VFB (%) 77.87 77.51

4.3 Tensile Strength Properties

The HMSDBC and CMSDBC mixtures were tested for tensile strength properties
using the indirect tensile strength (ITS) test. For the ITS test, the mixtures were
prepared at their respective OBC and ORBC values. The specimens were tested by
adjusting the Marshall samples through two diametrically opposite loading strips.
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Table 5 Tensile strength
properties of HMSDBC and
CMSDBC mixtures

Mixture type Curing period (h) ITS value (N/mm2)

HMSDBC 24 0.92

48 0.93

72 0.95

CMSDBC 24 0.67

48 0.72

72 0.81

The compressive load induces a tensile load implicitly in the horizontal direction
of the sample. A constant increasing compressive load is applied on the loading
strips and the peak load was recorded. The specimen collapses along the diametric
plane. The procedure adopted for the ITS test is outlined in ASTM D6931 [26].
To understand the effects of curing periods on tensile strength, all the samples were
tested at three different curing periods of 24, 48 and 72 h in air. From the results, it was
found that the CMSDBC mixtures exhibited lower indirect tensile strength than the
HMSDBCmixtures (Table 5). In CMSDBC samples, a reduction of about 28%, 23%
and 15% in the ITS values were observedwith respect to HMSDBC samples at 24, 48
and 72 h of curing periods respectively. It was also observed that the tensile properties
of CMSDBC can be enhanced with increased curing time (Table 5). The ITS value
increased from 0.67 N/mm2 (24 h.) to 0.72 N/mm2 and 0.81 N/mm2 at 48 h and 72 h
curing periods respectively. This may be attributed to lower adhesion between the
binder and aggregate due to the presence of moisture during its preparation.

Mathematically, the ITS is represented by Eq. 4.

I T S = 2P

π t D
(4)

where,

P Maximum load (N);
t specimen height before test (mm);
D specimen diameter (mm).

4.4 Moisture Susceptibility

Moisture susceptibility is defined as the loss of serviceability of the bituminous
mixture due to the presence of moisture. The retained Marshall stability (RMS)
and tensile strength ratio (TSR) are responsible to control the moisture suscepti-
bility problems. RMS is defined as the ratio of the stability of a water-conditioned
Marshall specimen to the stability of an unconditionedMarshall specimen. Similarly,
TSR can be defined as the ratio of the tensile strength of awater-conditionedMarshall
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Table 6 Moisture
susceptibility of HMSDBC
and CMSDBC mixtures

Mixture type RMS (%) TSR

HMSDBC 92.94 0.91

CMSDBC 70.01 0.73

Specimen to the tensile strength of an unconditioned Marshall specimen. The condi-
tioning period may vary according to the mixture type. According to IRC: 111 [22],
the HMSDBC specimens were needed to be conditioned for 24 h at 60 °C in a water
bath. While for CMSDBC, the specimens were needed to be water-conditioned at
room temperature for 48 hwith awater level of half of the total thickness as suggested
in IRC: SP: 100 [23]. The specimen was inverted after the first 24 h and the other
half was soaked in water. After conditioning, the samples were dried with a towel
before carrying on with the susceptibility test. Table 6 presents the results of the
RMS and TSR tests. The results showed that the CMSDBC mixture exhibited lesser
moisture resistance than HMSDBC, although all the values were well within the
range prescribed by IRC:111 [22] for and IRC: SP: 100 [23]. The RMS and TSR
values of CMSDBC were found to be reduced by about 25% and 20% respectively
in comparison to HMSDBC.

4.5 Rutting Properties

The bituminous mixtures were tested for rutting deformations at 60 °C using the
wheel tracker device developed by Cooper Technology. The test specimen was
prepared in a rut-testing mould with dimensions 305 mm × 305 mm × 50 mm.
The required amount of bituminous mixture into the rut-testing mould is given by
Eq. 5.

M = L × l × e × ρm ×
(
100− v

100

)
× 10−6 (5)

where,

M mass of the bituminous mixture (kg);
L Internal mould length (mm);
l internal mould width (mm);
e slab thickness (mm);
ρm maximum density of bituminous mix (kg);
v void content in slab (%).

The rut testing specimenwas prepared for an air void content of 4%.After pouring
the mixture into the mould, the compaction of the specimen was done, in accordance
with EN 12697–33 [27], in a hydraulic steel roller compactor [28] developed by
Cooper Technology. The compacted mixture was then placed into the wheel tracker
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Fig. 5 Variation of rut depth with the number of loading cycles in HMSDBC and CMSDBC

device [29] developed by the Cooper technology, not before a minimum of 48 h
has passed after compaction. The specimen was conditioned in the air at the testing
temperature of 60 °C for a period of 4 h in the air-tight wheel tracker device. The
conditioning was followed by the rolling of the testing wheel of diameter 200 mm
andwidth 50mm, on the compacted bituminousmixture up to 10,000 loading cycles.
The temperature was maintained at 60 °C throughout the test. The whole process of
rut testing was carried out in accordance with EN 12697–22 [30]. Figure 5 presents
the variation in rut depth in HMSDBC and CMSDBC mixtures with increment in
loading cycles. The result showed that CMSDBChas a higher rate of rut development
than HMSDBC by about 53%.

Furthermore, other rut parameters like wheel tracking slope (WTS), dynamic
stability index (DSI), and complex stability index (CSI) were also calculated from
the results of the wheel tracker test to study the rutting characteristics of the mixtures
(Table 7). WTS is defined as the amount of rut depth developed per 1000 load cycles.
It is calculated by using Eq. 6.

WT S = d10000 − d5000
5

(6)

where,

Table 7 Behaviour of rut
parameters in HMSDBC and
CMSDBC mixtures

Rutting parameters HMSDBC CMSDBC

Rut depth at 10,000 load cycles (mm) 4.95 10.44

WTS (mm/1000 load cycles) 0.228 0.492

DSI (load cycles/mm) 1608 730.9

CSI (load cycles/mm2) 708.4 160.3
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WTS wheel tracking slope (mm/1000 load cycles);
d10,000 rut depth after 10,000 load cycles (mm);

d5000 rut depth after 5000 load cycles (mm).

DSI is defined as the number of load cycles to generate 1-mm rut depth during
the last 15-min of one-hour testing. Whereas, CSI is defined as the number of load
cycles to generate a deformation of an area of 1 mm2 during the last 15-min of
one-hour testing. Weaker the bituminous mixture, lower the values of DSI and CSI.
Mathematically, DSI and CSI are calculated by Eqs. 7 and 8 respectively.

DSI = (t2 − t1)N

d2 − d1
(7)

CSI = (t2 − t1)N

(d2 − d1)d1
(8)

where,

DSI dynamic stability index (load cycles/mm);
CSI complex stability index (load cycles/mm2);
d1 rut depth (mm) at time t1;
d2 rut depth (mm) at time t2;
t1 45 min.;
t2 60 min.;
N running speed of wheel (26.8 cycles per minute).

The tests on rut parameters revealed that CMSDBC exhibit higher rut depth and
WTS value than HMSDBC whereas higher DSI and CSI indices were reported in
HMSDBC. The HMSDBC samples showed a rut depth of 4.95 mm after 10,000
cycles in comparison to 10.44 mm in CMSDBC. The WTS results showed that an
average rut of 0.228 mm and 0.492 mm were developed per 1000 load cycles in
HMSDBC and CMSDBC samples respectively. Regarding DSI, it took an average
of 1608 load cycles to develop a rut of 1 mm in HMSDBC in comparison to 730.9
load cycles in CMSDBC. Similarly, the CSI was found to be 708.4 load cycles/mm2

and 160.3 load cycles/mm2 in HMSDBC and CMSDBC respectively. These results
suggest that HMSDBC mixtures have better rutting characteristics in comparison to
CMSDBC.The primary reason for such behavior is less aging of the binder during the
cold mix preparation. The non-heating of the binder during its preparation result in
insufficient aging, which ultimately leads to imparting reduced stiffness to CMSDBC
mixtures.
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5 Conclusions

The competency of cold mix with respect to hot mix technology has been assessed
in this paper by laboratory evaluation of SDBC mixtures. The evaluated parameters
in this assessment include Marshall properties, tensile strength properties, moisture
susceptibility, and rutting characteristics. The bituminous mixtures were prepared
at their respective OBC and ORBC values for HMSDBC and CMSDBC respec-
tively. These optimum values have been determined before the assessment of the
performance parameters of bituminous mixtures.

Both HMSDBC and CMSDBC mixtures have met the required specifications
according to IRC 111 [22] and IRC SP 100 [23] respectively. The results showed
that CMSDBC yielded significant values which are comparable, but inferior to
HMSDBC on all the evaluated parameters stated above. Based on the test results, it
was concluded that CMSDBC has higher air voids, lesser Marshall stability, lower
tensile strength, increased moisture susceptibility, and reduced rutting properties
than HMSDBC. These issues make the CMSDBC not favourable to be used for the
surface course in heavy traffic, high rainfall and high temperature regions. However,
they are capable to be exercised in the practice for low traffic, low rainfall, moderate
and cold climate regions.
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Effect of Hot Storage on Engineering
Properties of Polymer Modified Binders
and Asphalt Mixtures

Jian-Shiuh Chen, Shih-Hsiu Wei, and Wencheng Chang

Abstract Styrene butadiene styrene (SBS) is the polymer typemost commonly used
tomanufacture polymermodified binders (PMBs). PMBsmay need to be kept in a hot
storage tank for an extended period of time because of adverse weather conditions or
other uncertainties. Though PMBs show enhanced performance, a premature failure
might occur in asphalt concrete during hot storage on exposure to a combination of
heat and air. The aim of the current study is to examine the effect of hot storage on the
engineering properties of PMBs and asphalt mixtures. SBS-based PMBs were stored
in a storage tank at 180 °C up to 28 days in this study. It was estimated that more
than four fifths the SBS polymer remained after long storage periods. There was a
reduction in tenacity and elastic recovery test results, indicating that the degradation
of theSBSpolymer could occur after a longperiod of hot storage time.Theother PMB
test properties including toughness and storage stability did not vary significantly as
the storage time was increased. Even though the SBS polymer in PMBs appeared to
be degrading during storage, there was no change in the wheel tracking performance
of the PMBs in asphalt mixtures. The cracking resistance obtained in semi-circular
bend tests, by contrast, varied for the PMBs after hot storage. The results obtained
in this study show that degradation of the polymer in a PMB during hot storage may
not necessarily reduce the performance of asphalt mixtures.

Keywords Polymer modified binder · Hot storage · Storage tank · Polymer
degradation

1 Introduction

Polymer modified binders (PMBs) are often used in asphalt pavements with the
benefits of reducing temperature susceptibility and providing improved performance
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compared with conventional asphalt binders. Improved performance benefits for the
use of PMBs include reduced rutting and fatigue cracking in asphalt mixtures [1–
3]. Styrene butadiene styrene (SBS) is the polymer type most commonly used to
manufacture PMBs [4–6].

Because of uncertainties in construction projects caused by contractors,
scheduling and environmental conditions, polymer modified binders may need to be
stored at asphalt plant for an extended period of time. Even though SBS-based PMBs
demonstrate enhanced service properties, they may show segregation, degradation or
changes in engineering properties during hot storage on exposure to a combination
of heat and air [6–11]. These problems are probably related to the complex nature
of PMBs which ideally should perform properly in a short time during hot storage,
but in some cases could be markedly affected by long storage periods [4, 11–15].

When stored at elevated temperatures, PMBs could segregate and lead to a layer
of polymer floating on less modified bitumen. Studies of SBS-based PMBs subjected
to aging tests such as thin film oven (TFO), rolling thin film oven (RTFO) or pressure
aging vessel (PAV) tests indicated that test property changes can be attributed to the
combined effect of bitumen oxidation and polymer degradation [15–16]. Gel perme-
ation chromatography (GPC) experiments demonstrate that polymer degradation is
due to a reduction in the molecular weight of the SBS when subjected to aging [17].

SBS-based PMBs may not be fully stable when kept at high temperatures during
a long period of storage time, due to the differences in the solubility parameter
and density between SBS and asphalt cement [5, 18]. There are numerous articles
dedicated to themorphology and the stability behavior of PMBs [4, 19], the influence
of aging [17, 21–22], the use of graft copolymers [18], the effect of the vulcanization
reaction [2], the influence of polymer content [4, 23], molecular weight [16], and
the chemical nature of the polymer [24]. Changes in binder test properties have been
observed during hot storage; however, little information is available about whether
the changes actually affect the performance of the PMBs on the road. This study
is conducted to determine the effects of hot storage periods on the performance of
PMBs and asphalt mixtures.

2 Experimental Design

Figure 1 presents the experimental design for testing PMBs and asphalt mixtures
after different periods in hot storage. After PMB samples were prepared and stored
at 180 °C for periods up to 28 days, their performance was monitored as a function
of storage time. These samples were tested against the PMB specification to evaluate
whether their performance could meet specified PMB requirements. The PMBswere
used to evaluate the engineering properties of the binders including storage stability,
morphology, elastic recovery, toughness, and multiple stress creep and recovery
(MSCR). The performance of asphalt mixtures was assessed after the PMBs were
incorporated into a 19-mm dense graded asphalt mix. Tests for asphalt mixtures
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Blending AC 10 SBS Oil

Storage 21 days 28 days14 days7 days0 days

Binders MSCRElastic RecoveryMicroscopyStorage Stability

Mixtures CrackingRutting

Sulfur

Toughness

Fig. 1 Experimental testing plan

included rutting and cracking evaluation. Each test had at least two replicates, and
the average value was used to generate the table and figures presented here.

2.1 Materials and PMB Sample Preparation

Asphalt cement AC-10 used in this study was obtained from the SIMOSAOil Coop-
eration Ltd., Taiwan. The R&B softening point, the viscosity (at 60 °C) and the
penetration (at 25 °C) values of the base binder were 36 °C, 986 poise, and 92 dmm,
respectively. The content of saturates, aromatics, resins and asphaltenes in the AC-10
binder was 4.3%, 63.2%, 19.9%, and 12.6, respectively. Styrene–butadiene–styrene
(SBS) polymer was obtained from the Chie-Mie Enterprise Ltd., Taiwan. Linear SBS
with 160,000 g/mol average molecular weight was chosen as the modifier (31% by
weight of styrene). A particular type of combining oil and sulfur were added as a
crosslink agent to improve the miscibility of base asphalt and SBS polymer.

The PMB samples that were investigated in this studywere prepared at 185± 5 °C
using a Silverson high shear laboratory mixer (Model L5M) under an inert carbon
dioxide atmosphere. PMB blending was performed under an inert atmosphere in
order to ensure that the base asphalt used in the blends did not oxidise during the
blending process. PMB samples were manufactured by initially adding appropriate
masses of heated asphalt cement and polymer combining oil to a metal tin. The mix
was then heated to 180 °C before a constant concentration of 5% polymer and 0.2%
sulfur by weight of the PMB was added to the blend. This polymer level was chosen
to be representative of that used to produce commercial SBS-based PMBs in Taiwan.
It took one hour to homogenously incorporate the polymer into the blends.
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2.2 Hot Storage Treatments

After manufacture, the SBS modified binders are exposed to elevated temperatures
during storage and transportation in closed metal containers with vents for exit of
built-up gases. The temperature and duration of exposure to elevated temperatures
depends on the mode of transportation, distance between the PMB producing plant
and customer site, and construction projects. In this study, polymer modified binders
were stored in a storage tank free of direct contact with air to avoid over oxidation at
180 °Cwhich is typical of field transport and storage temperature. To simulate storage
conditions at an asphalt plant, the tank is equipped with a stirrer to homogenize the
PMBs. Samples were taken for testing after they were stored for 0, 7, 14, 21 and
28 days. These five storage periods represented virgin, short term storage, medium
term storage, long term storage, and very long term storage, respectively.

Immediately after the PMB blends were treated, they were split into different
subsamples that were used during testing. Each of the PMBs was passed through
a heated sample splitting funnel immediately after manufacture so that appropriate
subsamples could be obtained for testing. The sample splitting funnel allowed equal
amounts of each of the bulk samples to be transferred into two separate metal tins.
The subsamples produced after the first sample splitting were then repeatedly passed
through the sample splitting funnel and transferred into smaller metal tins until PMB
subsamples were produced that were suitable for each type of test. Each PMB was
stirred for one hour and sampled for testing.

2.3 Bitumen Testing

Storage Stability. The American Society for Testing andMaterials (ASTM) D7131,
Standard Practice for Determining the Separation Tendency of Polymer from
Polymer Modified Asphalt, was used to determine the storage stability of polymer
modified binders. An aluminium tube with 25 mm diameter and 140 mm height was
filled with heated binder samples. The tube was vacuumed and sealed thoroughly to
eliminate air oxidation and then placed vertically in a forced draft oven at 165 °C
for 48 h. After that, the tube was kept in a refrigerator to be cooled at −10 °C for
four hours. Each tube was cut horizontally into three equal parts. The top and bottom
portions of the sample were then tested to determine the softening point per ASTM
D36.

Microscopy. A Nikon YS100 optical microscope was used to observe the
morphology of the PMB at 100× magnification. Samples were carefully poured
inside a rubber mold that was immediately submerged in icy water at once to allow
for rapid cooling and to preserve themorphology. Stripes of binders of approximately
20 mm× 40 mm× 1 mmwere then seated on a metal plate and relocated to a freezer
kept at−10 °C for 10 h. The sample was removed when frozen. After that, the stripes
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were separated in the central part to inspect the morphology. The morphology of the
PMBs was to analyze the nature of the bitumen and polymer phase.

Elastic Recovery. The American Society for Testing and Materials (ASTM)
D7131, Standard Practice for Determining the Separation Tendency of Polymer from
Polymer Modified Asphalt, was used to determine the storage stability of polymer
modified binders. An aluminium tube with 25 mm diameter and 140 mm height was
filled with heated binder samples. The tube was vacuumed and sealed thoroughly to
eliminate air oxidation and then placed vertically in a forced draft oven at 165 °C
for 48 h. After that, the tube was kept in a refrigerator to be cooled at −10 °C for
four hours. Each tube was cut horizontally into three equal parts. The top and bottom
portions of the sample were then tested to determine the softening point per ASTM
D36.

Toughness. This test was to measure the toughness and tenacity of polymer modi-
fied binders according to ASTMD 5801. A hemispherical head of specified size and
shape was pulled from an asphalt sample at a rate of 50 cm/min. A continuous record
of the force-versus-elongation curve was recorded and used to calculate the tough-
ness and the tenacity of the sample. Toughness is defined in this procedure as the
total work required to completely separate the tension head from the sample under
the specified test conditions. Tenacity is a measure of the increasing force as the
sample is stretched past the initial peak, and may indicate the type and amount of
polymer used to modify the asphalt. It is defined as the work required to stretch the
material after the initial resistance is overcome.

Multiple Stress Creep Recovery (MSCR). The MSCR test was conducted to
evaluate the viscoelastic properties of PMBs according to ASTM D7405. This test
was performed on aTAAR1500ex (TA Instruments) dynamic shear rheometer (DSR)
using a constant stress creep of 1.0-s duration followed by a zero stress recovery
of 9.0-s duration for 10 creep and recovery cycles at 64 °C. The non-recoverable
compliance (Jnr) and percent recovery (%R) values were calculated at each loading
cycle and then averaged at stress levels of 0.1 and 3.2 kPa.

2.4 Asphalt Mixture Testing

Wheel Tracking Test. The main aim of this study is to determine whether the segre-
gation anddegradation propensity of aPMBduringhot storage affect the performance
of the material on the road after the PMB was mixed prior to use. The PMBs for
asphalt mix tests were representative of those that would contain the same propor-
tions of each component used in the PMB formulation as the originally prepared
blend. The limestone aggregate used for this study came from a local river. A 19-mm
conventional dense graded asphalt mixture was prepared for both wheel tracking
and semi-circular bend tests using the PMBs after hot storage treatments. The design
binder content was 5.0% of the total asphalt mix weight. Wheel tracking test was
performed by subjecting asphalt mixtures to 3000 passes of a loading wheel as per
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Public Construction Commission Designation 02743 in Taiwan [25]. A slab spec-
imen (300 × 300 × 50 cm) was prepared with an air voids content of 5.0% using a
roller-press compactor. Lab-produced mixes were cured at 60 °C for 24 h, and tested
at 60 °C for initial stability under the wheel tracking test. The wheel track consisted
of a steel wheel (200 mm in diameter and 50 mm in width) applying a pressure
of 689.4 kPa (100 psi) on top of a slab specimen. A wheel tracking test covered a
loading distance of 230± 10 mm at the speed of 42 cycle/min. The dynamic stability
(DS) used to characterize the rutting resistance of asphalt mixtures is calculated as
expressed in Eq. 1. A higher dynamic stability value indicates better permanent
deformation resistance.

DS = t2 − t1
d2 − d1

× N (1)

where d1 = deformation at t1 minutes (mm), d2 = deformation at t2 minutes (mm),
and N = speed of the wheel, 42 cycle/min in this study. Values of t1 and t2 were used
in this study, which are at 45 and 60 min, respectively.

Semi-Circular Bend (SCB) Test. The SCB test was used to characterize the
fracture properties of asphalt mixtures. The test utilized notched half-moon shaped
specimens cut from asphalt mix cylinders with three notch depths of 25.4, 31.8, and
38.1 mm. Each SCB test was performed in triplicate using the method described in
ASTM D 8044. The air voids of SCB specimens were controlled at 4%. During the
test, a SCB specimen is supported by two bars on a flat surface and amonotonic load is
applied to the curved surface above the notch. TheASTMstandard specifies a vertical
displacement rate of 0.5 mm/min. For data analysis, strain energy to failure was first
calculated for each notch depth as the area under the load versus displacement data,
and a linear regression was determined based on the strain energy versus notch depth
results. Finally, the cracking parameter J-integral (Jc) was calculated by dividing the
slope of the regression line by the specimen thickness. Asphalt mixtures with higher
Jc values are expected to have better resistance to cracking than those with lower Jc
values.

3 Results and Discussion

3.1 Storage Stability Results

Prior to the storage stability test, the softening point (SP) of each PMB sample was
measured, and termed initial softening point and marked ‘A’ in Table 1. Following
storage of the samples in a tube for two days at 165 °C, the softening points of the
PMB in the top third of the tube (marked ‘B’) and the bottom third of the tube (marked
‘C’) were determined. A storage stability value was calculated as the softening point
of the top third of the binder in the tube minus the softening point of the bottom
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Table 1 Storage stability test results

Storage (days) Initial SP (A) Top SP (B)

Mean (°C) COV (%) Mean (°C) COV (%)

(a)

0 77.08 0.31 77.20 0.12

7 74.23 0.38 73.08 0.38

14 70.85 0.21 71.58 0.20

21 70.42 0.35 70.08 0.30

28 69.23 0.24 70.96 0.25

(b)

0 76.52 0.35 0.68 0.38

7 72.20 0.25 0.88 0.28

14 70.85 0.18 0.73 0.19

21 69.03 0.31 1.05 0.33

28 69.85 0.28 1.11 0.26

third of the binder in the tube. Table 1 summarizes the storage stability test results
of modified binders examined in the study.

The coefficient of variation (COV) is used as evaluation of the variability of
measurements, and summarize in this table. Softening points of all test results show
consistency since the COV values ranges from 0.12 to 0.38% in Table 1. One of the
most adopted criteria to indicate the storage stability of polymer-modified binders is
a difference of 3 °C or less in the softening point between the top and bottom samples
[15–16, 20]. Examination of the data in Table 1 shows that hot storage did not much
effect on storage stability over the range of storage periods. With the test results of
between 0.68 and 1.11 °C, the PMBs are shown to have a low value in the storage
stability test.

However, hot storage resulted in a reduction in softening point as listed in Table 1.
Softening point continued to decrease with time but at a slower rate after 14 days. The
reduction is likely to result from degradation in PMBs, thus leading to a loss in soft-
ening point during hot storage. It should be noted that a reduction in softening point
in SBS-based PMBs is equivalent to a change in SBS concentration, the exact figure
depending on the properties of the SBS and the asphalt fraction [2–5]. Furthermore,
the softening point versus SBS concentration plots reported by other researchers [11,
19] indicate that a 19 °C softening point drop experienced by samples corresponded
to an approximate 2% reduction in SBS concentration. Based on a 7.85 °C (77.08–
69.23) decrease in softening point in this study, it is estimated that more than 80%
the SBS polymer remained after 28 days of hot storage at 180 °C.
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Fig. 2 Microscopic
photographs after different
periods of hot storage (100x)

(a) 7 days (b) 14days

(c) 21 days (d) 28 days

3.2 Morphology of Binders

The microscopic photographs of binders observed at different storage periods are
shown in Fig. 2. The PMBs exhibited single phase or close to homogeneous phase
behavior when stored at 180 °C. The phase structure of the PMB was such that there
would be little or no tendency to segregate as storage time increased. The PMBs
were shown to be compatible, and could form a segregation resistant structure at the
temperature at which they are likely to be stored and transported prior to final use.
Thesemicroscopy observations agreewith the storage stability results in Table 1. The
morphology photographs indicate that the storage stability value of the PMBs barely
increased after very long term storage. Thus, the SBS polymer network remained
and kept its modification effect after hot storage for 28 days.

3.3 Toughness Results

Figure 3 shows the effect of storage time on the toughness and tenacity values of
the PMBs. Each bar represents the average of three replicates, and the error bars
indicate one standard deviation from the average value. The toughness of the PMBs
is the total area under the force-versus-elongation curve and represents its ability to
absorb energy before failure. After 28 days of hot storage, the toughness value was
relatively unchanged, and exceeded the minimum toughness value of 20 N-m.
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Fig. 3 Toughness and tenacity of PMBs after different periods of hot storage

The tenacity value of the PMBs decreased after hot storage. The reduction in the
tenacity valuewas due to the fact that the aging of the PMBs consisted of twoparts.On
the one hand, the oxidation of the base asphalt could lead to an increase in stiffness,
which might contribute to the toughness. On the other hand, the degradation of SBS
polymer might have a softening effect on PMBs, which would cause a decrease
in tenacity. As hot storage proceeded, the tenacity value of the PMBs gradually
decreased. The minimum tenacity should be no less than 15 N-m. After stored for
28 days, the PMBs still met this minimum specification.

3.4 Elastic Recovery Results

The elastic recovery test is used to measure the percentage of recovery strain of
the PMBs after elongation. Figure 4 shows that the elastic recovery of the PMBs
decreased about 15% after 28 days of hot storage. It is likely that the degradation of
the SBS polymers during hot storage resulted in a decrease of the elastic recovery.
For PMBs, with the increase in storage time, the elastic recovery decreased gradually
from 93 to 78% after 28 days of hot storage. The reason the elastic recovery slowly
reduced was that a single phase of the SBS polymer modifier was beneficial to the
elasticity of thePMBs.These test results are in goodagreementwith themorphologies
of the PMBs presented in Fig. 2. Although a homogeneous phase in PMB could
enhance the elastic recovery of the PMBs, an increase in storage time might lead to
a negative effect on the adhesion characteristics of the PMBs, thus influencing the
flexibility.
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Fig. 4 Elastic recovery of PMBs after different periods of hot storage

3.5 Multiple Stress Creep and Recovery (MSCR) Results

To evaluate the high-temperature properties of the PMBs after different storage
periods, the MSCR tests were conducted at 64 °C. Figure 5 shows that the PMBs had
the lowest non-recovery compliance (Jnr) values at 3.2 kPa when stored at 0 days,
which coincided with the evolution of the elastic recovery. A Jnr index is used to
characterize the changes in PMBs because of hot storage. The Jnr index is defined as
the ratio of the Jnr at a stress level for any storage time to the Jnr at this stress level of
the PMB stored at 0 days. This index calculated from data generated at 3.2 kPa shear
stress in this study. The Jnr index increased unexpectedly as storage time increased.
An increase in Jnr of 15–26 times the Jnr of the binder stored at 0 days is observed for
the PMBs. As mentioned previously, the effect of storage time on the PMBs includes

Fig. 5 Jnr index of PMBs after different periods of hot storage
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Fig. 6 %R index of PMBs after different periods of hot storage

oxidation of the base binder and degradation of the SBS polymer. The degradation
of the SBS polymer seems to play the primary role, which led to an increase in Jnr.

Test results in Fig. 5 indicate that the PMBs had a high increase in Jnr index and, as
time of hot storage increased, the rate of increase in Jnr decreased. The degradation
of SBS happened likely in the beginning, but slowed after 14 days of hot storage.
This implies that the SBS polymer still had a considerable modification effect after
stored for 28 days. The oxidation of base binder appears to play a minor role because
the PMBs were not exposed to fresh air in the tank during hot storage.

Figure 6 shows the MSCR percent recovery (%R) decreasing at a decreasing rate
with increasing storage time for two stress levels. The trends are plotted using a %R
index that is calculated similarly to the Jnr index above but using %R. The %R index
decreases as the storage period is extended. The degradation of the polymer network
could be the cause for the decreased %R. The use of the MSCR %R might lead to
a false negative detection of an elastomeric polymer concentration with PMBs that
have been stored for a very long period of time because the dynamic shear rheometer
uses %R as an indicator of polymer content. It is suggested that PMBs samples be
immediately taken for MSCR testing after pumped into a storage tank at asphalt
plant.

Figure 7 shows the same data as Figs. 5 and 6 but plotted on a Jnr versus %R plot.
A control line (defined by the equation %R= 29.371× Jnrˆ−0.2633) superimposed
for the combined data suggests that the %R of the PMBs is related to the storage
period of the binder. PMB binders initially met the specification requirement of the E
grade, but the PMBwas below the control limit after 14-day storage. This observation
suggests that PMBs be stored less than 14 days to meet the minimum %R value.
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Fig. 7 MSCR Jnr versus %R at 64 °C after different periods of hot storage

3.6 Wheel Tracking Test Results

Wheel tracking tests were performed on asphalt mixtures containing PMBs stored
by different periods. Plots of average wheel tracking depth versus number of loading
passes are shown in Fig. 8. The asphalt mixtures prepared using the PMB stored
at 0 days was slightly less resistant to rutting than those which contained PMBs
stored more than 7 days. The results shown in Fig. 8 indicate that each of the PMBs
stored beyond 7 days showed almost the same resistance to permanent deformation
in asphalt mixtures as their average wheel tracking depths after 3000 loading wheel

Fig. 8 Effect of hot storage periods on rut depth
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passes were all within 1 mm. As expect, the wheel tracking test results showed less
rutting with the binder being aged for long periods of time.

Wheel tracking performance is evaluated by the dynamic stability (DS) which is
defined as the resistance to plastic deformation due to traffic loading. The DS value
was 5311, 5721, 5712, 5682 and 5689 cycle/mm for asphalt mixtures produced by
the PMBs stored after 0, 7, 14, 21 and 28 days, respectively. The dynamic stability
greater than 1500 cycle/mm is recommended for a dense-graded asphalt mix. The
PMB was highly modified and had low Jnr-values per Fig. 7; therefore, little rutting
could be seen at the test temperature.

The use of PMBs shows satisfactory rutting performance. The rutting data from
different storage periods are basically similar partly due to the fact that thesemixtures
were prepared with the same crushed limestone aggregate. Based on the results of
wheel tracking tests, the wheel tracking performance of the PMBs is not significantly
affected by their propensity to degrade during hot storage.

3.7 Semi-circular Bend (SCB) Test Results

Semi-circular bend tests were performed using the same PMBs that were subjected to
wheel tracking tests to investigate whether the propensity of a PMB to degrade during
storage affected its resistance to cracking. Figure 9 presents the cracking parameter
J-integral results with a loading rate of 0.5 mm/min. The cracking resistance of the
asphalt mix with the PMB stored at 0 days was slightly higher as compared with
that of the asphalt mix with the PMB stored for 28 days. However, there was not a
consistent trend. Specimens with the PMB stored for 21 days had higher J-integral
results than those with the PMBs with shorter storage periods. Asphalt mixtures
containing the PMB after 7 days of hot storage had the lowest J-integral results.

Fig. 9 Microscopic photographs after different periods of hot storage (100x)
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Based on the SCB results obtained during this study, it does not appear that hot
storage will necessarily result in reduced resistance to cracking performance on the
road.

4 Conclusions and Recommendations

This study was to evaluate the effect of storage periods on the performance of SBS-
based PMBs and asphalt mixtures. Little segregation occurred in PMBs following hot
storage for 28 days. Low results in the storage stability test indicated that a consid-
erable amount of SBS polymer remained after very long term storage. Evidence of
polymer degradation during hot storage was mainly derived from observing that the
tenacity, elastic recovery and percent recovery values of the PMBs decreased over
time. The degradation of SBS happened likely at the beginning and slowed after hot
storage for 14 days. The results obtained in wheel tracking tests indicated that the
resistance of the PMBs to permanent deformation in an asphalt mix was not affected
by their propensity to degrade during hot storage. The cracking performance of the
PMBs was not significantly influenced by the storage periods. Based on the results
obtained in this study, it appears that the propensity of a PMB to degrade during hot
storage would not necessarily affect its performance on the road in terms of its resis-
tance to rutting and cracking in asphalt mixtures. It is suggested that PMBs samples
be immediately taken for MSCR testing after pumped into a storage tank at asphalt
plant, and PMBs be stored less than 14 days to meet the requirement for percent
recovery. Future work is recommended to evaluate compatibilizers to mitigate the
polymer degradation of SBS-modified binders during hot storage.
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Effect of Segregation Tendency
of Aggregates on Macroscopic Properties
of Asphalt Mixture Based on Composite
Geometric Characteristics

Jinfei Su and Peilong Li

Abstract The composite geometric characteristics of coarse aggregates can effec-
tively evaluate the combined effect of geometric morphology and size distribution in
particle system. The composite angularity indices can be used to evaluate the segre-
gation tendency of aggregates. To analyze the effect of aggregate segregation on the
macroscopic properties of asphalt mixtures on the microscopic level, five segregated
asphalt mixtures were designed, and the macroscopic properties were measured by
a set series of tests encompassing Superpave gyratory compactor test, immersion
Hamburg wheel-tracking test and indirect tensile test. The results show that the
heavier the coarse aggregate segregation, the higher composite geometric indices,
which are closely related to themacroscopic properties of segregated asphaltmixture.
The composite angularity and textures play a greater role in the contact properties
of the particle system and the macroscopic properties of the asphalt mixture than the
composite shape. The large composite geometric indices imply strong contact among
coarse aggregate, impeding the process of compaction. The low segregated asphalt
mixture has most stable skeleton-bonding structure formed by the interaction of the
geometric morphology and asphalt binder, and its resistance to rutting deformation,
water stability and low-temperature crack resistance are best.
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1 Introduction

The uneven distribution of aggregate determines the compaction effect and mechan-
ical properties of asphalt mixture to a great extent, which is related to the pave-
ment distress and durability [1–3]. Zeng et al. [4] used X-Ray CT to observe the
internal structure of asphalt mixture, segmented the image based on the EM algo-
rithm of Gaussian mixture model (GMM), and analyzed the aggregate distribution.
The distribution coefficient of coarse particle can represent the uniformity of the
asphalt mixture. Senthilmurugan et al. [5] concluded that the uneven distribution of
aggregate in the transverse direction is significantly higher than that in the longi-
tudinal direction. Jia et al. [6] reported that the aggregate segregation affected the
density distribution. Zhang et al. [7, 8] analyzed the influence of the uniformity of
aggregate distribution on the void and density distribution, and the void uniformity
coefficient was proposed to evaluate the compaction uniformity of asphalt mixture.
Li et al. [9] demonstrated that the aggregate segregation exercised great impact on the
water stability, high temperature stability, low-temperature anti-cracking and tensile
strength of asphalt mixture, but the mesoscopic essence of the aggregate affecting the
macro performance of asphalt mixture was not elucidated. Jimmy [10] proposed a
new statistical analysis method to observe intelligent compaction data, and he found
that the compaction uniformity index could be used to evaluate the compaction non-
uniformity of asphalt mixture caused by aggregate segregation. Jaime et al. [11] used
finite element method to reconstruct the three-dimensional (3D) model of asphalt
mixture. The results showed that the uneven aggregate distribution was an important
factor affecting the fracture properties of asphalt mixture.

The interaction among particles is closely related to the geometric morphologies,
size, content of each of the file aggregates, leading to aggregate segregation [12–
14]. The angularities and surface textures of coarse aggregates in particle system
contact and rub with each other, resulting in the change in the size distribution of
aggregates, and consequently, the aggregate segregation occurs. Asphalt binder has
a significant bonding/lubrication effect on the contact interface among aggregates,
reducing the uneven distribution of aggregates to some extent. However, interaction
among aggregates is the main reason for uneven distribution in asphalt mixture [15].
Wu et al. [16] implemented discrete element method to reconstruct the segregated
asphalt mixture. The coarse aggregate segregation changed in the contact force and
the number of contact points inside the asphalt mixture, which in turn deteriorated the
mechanical properties of themixture.Hao [17] reported that the coarse aggregatewith
a size of 4.75–13.2 mm has great influence on the aggregate segregation of asphalt
mixture [18]. During the process of mixing and transporting the asphalt mixture,
the interaction among aggregates is the mesoscopic manifestation of the contact and
friction of all particles with different sizes under the bonding and lubrication effect of
asphalt, and therefore, only analyzing the effect of a part of aggregates on segregation
tendency has limitations.

The composite geometric characteristics of coarse aggregates reflect the contri-
bution of the geometric morphology on the contact strength of particle system, and
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Table 1 The bulk specific gravity of coarse aggregates

Sieve size (mm) 19 16 13.2 9.5 4.75

Bulk specific gravity (g/cm3) 2.684 2.688 0.695 0.690 0.702

Table 2 The apparent relative gravity of fine aggregates

Sieve size (mm) 2.36 1.18 0.6 0.3 0.15 0.075

Apparent relative gravity (g/cm3) 2.73 2.77 2.773 2.765 2.717 2.715

the composite angularity index can be used to effectively evaluate the aggregate
segregation tendency of aggregate-asphalt system [19, 20]. Therefore, this investi-
gation designed five segregated asphalt mixtures to carry out gyration compaction
test, immersion Hamburg wheel-tracking test and indirect tensile test. Based on the
particle characteristics, themacroscopic properties of asphaltmixtureswere analyzed
combined the interface interaction between aggregates and asphalt binder. The
research works are helpful to improve the level of gradation design and performance
prediction of asphalt mixture.

2 Materials and Mixture Design

2.1 Materials

The aggregate was limestone from Shaanxi and the test was conducted according
to Test Method of Aggregate for Highway Engineering (JTG E42-2005), with the
specific gravities of the aggregates presented in Tables 1 and 2. The mineral filler
was the finely ground limestone with the apparent relative gravity of 2.817 g/cm3.

Esso 90# base asphalt was selected, and the properties were presented in Table
3 in accordance with the relevant requirements of the Test Procedure for Highway
EngineeringAsphalt andAsphaltMixtures (JTJ 052-20). Themixing and compaction
temperatures of asphalt mixture were determined as 165 °C and 145 °C respectively
according to the viscosity-temperature curve of asphalt.

2.2 Gradation Design

To simulate the segregation of asphalt mixture for practical engineering, five AC-
20 asphalt mixtures with different segregation degrees was designed according to
the previous studies [21]. Based on the segregation tendency of coarse aggregates,
the involved asphalt mixtures were divided into five class of heavy, middle, low, no
coarse aggregate segregation and fine aggregate segregation, which are respectively
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Table 3 The properties of asphalt

Indicators Technical requirements The test results

Penetration/0.1 mm 15 °C, 5 s, 100 g 80 ~ 100 33

25 °C, 5 s, 100 g, 9

0 °C, 5 s, 100 g, 132

Ductility (50 mm/min,15 °C)/cm ≥100 ≥150

Softening point (Ring and Ball Method)/°C ≥45 46.5

Density (15 °C) g/cm3 ≥1.01 1.038

Relative density (25 °C)g/cm3 1.034

Apparent viscosity/Pa.s 135 °C 0.360

175 °C 0.073

named as H, M, L, N, and F asphalt mixtures. N asphalt mixture was designed by
Superpave method and the optimum asphalt content is determined. The gradation
curve is shown in Fig. 1, and optimum asphalt content (OAC) is 3.9%.

N asphalt mixture was divided into three parts, A, B and C with 4.75 mm and
9.5 mm as the key sieve pores. When the aggregate was within the range of 0–
4.75 mm, the asphalt mixture was denoted as A, with B when the aggregate was
within the range of 4.75–9.5 mm, and C within 9.5–26.5 mm. The corresponding
asphalt content of A, B and C was measured by mixture combustion method, which
was respectively 5.6%, 4.79% and 2.43%.

Fig. 1 The gradation curve of asphalt mixture without segregation
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Table 4 The proportion and asphalt dosage of asphalt mixture segregation

Segregated asphalt mixtures Proportion Asphalt content (%)

A: B: C Sample 1 Sample 2 Average value

F 24: 43: 33 4.14 4.28 4.21

N 19.7: 37.3: 43 3.92 3.88 3.90

L 14: 32: 54 3.58 3.54 3.56

M 8: 26: 66 3.23 3.13 3.18

H 3: 19: 78 2.86 2.98 2.92

According to the asphalt mixture segregation criteria presented by literature [21],
combine the three parts of asphalt mixture A, B, and C in different proportions to
obtain mixtures with different segregation degrees. The proportion of each part and
asphalt content are present in Table 4.

3 Testing Methods

3.1 AIMS Test

The composite geometric indices CI of coarse aggregates in particle system can
be used to predict the aggregate segregation tendency of asphalt mixture [20]. To
elucidate the macroscopic properties of segregated asphalt mixtures on the on the
micro-meso-scopic level, themodelwas established to calculate theCI encompassing
composite shape indexCISP, composite texture indexCITX and composite angularity
index CIGA, as shown in Eq. (1), Eq. (2) and Eq. (3).

C ISP =
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where,M is the total mass of mineral aggregates; gi is the specific gravity of i-th file
aggregates; Cwi is the weighted perimeter of aggregate shape; SAwi is the weighted
surface area of aggregate shape; Vwi is the weighted volume of aggregate angularity;
di is the average size of i-th aggregates. SPi, TXi andGAi are sphericity, texture index
and angular gradient of i-th aggregates respectively, which were measured by AIMS
II system.

3.2 Superpave Gyratory Compactor Test

The compaction effect of asphalt mixture is the mesoscopic manifestation of particle
rolling and slip,which is closely related to particle characteristics [22]. The superpave
gyratory compactor tester (SGC) can actually simulate the compaction process of
asphalt mixture. The size of the specimen was φ 150 mm × 100 mm.

Compaction energy index (CEI) reflecting the energy required in the process of
compaction, which can be used to evaluate the compaction properties of asphalt
mixture. It was calculated using Eq. (4).

CEI =

Ndes∫

0

aNbdN =
[

a

b + 1
Nb+1

]Ndes

0

(4)

3.3 Immersion Hamburg Wheel-Tracking Test

Immersion Hamburg wheel-tracking test (HWTD) can simulate the effect of wheel
load on asphalt pavement under high temperature and water environments.

The specimens formed by SGC were cut into the samples with a diameter of
150 mm and a height of 62 ± 2 mm. A HWTD test required two samples, and the
water-bath temperature was 50 °C. When the rut depth reached to 20 mm, the tests
automatically end. And then the load cycles at failure and creep rate were obtained to
evaluate the high temperature stability of asphalt mixture. In addition, Fig. 2 shows
the typical curve of HWTD test, and the intersection of creep curve and strip curve
is the stripping point. The cycle number, rutting depth and spalling rate at spalling
failure can be used to evaluate the water stability of asphalt mixture.
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Fig. 2 Typical curve of immersion HWTD test

3.4 Indirect Tensile Test

The indirect tensile test (ITT) was conducted to simulate the cracking process of
asphalt mixture at low temperature, and the tensile strength RT , destructive tensile
strain εT and modulus of failure stiffness ST were calculated to evaluate the low-
temperature crack resistance. The specimen formed by SGC was cut into a cylinder
samplewith the size ofφ 150mm×40mm.The test parameterswere test temperature
of −10 °C and the loading rate of 1 mm/min.

4 Results and Discussion

4.1 The Relationship Between the Parameters of Composite
Geometric Characteristic and the Compaction Properties

As illustrated in Fig. 3,CEI presents a downward trendwith the increase of composite
shape index CISP. The higher the CEI value is, the more energy is needed to densify
asphalt mixture; and lowerCEI value indicates that themixture has goodworkability.
Aggregate particles roll and slip under the action of head of SGC, especially, the large-
sized particles likely tend to rotate in space [23]. For particles with the same shape,
the larger the particle size is, the greater the contribution to contact among particles
is. CISP mainly affects the rotational inertia of particles, hindering the compaction
of the asphalt mixture. In the process of compaction, the state of asphalt mixture
changes from loose flow to forming stable with rotation of particles. The higher the
CISP of particle system, the greater the probability of the particle rotation, which
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makes the asphalt mixture easy to be compacted to reach design height or design
volume of air voids.

Figure 4 delineates that CITX has linear negative correlation with CEI. The F
asphalt mixture has lowest CITX but the largest CEI, whereas conversely order of
CITX and CEI for H asphalt mixture. The number of coarse aggregates in F asphalt
mixture is less and the particle size ismainly concentrated in 4.75–9.5mm, producing
moderate or weak force chain with the contact and friction among aggregates. The
compaction energy was dissipated by those force chains during compaction process
of asphalt mixture, and consequently, more compaction energy is needed to input
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into F asphalt mixture. With the increase of segregation degree of coarse aggregates,
a part of fine aggregates in aggregate-asphalt system is gradually replaced by coarse
aggregates, leading to the decrease of specific surface area of all aggregates and
the content of asphalt mortar. CITX is the unity of texture characteristics and the
size distribution of coarse aggregates. The larger number of coarse aggregates in
the particle system, the higher the CITX . The interstitial content of asphalt mortar
decreases with the rise of CITX . The migration space of coarse aggregate becomes
larger, and the dissipated energy by weak and moderate force chains is less, and
therefore, the coarse aggregate is prone to rolling and sliding under the action of
compaction effort, and the CEI declines with increasing the CITX .

Based on Fig. 5, the influences of three parameters onCEI are in the samemanner,
particularly, CIGA has a good linear correlation with CEI, and the correlation coef-
ficient is as high as 0.91. CIGA is the unity of the angularity characteristics and the
size distribution of large-sized coarse aggregates in particle system. The lubrication
effect of asphalt binder on coarse aggregate contact is obviously greater than bonding
effect at compaction temperature of 155 °C [24]. Therefore, the larger the particle
size, the greater the contribution of particle angularity, and the more significant the
lubrication effect of asphalt. The CIGA is a key factor affecting the contact proper-
ties of particle system. The contact among particles is the strongest in H particle
system, meanwhile, the lubrication effect of asphalt binder on the contact is the most
significant, leading to the lowest CEI. As a result, the compaction energy of asphalt
mixture is determined by the combined action of contact effect among particles and
bonding/lubrication effect of asphalt, and the lubrication effect on workability is
greater than contact effect for H asphalt mixture. The CITX and CIGA can reflect the
coarse aggregate distribution and contact properties, while the influence of asphalt
on compaction properties is significant. Thus, CIGA and CITX are helpful to analyze
the micro-meso-scopic compaction process, but they cannot be used to predict the
compaction properties of asphalt mixture.
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4.2 The Relationship Between the Parameters of Composite
Geometric Characteristic and High-Temperature Creep
Properties

As can be observed from Figs. 6, 7 and 8 that the load cycles at failure initially
increased and then decreased with the increase of the degree of coarse aggregate
segregation, achieving the maximum value for the L asphalt mixture. The creep
rate bucks the trends with load cycles. As a result, the shear performance of F,
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Fig. 6 The influence of CISP on the parameters of resistance to shear deformation
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Fig. 7 The influence of CITX on the parameters of resistance to shear deformation
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Fig. 8 The influence of CIGA on the parameters of resistance to shear deformation

M and H asphalt mixtures is poor. The number of fine aggregates is largest in F
asphalt mixture, leading to the worst skeleton, thus, the shear deformation under the
repeated action of wheel load occur easily. For M and H asphalt mixtures has larger
coarse aggregates and less fine aggregates, and the asphalt displayed poor bonding
and stabilizing effects on the skeleton. In the transition process of asphalt mixture
from loose flow state to stable forming state, when the asphalt mixture changes
from a loose flow state to a stable forming state, the interaction between asphalt and
aggregate evolves continuously. The interference effect of fine aggregates on coarse
aggregate skeleton structure gradually transforms into filling effect of asphalt mortar
and bonding effect of asphalt mastic. The asphalt mixture is regarded as an aggregate-
asphalt system composed of coarse aggregate, asphalt mastic and asphalt mortar.
The skeleton structure of coarse aggregates and the bonding effect of mastic are the
principal factors affecting the high-temperature stability. Asphalt mortar extends the
skeleton structure, leading to little effect of skeleton on resisting the external load,
which is named filling interference effect. The bonding effect of asphalt mastic is
insufficient to stabilize the skeleton structure, which is named the skeleton failure
effect. The heavier the segregation tendency of coarse aggregates is, the larger the
composite geometric parameters are, so the more significant the contact-friction
effect among particles is. TheM andH asphalt mixture have similarly poor resistance
to shear deformation, indicating that the bonding effect on particle contact is getting
worse and worse with the increase of segregation tendency of coarse aggregates.

L asphalt mixture has larger CITX and CIGA than those of N asphalt mixture, but
almost equal value ofCISP. The results indicate that the total number of particles in L
and N asphalt mixture is nearly equal, but the L asphalt mixture has higher number of
large-sized coarse aggregates. The L asphalt mixture with best rutting resistance has
strongest skeleton bonding strength resulting from the coupling interaction between
the particle contact effect and bonding/lubrication effect of asphalt binder.
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4.3 The Relationship Between the Parameters of Composite
Geometric Characteristic and Water Stability

Figure 9 delineates the water stability parameters of involved five asphalt mixtures
at spalling point. The order of cycle number of asphalt mixture is L > N > M > H >
F, and the order of rutting depth of rutting is N < F < L < M < H, with L < F < H
< N < M for spalling rate. Conducting comprehensive analysis of three parameters
indicates that the water stability of L asphalt mixture is the best, followed by that
with N asphalt mixture, and the worst is that with M and H asphalt mixture.

When the moisture enters the internal structure of asphalt mixture through the
voids, dynamic pore water pressure is produced under the vehicle load, causing
microcracks in the asphalt coated on the aggregate surface or filled in the voids. And
then, moisture in turn invades the contact interface between aggregates and asphalt,
reducing the adhesion, as a result, the water stability of asphalt mixture becomes
worse. With the increase of segregation tendency of coarse aggregates, the volume
of air voids (VV ) of asphalt mixture becomes larger and larger. There is an optimal
range of VV with the best water stability. The contact effect of coarse aggregate and
the filling effect of asphaltmortar are important sources of voids. In this investigation,
the water stability of the segregated asphalt mixture will be elucidated based on the
particle characteristics.

As exhibited in Fig. 10, the larger the composite geometric parameters of coarse
aggregate, the higher the VV of asphalt mixture, and the VV evinces the robust
correlations with CITX and CIGA with the correlation coefficients as high as 0.95.

There are more coarse aggregates in particle system with higher CITX and CIGA,
but less fine aggregates, leading to strong contact, and therefore, the large VV of
asphalt mixture is measured. Asphalt invades the surface texture of coarse aggregate
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and lubricates the contact and friction between particles during addition of asphalt,
increasing the contact area and improving the densification of skeleton structure to a
certain extent. In addition, asphalt is combinedwithfine aggregateswith large specific
surface area to form asphalt mortar to fill skeleton void. The CITX and CIGA of M
and H asphalt mixture are relatively larger, and the contact and friction among coarse
particles is significant, while the filling effect of asphalt mortar is poor, yielding large
VV. As a result,CITX andCIGA of particle system are closely related to the formation
of void in asphalt mixture and can be used to predict the size of void. The F asphalt
mixture has the smallest VV, but the largest number of fine aggregates causing the
thin asphalt film. Under the action of dynamic pore water pressure, asphalt film is
washed and corroded by moisture, and consequently, asphalt coated on the surface
of the coarse particles easily spalls. The VV of L asphalt mixture is at a medium
level, and the moisture penetrating into the internal structure is less than M and H
asphalt mixture. On the other hand, L asphalt mixture has a certain number of coarse
aggregates to form a stable skeleton structure, exercising a slowing effect on asphalt
spalling under the coupling effect of water and load. Therefore, L asphalt mixture
shows the best water stability.

4.4 The Relationship Between the Parameters of Composite
Geometric Characteristic and Low-Temperature Crack
Resistance

As depicted in Fig. 11, the RT of involved asphalt mixture except for F asphalt
mixture decreases with the increasing of the segregation tendency of coarse aggre-
gates, with larger εT of L and F mixture, and the largest ST of N asphalt mixture. The
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Fig. 11 The parameters of crack resistance of the segregated asphalt

comprehensive analysis of those parameters reflects that the low-temperature crack
resistance of the dense structure is better than that of the skeleton structure, and best
for the L asphalt mixture. The micro-cracks initially appear on the upper and lower
surfaces of the mixture specimen along with axial loading, and then the local stress
concentration occurs at the tip of the micro-cracks. When the stress transfers through
voids, the micro-cracks will expand rapidly. Conversely, for dense structure with less
voids, the stress transfer is impeded, slowing down the crack propagation speed.

Figure 11 illuminates that the VV, CITX and CIGA of M and H mixture are larger.
Compared with the N particle system, the larger CITX and CIGA are, the higher
the number of fine aggregates replaced by large-sized coarse aggregates, producing
large-sized voids inside the asphalt mixture, and consequently, the crack propagation
speed of M and H type mixture is relatively faster. F asphalt mixture has the smallest
CITX , implying the least coarse aggregates and most fine aggregates. And therefore,
large number of contact points occur and increases the direction of stress transfer,
dissipating the stress.

There are adequate contact points in L asphalt mixture to effectively dissipate
stress, and the skeleton bond strength is the largest, yielding the best low-temperature
crack resistance.

4.5 The Division Method of Asphalt Mixture Aggregate
Segregation Tendency

This investigation takesmesoscopic contact as a bridge built between themicroscopic
particle characteristics and themacroscopic properties of segregated asphalt mixture.
The contact among the angularity and friction of the surface texture determine the
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contact strength of particle system, which in turn affects the macroscopic properties
of the asphalt mixture.

The model built in Sect. 3.1 can accurately calculate the CI of all particle combi-
nation by inputting content of variously-sized aggregates. Aggregate segregation
changes the size distribution of particles, resulting in different CI. This investigation
delimits degree of segregation for asphalt mixtures adopting CI, so as to predict
the compaction properties and road performance of asphalt mixture. The maximum
value calculation method is used to normalize CI and the calculation method is as
follows:

C I ′ = C I

C Imax
(4)

where, CI
′
is non-dimensional composite geometric index, CImax is the maximum

value of CI. CImax is the CI of SMA-20L particle system in accordance with the
common gradations of the top and middle layers of asphalt pavement recommended
in the Technical Specification for Construction of Highway Asphalt Pavement (JTG
F40-2004). The normalization results of CI are presented in Table 5.

The shape affects the rotational inertia of particles and plays a support role for
angularity and surface texture, indicating that it displays slight effect on the macro-
scopic properties. Therefore, CITX and CIGA are utilized to divide the degree of
segregation for asphalt mixtures, with the results presented in Table 6.

Table 5 The normalization results of CI

Indexes Degree of segregation

F N L M H

CISP’ 0.092353 0.12115 0.121731 0.127507 0.128909

CITX
′

0.197395 0.236718 0.275325 0.311424 0.365658

CIGA
′

0.580243 0.645348 0.736289 0.825303 0.913184

Table 6 The division results of segregation tendency

Indexes Delimiting results

F N L M H

CITX
′

0–0.2 0.2–0.25 0.25–0.3 0.3–0.35 0.35–1

CIGA
′

0–0.6 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1
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5 Conclusion

This investigation focusing on the AC-20 gradation designed five asphalt with
different degree of segregation. and the composite geometric index is calculated.
The influence of aggregate segregation on the macroscopic properties of asphalt
mixture is analyzed based on the particle characteristic. The main conclusions are as
follows:

(1) Particle shape affects the compaction process of asphalt mixture by deter-
mining the rotation inertia of particles, and angularity and texture are the prin-
cipal factors affecting contact strength among particles. The heavier the coarse
aggregate segregation is, the more significant the lubricating effect of asphalt
on the texture and angularity of particles is.

(2) The skeleton-bonding system is the external manifestations of coupling inter-
action of particle contact effect and bonding/lubrication effect of asphalt. The
filling interference effect of asphalt mortar in L asphalt mixture is smaller
than that in F and N asphalt mixture, and the skeleton failure effect is smaller
than that in M and H asphalt mixture, leading to the best resistance to shear
deformation.

(3) Thevoids are the foremost factor affecting thewater stability of asphaltmixture,
resulting from the large-sized coarse aggregates. The heavier segregation of
coarse aggregate produces higher CIGA and VV, indicating poor water stability
of asphalt mixture.

(4) The smaller the CITX is, the larger the number of contact points inside the
asphalt mixture is, and the easier the stress will be dissipated. The larger
the CIGA is, the faster the micro-cracks expand. The low-temperature crack
resistance of the dense structure is better than that of the skeleton structure.

(5) Themaximum value calculation method is adopted to normalize the composite
geometric index. C I

′
T X and C I

′
GA can be used to divide the degree of

segregation for asphalt mixtures.
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Effects of Moisture Damage Sensitivity
of Asphalt Mixtures Incorporating
Treated Plastic as Additive

Siti Nur Naqibah Kamarudin, Mohd Rosli Hainin,
Muhammad Naqiuddin Mohd Warid, Mohd Khairul Idham Mohd Satar,
Noor Azah Abdul Raman, and Kabiru Usman Rogo

Abstract The issue of moisture damage due to water intrusion in conventional
road pavement is crucial due to increasing traffic load and volume, especially in the
dry process. Poor workability occurs between the aggregate and binder interaction,
increasing air voids in the asphalt mixture. Consequently, reduce the strength of the
asphalt mixture. Hence, the additive material is one possible approach to reduce the
issue. The use of treated plastic (Low-density Polyethylene) (TP) has a high potential
to improve the interaction of aggregate and binder during the mixing process to
against moisture damage. Further investigation on the effect of different ratios of
TP content (0, 2.5, 5.0, 0.75, and 1.0% by weight of total aggregate) in asphalt
mixture was studied. Mechanical performances on moisture damage of the optimum
TP content in asphalt mixture were focused and evaluated with retained stability and
tensile strength ratio tests. The finding revealed that 0.75% of TP content increased
the resistance of moisture damage in asphalt mixtures compared to the conventional
mixture.

Keywords Moisture damage · Additive ·Waste polymer · Hot mix asphalt

1 Introduction

Moisture damage in asphalt mixtures occurs due to excessive or improper runoff of
surface waters resulting in the deterioration of the entire pavement structure [1, 2]
besides the aging issue [3, 4]. Hence led to permanent deformation issues such as
rutting, fatigue cracking, and stripping. Moisture damage is mainly caused by a loss
of adhesion or cohesive forces as two primarymodeswithin the binder and aggregate,
which are supposed to hold the latter together [5]. These issues had forced many road
agencies and researchers to modify the conventional mixture besides applying new
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technology such as warmmix asphalt [6]. The use of polymer as an additive becomes
one alternative to make the conventional mixture more superior and perform longer.
However, polymer-modified mixtures increase initial expenses by about 20% higher
than conventional mixtures [7], but it lowers maintenance costs since it provides
more durable pavement [8]. Hence, many researchers started to concern about to
use of waste materials such as waste cooking oil [9], steel slag [10, 11], palm oil
fuel ash [12], crumb rubber [13]. These waste materials showed high potential to
be converted as an additive in road construction and increased the performance of
conventional mixture besides reducing the environmental problem.

There are two methods to add additives in asphalt mixture. It is either by wet
or dry method. Basically, in the wet method, the additive blended with bitumen at
high temperature before adding to warm aggregate. Meanwhile, in the dry method,
the additive was added into warm aggregate before mixed with hot bitumen. Due
to the polymer properties, many researchers had preferred to use the wet method to
obtain a homogenous modified asphalt [14]. This is because the addition of polymer
as additive by dry method had been reported to perform inconsistent performance
related to the short mixing time, cause a short polymer-bitumen interaction time,
and lead to inadequate bitumen modification [15]. Nonetheless, less complicated,
easy to apply in plants, and increased the amount of additive used in asphalt mixture
compared to wet method become the main factors to many researchers to interest in
dry method application [16].

Waste plastic polyethylene is a non-biodegradable product and such a worrisome
problem due to its improper disposal at landfills due to the high demand of plastic
users in daily life [17]. This worldwide issue caused the use of waste plastic as
an additive in asphalt mixture received well attentions in many kinds of research.
Based on previous studies, the use of waste plastic polyethylene type High-Density
Polyethylene [18] and Low-Density Polyethylene [19] increased resistance to perma-
nent deformation and better moisture damage under high traffic loads and in hot
climate countries [20, 21] due to its high rigidity [22]. More than that, the applica-
tion of the dry method increased by about 0.43% the use of waste plastic in asphalt
mixture compared to the wet method. Treated waste plastic was more rough and
porous surface than non-treated plastic, which gave high potential in increasing the
interaction between the additive and asphalt materials during the dry method. It also
increased the amount of waste plastic by about 0.36% by weight of the total mixture
compared to non-treated plastic [23].

In this study, the effects of moisture damage sensitivity of the asphalt mixtures
incorporating treated plastic additives were evaluated. The significance of this study
was to improve the performance of asphalt mixture and enhance the use of waste
plastic in asphalt mixture as an alternative to reduce the environmental problem
regarding excessive and improper disposal of waste plastic at landfills. It is not only
contributed to the global warming issue but also a health issue.
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2 Experimental Work

2.1 Materials

Aggregate and asphalt binder. Aggregate with gradation nominal maximum aggre-
gate size 14 mm (AC 14) as shown in Fig. 1 from Hanson Quarry Sdn Bhd was used.
For asphalt binder, 60–70 penetration bitumen was used from Kemaman Bitumen
Company. The properties of bitumen were listed in Table 1.

Additive. The additive was supplied by Ahn Vertex Sdn Bhd. Waste plastic
polyethylene additive wasmade by thewaste plastic bag. The additive was physically
treated (grafting method) and specially designed in powder form as shown in Fig. 2,
size passes through sieve size 0.425 mm. The melting temperature was 104.3 °C.

Fig. 1 Aggregate at AC14 gradation

Table 1 The bitumen
properties

Properties Results

Density (g/cm3) 1.03

Penetration (PEN) at 25 °C 60.9

Softening point ( °C) 50

Viscosity (Pa.s) 0.7 at 135 °C

Dynamic shear rheometer, G*/sin δ (kPa) 1.685 at 64 °C
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Fig. 2 Treated Plastic (TP)
additive

2.2 Sample Preparations

All samples were prepared according to ASTM D 6926-10 [24] with an average
height of 65 mm and a diameter of 100 mm. The heated aggregate was mixed with
treated plastic (TP) content (0, 0.25, 0.50, 0.75, and1.0%byweight of total aggregate)
before hot bitumen with optimum bitumen content 4.9% was added under mixing
temperature ±180 °C. Each sample was compacted with 75 blows per face using
a Marshall compactor at temperature ±145 °C. Compacted samples had cooled to
room temperature for a day before mechanical tests were performed.

2.3 Marshall Stability and Flow Test

According to ASTM D6927 [25], the Marshall test was conducted by a universal
compressive machine, as shown in Fig. 3. For prior, all samples were immersed in
the water bath for 45 min at a temperature of 60 °C. The conditioned samples were
tested with a maximum load at a constant loading rate of 50.8 mm/minute to measure
the stability. The load applied was increased until it reached a maximum of stability
and flow then the load began to decrease. The properties were compared with Jabatan
Kerja Raya’s specification [26].
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Fig. 3 Universal
compression machine with
Marshall loading fixture

2.4 Moisture Damage on Compacted Mixtures

Immersion Marshall Test. According to ASTM D1075 [27], six samples were
prepared similar to the Marshall sample and divided into two subsets with three
samples each. One subset was soaked in the water bath at 60 ± 1 °C for 30 min.
Another subset was soaked in the water bath at 60± 1 °C for 24 h and designated as
conditioned samples. All samples were then loaded to failure with applied load to the
sample at a constant compression rate of 50± 5 mm/min using a universal compres-
sion machine, designated as unconditioned samples. Retained Marshall stability
(RMS) was calculated based on Eq. (1). RMS value represented the possibility of
moisture damage occurred in the asphalt mixture.

RMS = MS2
MS1

× 100% (1)

where,

MS2 The average Marshall stability for conditioned samples, kN.
MS1 The average Marshall stability for unconditioned samples, kN.
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Tensile Strength Ratio Test. According to ASTM D4867/D4867M [28], six
samples were prepared for each mixture design with a similar procedure in prepara-
tion of Marshall mix design and compacted to void content to 7 ± 1% and also was
divided into two subsets with three each. One subset was conditioned at a constant
temperature of 25± 1 °C in thewater bath for 20min and labelled as dry samples. For
another subsetwas conditioned under 35 kPa pressure by the vacuumpump to achieve
the saturation level between 55 and 80%. After that, the samples were immersed in
the water bath at 60 ± 1 °C. After 24 h, the samples were then conditioned with a
soaked water bath for 1 h at 25 ± 1 °C.

Then, indirect tensile strength (ITS) was determined as referred to ASTM D6931
[29]. The dry and wet conditioned samples were placed at two parallel blades, and
uniform tensile stress with constant diametral load at 50 mm/min was applied, as
shown in Fig. 4, until the maximum load was reached. The maximum load was
recorded.

Indirect Tensile Strength (ITS) was determined. Each sample was placed under
pressure load by two parallel blades of the machine and underwent uniform tensile
stresswith constant diametral load at 50mm/minuntil themaximum loadwas reached

Fig. 4 Universal
compression machine with
ITS fixture
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and the maximum load was recorded. The maximum load was recorded, and the
tensile strength ratio (TSR) was calculated by Eq. (2). TSR value indicated the effect
of water on the tensile strength of the asphalt mixture.

T SR = I T Swet conditioned

I T Sdry conditioned
(2)

3 Results and Discussions

3.1 Marshall Stability and Flow Test

Table 2 summarizes the result of Marshall properties for all mixtures. All mixtures
met all the JKR specifications except 1.0% of TP content, which failed in flow value.
The data shows that the stability, flow, and stiffness reduced when 0.25% of TP
content was added to the asphalt mixture, yet increasing as the TP content increased.
However, the stability and stiffness decreased when the TP content was added more
than 0.75%. On the other hand, the VTM value slightly increased, while the VFB
value decreased as the TP content increased except 1.0% of TP content. These results
depicted that the mixture became more viscous and harder as TP content increased,
which can be related to its higher stability and stiffness value [30]. Overall, 0.75%TP
content was selected as the optimum content, although 0.25 and 0.50% TP content
also met all the requirements. It is because 0.75% showed a greater improvement
with 12 and 5% in stability and stiffness performance than other mixtures. Moreover,
based on these findings, it can be suggested that treated plastic by dry process showed
consistency in Marshall performance due to its finer size and porous surface led to
well dispersion into binder matrix during the mixing process. In addition, its low
melting temperature compared to mixing temperature made the TP additive easily
melt with less effort in a short period.

Table 2 Validation of Marshall mixture specification

JKR specifica-
tion [26] 

Stability, 
kN

Flow, 
mm

Stiffness, 
kN/mm

Void in total 
mix (VTM), 

%

Void filled 
with bitumen 

(VFB), %
> 8.0 2.0– 4.0 >2.0 3.0 – 5.0 70– 80

0 % (Control) 15.89 3.5 4.54 4.0 74
0.25 % 12.53 3.0 4.25 4.3 72
0.50 % 13.21 3.2 4.18 4.6 71
0.75 % 17.72 3.7 4.75 4.8 70
1.0 % 16.96 4.1 x 4.14 4.9 74
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Table 3 Summary of control and TP mixture for immersion Marshall test

Type of
mixture

Bulk
specific
gravity

Air
voids,
%

Stability
30 min at
60 °C
MS1 (kN)

Flow F1
(mm)

Stability
24 h at
60 °C
MS2 (kN)

Flow F2
(mm)

RMSF, %
(MS2/F2)
(MS1/F1)

RMS,
%

Control 2.344 4.0 15.90 3.5 14.90 3.5 93.7 93.7

0.75%TP 2.342 4.8 17.72 3.7 15.23 3.4 93.5 86.0

3.2 Moisture Damage on Compacted Mixtures

Immersion Marshall Test. Table 3 summarizes retained Marshall stability (RMS)
and retained Marshall stability and flow (RMSF) for the conditioned and uncondi-
tioned mixture. Meanwhile, Fig. 5 illustrates the graph of Marshall stability at both
conditioned, while Fig. 6 plots the RMS and RMSF value for 0.75% TP mixture
compared to the control mixture.

Based on Fig. 5, as expected, a 0.75% TP mixture showed insignificant higher
of MS1 and MS2 for both conditioned and unconditioned mixture than the control
mixture. However, by referring to Fig. 6, the RMS value of 0.75% TP mixture was
lower than the control mixture. Simultaneously, the RMSF value of both mixtures
showed an insignificant difference. Higher RMS value indicated high resistance to
moisture damagewhen intrusion bywater [31]. Although 0.75%TPmixture obtained
lower RMS value than control mixture, higher RMS value with more than 75%
indicated high resistance to moisture damage. These findings can be suggested that
the addition of 0.75% of TP content in the mixture increased the internal strength due
to its higher inMS1 andMS2 even though the performance to resist moisture damage

Fig. 5 Marshall stability at 60 °C for 30 min and 24 h of control and 0.75% TP mixture
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Fig. 6 RMS and RMSF value of control and 0.75% TP mixture

was slightly lower than the control mixture. It can be related to the properties of
polyethylenewhere themolten polyethylene caused stiffen the binder when polymer-
binder interaction occurs during the mixing process [32].

Tensile Strength Ratio Test. Figures 7 and 8 present the comparison of ITS and
TSR value for wet and dry conditioned control and 0.75% TP mixture, respectively.
Tensile strength of dry and wet conditioned generally increased when 0.75% of TP
content was used. The increase in wet conditioned strength was less than the increase
in dry conditioned strength for both mixtures. Concurrently, the TSR value of 0.75%
TP mixture was slightly higher than the control mixture, represented its moisture

Fig. 7 ITS value of control and 0.75% TP mixture
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Fig. 8 TSR value of control and 0.75% TP mixture

resistance of mixture increased. Notably, the TSR value of more than 0.80 depicted
that themixture was good in resistingmoisture damage. The serviceability of flexible
pavements improved when the resistance to moisture damage higher [33]. Despite
that, the higher average ITS and TSR value of 0.75% TP mixture can be related
to its higher stability and stiffness performance. It can be reviewed, the addition of
polymer additive increased the strength of the mixture due to its higher adhesion of
binder and additive to the aggregates, thus good bonding between the materials [9,
34].

4 Conclusions

Based on the findings, as compared to the control mixture, it can be concluded that:

(a) Marshall properties showed 0.25, 0.50 and 0.75% met all the specifications.
0.75% TP mixture was selected as the optimum content due to an increase in
stability and stiffness with 12 and 5%.

(b) The addition of 0.75% of TP content in the mixture showed lower RMS and no
improvement in RMSF value indicated the mixture slightly more susceptibility
to moisture damage than the control mixture. However, the RMS and RMSF
values of more than 75% represented the mixture still good in resistance to
moisture damage, which can be related to its higher strength of mixture due to
its higher stability in both conditioned.

(c) 0.75%TPmixture had higher ITS and TSR values, indicating that themixture’s
moisture resistance increased due to its higher tensile strength against water
intrusion in the mixture than the control mixture.
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In a nutshell, the addition of TP improved the moisture resistance in the asphalt
mixture. Hence, the road service life can be increased. The finding enhanced the use
of waste plastic in asphalt mixture to produce sustainable roads, thus reducing the
environmental problem. However, it is recommended to study further on stripping
resistance and the mixture’s performance using nano-size of TP additive in detail.
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Efficient Numerical Methodology
for the Determination of Thermal
Conductivity of Asphalt Mixtures

Huichen Wang, L. Chu, Lei He, and T. F. Fwa

Abstract Despite the importance of the thermal conductivity (k) to the study of
pavement thermal behaviors, it is still a challenging task for engineers to come up
with an efficient method for its determination without laborious laboratory measure-
ments. Recently some computer-aided approaches were proposed to overcome the
mentioned difficulty but still suffered from time-consuming and inefficient computa-
tion. This study presents a hybrid methodology for the determination of k value with
a totally automatic program, employing genetic algorithm (GA) to achieving efficient
model calibrations, coupled with the finite element simulation tomake estimations of
the thermal conductivity of the asphalt mixtures. The improved performance of the
proposed method is demonstrated by a 2-D row-column structure model example
to achieve a higher accuracy and efficiency existing approaches under the same
conditions.

Keywords Asphalt concrete · Thermal conductivity · Finite element method ·
Row-column model

1 Introduction

As one of the key properties of asphalt concrete, thermal conductivity has a major
influence on the temperature field in an asphalt pavement structure [1, 2]. The struc-
tural response of an asphalt pavement is affected by daily and seasonal temperature
variations because of the viscoelastic characteristics of asphalt binder [3, 4]. Hence,
to better address the issues of cracking and rutting of asphalt pavements, the thermal
conductivity of asphalt mixtures has been a key material property of interest for in-
service pavement performance research [5, 6]. Besides the analysis of load-induced
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pavement response under different temperature conditions, it permits one to deter-
mine not only the time window for effective compaction [7, 8], but also the required
cooling period before opening to traffic [9–11] in actual construction.

The thermal conductivity k of a heterogeneous material is determined by its
composition. Instead of experimental methods, researchers have made numerous
attempts to predict k by means of mathematical modelling [12]. There are five basic
models developed: specifically, the Series, the Parallel, the Maxwell-Eucken and
the Effective Medium Theory (EMT) [13, 14]. As for the domain of asphalt paving
mixtures, numerical models have recently emerged as a promising tool for accurate
determination of the temperature field in a pavement structure.

In recent years, finite element methods (FEMs) have been successfully applied
by researchers to perform thermal analysis of engineering materials. Islam et al. [15]
made use of cylindrical specimens of asphalt mixtures with 150 mm in diameter and
170 mm in height for laboratory testing. Compared to the results of experimental
data, they validated the feasibility of FEM for thermal conductivity prediction with
a promising agreement between these two results. This approach, however, is not
practically suitable for pragmatic application because of the excessive reliance on
testing, which suffers from the requirement of special devices that are usually not
commonly available in standard pavement engineering laboratories. In addition, since
the changes of air void content of asphalt pavement during its service phase, the
corresponding thermal conductivity would vary with time, which calls for a large
amount of experimental testing that has to be done formonitoring the varying thermal
conductivity.

In view of the predicament of laboratory testing, Chen et al. [16, 17] conducted
their studies by only using finite element models. They achieved a satisfying agree-
ment betweenpredictions and actualmeasurement valueswith errors generallywithin
10% under the condition of a steady-state one-dimensional heat transfer. The very
similar study by Mirzanamadi et al. [18] also reported satisfactory estimates of k
for asphalt mixtures by using 2-D model of asphalt mixtures with aggregates of
circular cross sections, different from the polygonal aggregates in Chen’s method
[16]. These two approaches share the same time and effort consuming step of gener-
ating microstructures of an asphalt mixture. The effectiveness of the FEM thermal
conductivity determination approach has been exemplified by Chu et al. [19, 20].
They indicated that the microstructure of asphalt structure made no difference theo-
retically to the overall effective thermal conductivity. Using the commercial software
ABAQUS [21], they adopted a straightforward row-columnFEMheat transfermodel,
coupled with genetic algorithm (GA) to realize the k prediction of an asphalt mixture
with any air void ratio. Finally, they reported excellent results with lower error rates
and higher efficiency compared with Chen’s method [16] under the same condition,
which throws light on the application of thermal conductivity determination at prac-
tice. Despite the success of the application of row-column FE model, there is still
room for improvement in their study as follows:

1. The software Matlab [22] and ABAQUS [21] are not compatible, leading to a
low efficiency because of the required manual participation in the GA cycles.
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2. The procedure is not friendly to untrained operators.

To overcome thementioned difficulties, this study proposed a hybridmethodology
for FEM determination of k value with an integrated framework to make better
estimations of the thermal conductivity of the asphalt mixtures.

2 Objective

The proposed analysis was based on the conceptual framework proposed by Chu
et al. [19, 20]. The objective of this paper is to improve the computational efficiency
of their 2-D model and lower the training requirements for users in determining
the thermal conductivity of an asphalt mixture. This approach planted a novel GA
scripts (in Python computer language) into the software ABAQUS [21], achieving a
totally automatic computation processwith only limited necessary parameters, which
significantly reduced the difficulty in practical applications, as well as the processing
time and manual participation required.

3 Framework of Hybrid GA-FE Methodology

The proposed hybrid GA-FE framework (depicted in Fig. 1) begins with setting the
k ranges of asphalt and aggregate, while the k of air is considered as a constant at
a given temperature. The percentages by volume of asphalt binder, aggregates and
air voids are also required as inputs to the models generating. With the required
parameters input, the program would generate a regular row-column finite element
mesh to represent the body of asphalt mixture modeled using the finite element
software ABAQUS [21]. The row-column model is generated by making random
volume-based assignments of the cells to asphalt, aggregate and air based on their
percent shares by volume in the asphalt mixture. Each of the cell is assigned the
appropriate k value of the constituent assigned to it. Although the asphalt mixture
model is represented by three constituents in the examples in this paper, the proposed
approach can be easily extended to asphalt mixtures with more constituents.

GA is a computational method based on an analogy to natural selection and
biological evolution, aiming to finally identify the ‘fittest’ solution (i.e. the best
solution). The fittest solution is evaluated by means of a fitness function. The fitness
function of the GA formulation is defined to minimize the errors of the predicted k
value of the asphalt mixture. The optimization process of GA is essentially a search
process by generating new trial solutions (known as offspring solutions) through GA
operations such as crossover andmutation of trial solutions.GA trial-and-error search
process continues until a predefined termination criterion, i.e. a pre-determined value
of fitness function, is reached. The final solution with the ‘fittest’ fitness function
gives the output k value of the asphalt mixture.
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Fig. 1 The framework of hybrid GA-FE methodology

4 Determination of Asphalt Mixture Thermal Conductivity
k

4.1 Random Assignment of Element Properties

For illustration, regular row-column models (as depicted in Fig. 2a) with 100 ×
100 mm in dimensions with uniform regular mesh elements each measuring 1 ×
1 mm are adopted in this paper to illustrate the calculation process of the proposed
approach. Two steps are involved. The first step is to determine the number of cells
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Fig. 2 Random assignment of element properties

that will be occupied by volume proportion of each constituent of the asphalt mixture
considered. For example, in a 10,000 cells model with volume shares of 15% asphalt
binder, 80% aggregates, and 5% air voids.

The cell numbers of the three constituents are 1500, 8000 and 500, respectively.
The second step is to randomly assign the three constituents to the cells according
to their volume shares, and each cell to its corresponding constituent property, as
shown in Fig. 2b. After these two steps, the model is ready for thermal analysis.

4.2 Finite Element Thermal Analysis

The commercial software ABAQUS [21] was used to analyze the finite element
model. For the purpose of determining k, the problem of 2-D steady-state heat
conduction is considered. As shown in Fig. 3, plate A and plate B, which firmly
located on the upper and lower sides of the model, are held at constant temperatures
of TA and TB respectively, while the other two sides are completely insulated from
heat transfer. Due the temperature differential between the two plates, heat conduc-
tion will take place under the defined conditions, which can be appropriately solved
by Fourier’s law [23]. In a given cell i with its thermal conductivity ki, heat flux can
take place in x- and y-directions, respectively. The heat flux of each cell i at a given
direction can be calculated as follows:

qyi = −k j
∂T

∂y
qxi = −k j

∂T

∂x
(1)

where qxi and qyi represent the heat flux (W/m2) in x direction and y direction
respectively, kj is the thermal conductivity (W/m·K) of the cell, T is the temperature
in degree K. In this example, the one-dimensional heat transfer is in the y direction,
the corresponding equations are as follows:
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Fig. 3 Schematic diagram of 2-D heat conduction model

Q =
∑m

j=1 qyjw j

W
(2)

k = QL

T1 − T2
= L · ∑m

j=1 qyj · w j

W (T1 − T2)
(3)

where Q (W/m2) is the total heat flux accepted by plate B, the heat flux of each cell
j in the y direction is represented as qyj with its width wj (m), W (m) is the width of
model, L represents the distance between plate A and plate B in degree m, and T1
and T2 represent the temperatures of plate A and plate B respectively.

5 Genetic Algorithm Formulation in Model Calibration

5.1 Genetic Representation of the Variables

The GA program presented in this example is for solving a problem in the most
general case that the k values of asphalt and aggregate are unknown but the k values
of asphalt mixtures with different asphalt-aggregate volume shares are known. The
most distinctive feature of GA is that the variables of interest are represented by a
string structure of numeric code known as genes, which are usually in either binary
form or integer form. Different genes are concatenated to from a set of strings known
as chromosome, which can be simply regarded as a set of solutions to the problem



Efficient Numerical Methodology for the Determination … 697

Fig. 4 Chromosome structure with k1 of asphalt and k2 of aggregate (rij represents the jth numeric
code of the ith value k)

studied. This problem has two main variables to be determined: k1 of asphalt and
k2 of aggregate as shown in Fig. 4. The values of k would vary with the genetic
operations conducted by their chromosome like mutation and recombination during
the generation of population. Some constraints must be considered to obtain the
expected results. Specifically, the allowable ranges of k values of asphalt and aggre-
gate respectively must be specified. This study takes the k of air as 0.026 W/m·K
at 25 °C, the k of PG58-34 asphalt as 0.25 W/m·K, and the ka of crushed gravel
aggregates within the range from 1.73 to 3.98 W/m·K [19].

5.2 Generation of Initial Population

The GA optimization process requires to be driven by an initial pool of population,
which is generated by random selection of ka values from the preset interval of
variables. In this example, the program will keep randomly picking ka values from
the allowable range until the number of initial population is reached.

5.3 Fitness Function

The fitness function is to evaluate the difference between the measured and predicted
values. Considering that individuals with higher fitness will have a greater chance of
survival, the fitness function is defined as follows:

f =
∑N

n=1

1

|PredictedKn − MeasuredKn| (4)

where f is the total fitness of overall models to current solution of k values.
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5.4 Genetic Operations

Genetic operations consist of selection, mutation and recombination as shown in
Figs. 5 and 6. Each of the operations is conducted with a specified probability for
the purpose of selecting the best individual during every population of generation,
leading to the convergence of variables to the problem. Genetic operations result in
changes in the string sequence of genes,which in turn influence the values represented
by them. Evaluation is performed to measure the adaption of each individual that
will be ranked by its fitness value for selection, after which offspring is generated.

Fig. 5 Mutation of gene

Fig. 6 Recombination of chromosome
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5.5 Parameters of GA

There are totally four process parameters of GA in this study: recombination
probability, mutation probability, number of generations and size of population.

The probabilities of recombination and mutation ensure the searching efficiency
and the finding of global instead of local optima. While mutation is usually a small
probability event in the process, it is of essence in the case of a small population,
in which recombination alone cannot produce high quality offspring. The size of
population represents the number of attempting solutions in each cycle of the GA
process. Besides, a stopping criterion is required for terminating the GA program. It
is usually either the cycle when the objective function is achieved, or the maximum
number of iteration generations defined by the user.

6 Results and Analysis

For illustration of the influence ofGAparameters on the optimization calculation, this
example considered a recombination probability of 0.8 and a mutation probability of
0.5 with different generation numbers and population sizes. As shown in Table 1, the
final adopted number of generations is 5 and the size of population is 20 to achieve
a balance between computing time and accuracy of calculation. Group 1 shows the
adjustment of parameters for better calculation performance, while group 2 contains
the repeated prediction under the same conditions to validate the robustness of the
GA formulation.

The detailed comparison of the resultswith those ofChu et al. [19] are summarized
in Table 2. The measured values were from the experimental work from Mrawira
and Luca [24]. For the problem in this study, all the simulation runs were carried
out on a 3GHZ CPU workstation with 64 GB memory. It can be seen from Fig. 7
that these two lines of results practically coincide with each other, both indicated

Table 1 Simulation results

Group GA parameters Results

CBPB MTPB NGEN POPS Time (min) Average error rate (%)

1 0.8 0.5 10 30 2038 4.28

0.8 0.5 10 20 1444 4.25

0.8 0.5 5 20 703 4.31

2 0.8 0.5 5 20 711 5.27

0.8 0.5 5 20 705 4.22

0.8 0.5 5 20 698 4.46

Note CBPB—Recombination probability, MTPB—Mutation probability; NGEN—Number of
generations; POPS—Size of population
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Table 2 Results comparison with Chu et al. [19]

Property Asphalt mixture

CG1a CG1b CG1c CG1d CG2a CG2b CG2c CG3a CG3b CG3c CG3d

% Vair 7.8 5.5 3.8 3.4 7.2 5.0 3.1 8.2 5.5 4.2 3.6

% Vasphalt 13.9 14.2 14.5 14.5 14.0 14.3 14.6 13.8 14.2 14.4 14.5

% Vagg 78.3 80.3 81.7 82.1 78.8 80.7 82.3 78.0 80.3 81.4 81.9

Measured
k
(W/m·°C)

1.70 1.79 2.01 2.07 1.69 1.76 2.11 1.84 1.87 1.96 1.98

Results in
Chu
(W/m·°C)

1.80 1.90 1.96 1.98 1.84 1.91 2.00 1.79 1.90 1.96 1.98

Results in
this paper
(W/m·°C)

1.81 1.90 1.97 1.99 1.84 1.93 1.99 1.81 1.90 1.95 1.98

NoteVair, Vasphalt, Vagg refer to volume-based proportion of air, asphalt and aggregate respectively.
Data from asphalt mixture with crushed gravel aggregate by Mrawira and Luca et al. [24]

Fig. 7 Thermal conductivity values of CG mixtures

acceptable accuracy in predictions. The average error rate of this proposed method is
slightly lower than that of Chu et al. [19] with 4.22% compared to 4.25%. It is noted
that the method in this study only took about 11 h and 45 min on average, which is
substantially more efficient in comparison with Chu et al.’s 48 h or longer.
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7 Conclusion

This article has presented a proposed framework of hybrid GA-FE methodology for
the numerical determination of thermal conductivity of asphalt mixtures, with the
aim to improve the efficiency of calculation and reduce the manual participant in the
procedure as far as possible. A totally automatic program has been developed to plant
the GA optimization procedure into ABAQUS software calculation process to realize
the iterative loop of GA and FE for the optimization search of the ‘fittest’ solution for
k of the asphalt mixture studied. Examples has been presented to demonstrate to the
much efficient performance of this method compared to the original solution process
of Chu et al. [19]. The results suggest that the proposed method is much more user
friendly, and could achieve higher efficiency with no loss in accuracy prediction,
both of which are of high significance for practical applications.
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Influence of Surface Treated
Montmorillonite Nano Clay on Oxidative
Aging Properties of Bitumen

Sidharth Kumar Patra, Mahabir Panda, and Aditya Kumar Das

Abstract The present study was undertaken to address the influence of surface-
treated Montmorillonite Nano Clay (MNC) on aging and temperature susceptibility
of base bitumen. This study used a control VG-30 grade bitumen as base binder with
different percentages ofMNC byweight of bitumen (3–6% at an increment of 0.5%).
Surface modification of MNC was done with Octadecyl amine and Aminopropyl-
triethoxysilane. The binder’s aging susceptibility was characterized using different
aging indices determined based on conventional and performance parameters. The
outcome of the aging indices indicates a significant improvement in temperature and
aging resistance potential of base bitumen with the incorporation of NC. It can also
be stated that an increase in aging resistance can be effective in delaying the interme-
diate temperature cracking of bitumen. The overall study inferred that the addition
of MNC can be considered to sustain bitumen’s oxidative aging.

Keywords Bitumen · Montmorillonite Nano clay · Temperature susceptibility ·
Aging resistivity

1 Introduction

Oxidation of bitumen is considered one of the common reasons for early attainment
of cracking in the bituminous pavement at intermediate temperature conditions. In
general, a conventional bitumen may not sustain the cracking by reducing the aging
impact subjected to a wide range of traffic loading and extreme climatic circum-
stances. Adverse field conditions profoundly influence the aging of bitumen, which
makes the bitumen a stiffer binder [4, 9]. Thus, the stiffer bindermay sustain the high-
temperature rutting/permanent deformation; whereas, a binder with high stiffness
may susceptible to intermediate temperature cracking.
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Many additives/modifiers (e.g., polymers, crumb rubber, hydrated lime,
polypropylene acids, rejuvenators, etc.) have been utilized to overcome such a
problem through modification of bitumen [3, 8, 13]. However, phase separation
between modifiers and bitumen has been reported as a serious concern. On the
other hand, recent developments in research works helped to identify nanomate-
rial’s’ utilization, and are considered as answer for preparing a good-performing
bitumen binder. Nanomaterials are known to be very popular in the civil engi-
neering applications as they have the high surface area and high surface energy
that help in developing a higher number of interaction points in the bitumen matrix
and hence, enhance the long-term performance of bitumen and bituminous mixes.
Among different nanomaterials, Nano clay, Nano hydrated lime, carbon nanotubes,
and Nano silica have gained significant interest as they have the beneficial impact in
enhancing the performance of bitumen [1, 7, 10, 12].

Moreover, previous studies have reported nanomaterials’ potential impact in
addressing the rheological issues as they possess high functional density, high strain
resistance, and higher catalytic properties [6, 11, 14]. Similarly, Montmorillonite
Nano clay (MNC) has received considerable attention in pavement engineering as it is
readily available and environment friendly. However, the effects of MNC are limited
to preliminary studies which merely explain the influence on aging and temperature
susceptibility of bitumen. These issues have motivated the authors to carry out the
present study. This study presents a laboratory investigation related to surface-treated
Montmorillonite Nano clay on aging susceptibility of bitumen using conventional
and rheological studies. The aging behavior ofMNCmodified bitumenwas evaluated
using different aging indices based on various physical and rheological properties.
Overall, extensive laboratory studies were taken up in order to develop a sound
ground on the effectiveness of MNC on the aging susceptibility of bitumen at high
and intermediate temperature conditions.

2 Materials

Acontrol viscosity gradebitumen (VG-30) and surface treatedMontmorilloniteNano
clay (NC) were selected. These two materials were collected from local sources. The
basic properties of VG-30 and NC are presented in Tables 1 and 2 respectively.
The surface modification of MNC was done with 15–35% (by wt.) octadecyl amine

Table 1 Basic properties of VG-30 bitumen

Properties Penetration
(dmm) at
25 °C

Softening
point, °C

Ductility, cm at
25 °C (RTFO
sample)

Absolute
viscosity, P

Kinematic
viscosity, cSt

Result 60 47.5 ≥100 2689.3 367.2

Criteria (IS
73, 2013)

≥45 ≥47 ≥75 2400–3600 ≥ 250
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Table 2 Basic properties of
surface modified
Montmorillonite Nano clay

Properties Appearance
(colour)

Size Density

Specification White to off white
powder

≤20 μ 200–500 kg/m3

and 0.5–5% (by wt.) aminopropyltriethoxysilane. The surface-treated MNC shows
a highly intercalated and exfoliated structure, and can help in uniform dispersion in
the bitumen matrix. Additionally, the exfoliated layers may act as an oxygen barrier
that can increase the aging resistance of the bitumen [2].

The required quantity of preheated MNCwas added to preheated VG-30 bitumen
at 155± 5 °C, and stirred using a shearmixer at a speed of 4000 rpm for about 1 h. The
mixing temperature and time were framed based on the literature on nanomaterials
[1, 5]. Dosages of MNC that were added to bitumen were varied from 3 to 6% at
an increment rate of 0.5%. The initial trials on dosages of MNC indicated that the
addition of MNC up to 2.5% by weight of bitumen did not result in a significant
change in the performance parameters. A total of eight different bitumen binders
were prepared and referred as: VG-30 (control bitumen), NC 3 (VG-30 + 3% NC),
NC 3.5 (VG-30 + 3.5% NC), NC 4 (VG-30 + 4% NC), NC 4.5 (VG-30 + 4.5%
NC), NC 5 (VG-30 + 5% NC), NC 5.5 (VG-30 + 5.5% NC), and NC 6 (VG-30 +
6% NC). The conditioning exercise of bitumen specimens was done to simulate the
service conditions of bitumen in the field and to understand the impact of MNC on
bitumen aging resistance. The short-term aging (STA) was done using a Rolling Thin
Film Oven (RTFO) as per ASTM D 2872, and long-term aging (LTA) of bitumen
was done using a Pressure Aging Vessel (PAV) as per ASTM D 6521.

3 Experimental Program

3.1 Aging Behavior of Bitumen Binder Using Aging Indices

The aging susceptibility properties of modified and unmodified bitumen were eval-
uated using aging index (AI) values. It has been reported that bitumen exhibiting
relatively less value of AI is known to be less susceptible to aging and vice versa
[3]. The determination of aging indices based on different parameters of bitumen
samples are discussed hereafter.

Increase in Softening Point This study considered the increase in softening point
(tested as per ASTM D 36) of unaged and short-term aged bitumen specimen to
understand the influence of MNC on aging susceptibility of bitumen and was given
in Eq. (1).

�T = T1 − T0 (1)
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where T0 and T1 are softening points of unaged and short-term aged bitumen
specimens, respectively.

Ductility Retention Rate This study determined the ductile aging index as a ratio
of ductility values of bitumen before and after short-term aging condition, and is
expressed as in Eq. (2).

DRR = D1/D0 × 100 (2)

where D0 and D1 are ductility values of unaged and short-term aged bitumen
specimens respectively.

Activation Energy Aging Index Activation energy parameter is an indication
of temperature susceptibility of bitumen based on viscosity measured at elevated
temperature conditions. This study determined the change in activation energy using
Eq. 3 to evaluate the aging index values.

EAI = (Ea1 − Ea0)/Ea0 × 100 (3)

where Ea0 and Ea1 are activation energies of unaged and short-term aged bitumen
specimens respectively.

Rutting Parameter Aging Index The rutting parameter (G*/Sinδ) infers the rutting
resistance propertywith respect to bitumen’s stiffness at high-temperature conditions.
This study evaluated aging index as a ratio of the G*/Sinδ of unaged and short-term
aged bitumen samples, tested as per ASTM D7175.

AI =
∣
∣(G∗/Sinδ)aged

∣
∣

∣
∣(G∗/Sinδ)unaged

∣
∣

(4)

where (G*/Sinδ)unaged and (G*/Sinδ) aged are rutting parameters of bitumen specimens
before and after short-term aging respectively.

Non-recoverable CreepComplianceAging Index Non-recoverable creep compli-
ance (Jnr) implies the permanent deformation resistance of bitumen at high-
temperature conditions. This study evaluated aging index as a ratio of Jnr of unaged
and short-term aged bitumen samples, tested as per ASTM D7405.

AI =
∣
∣(Jnr)aged

∣
∣

∣
∣(Jnr)unaged

∣
∣

(5)

where (Jnr)unaged and (Jnr) aged are rutting parameters of bitumen specimens before
and after short-term aging respectively.

Fatigue Parameter Index The fatigue parameter (G*Sinδ) implies the fatigue
damage resistance of bitumen at intermediate temperature conditions. This study
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evaluated aging index as a ratio of the G*Sinδ of unaged and long-term aged bitumen
samples, tested as per ASTM D7175.

AI =
∣
∣(G∗ Sinδ)aged

∣
∣

∣
∣(G∗ Sin δ)unaged

∣
∣

(6)

where (G*Sinδ)unaged and (G*Sinδ) aged are rutting parameters of bitumen specimens
before and after long-term aging respectively.

Carboxyl Index Carbonyl index is determined for the base binder to understand the
impact of short-term and Long-term aging on base bitumen. An increase in carbonyl
index encourages a decrease in ductile behavior and an increase in brittleness in
the bitumen property. This study evaluates the carbonyl index using absorbance vs
wavenumber plot and using Eq. (7).

IC=0 = area of the carbonyl band centred aroundwavenuber 1690−1740 cm−1

area of he spectral bands between 2000 and 600 cm−1
(7)

where Ic=0 is the carbonyl index of the bitumen specimens.

4 Results and Discussions

4.1 Increase in SP (ISP)

Bitumen exhibiting a comparatively lower ISP value indicates a lower degree of aging
susceptibility and vice versa. Figure 1a shows the change in ISP values over increase
in MNC dosages. The addition of MNC to base bitumen resulted in a decrease in ISP
value. For example, the ISP value for the base bitumen (VG-30) is 4.57 °C, which

Fig. 1 aVariations of ISP overMNCdosages, b variations of DRR overMNCdosages, c variations
of EAI over different MNC dosages
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decreased to 2.4 °C for bitumen with 6%MNC. Such a resulting trend in ISP implies
that MNC can increase the aging resistance of base bitumen.

4.2 Ductility Retention Rate (DRR)

Bitumen having a relatively higher DRR value indicates a lower degree of aging
susceptibility and vice versa. Figure 1b shows the change inDRRvalues over increase
inMNC dosages. It was noticed that the addition ofMNC to base bitumen resulted in
an increase in DRR value. For instance, the DRR value for the base bitumen (VG-30)
is 75%, which increased to 94% for bitumen with 6%MNC. Such a resulting trend in
DRR values implies that MNC can increase the aging resistance of base bitumen. It
can also be stated that an increase in aging resistancemay help the bitumen to improve
the ductile behavior and thus, the early attainment of cracking can be delayed.

4.3 Activation Energy Aging Index (EAI)

The activation energy has a good correlation with the temperature susceptibility of
bitumen.Bitumenwith a relatively higher value of activation energypossesses a lower
degree of temperature dependency. It is observed from this study that the addition of
MNC decreased the temperature susceptibility of base bitumen. Besides, lower the
activation energy index (EAI), the higher the bitumen’s aging resistance is. Figure 1c
illustrates that increased addition of MNC decreased the EAI value. Consequently,
the temperature susceptibility and aging susceptibility of base bitumen reduced after
the inclusion of MNC.

4.4 Rutting Parameter Aging Index

The aging index (AI) of base and MNC modified bitumen binders was calculated
using Eq. (4) at 46, 52, 58, and 64 °C. Results showed that the AI decreases with
an increase in MNC (Fig. 2), which indicates a lower degree of aging susceptibility
of base bitumen at high-temperature conditions. At 58 °C, the addition of MNC up
to 6%, resulted in a decrease in AI value from 2.02 to 1.61. It is inferred from such
variations in AI value that MNC has the anti-aging ability to improve base bitumen’s
aging resistance. It has been reported that silicate platelet structure of NC helps in
slowing down the effect of oxidation [2]. Similarly, the present study indicated that
addition ofMNC led to decrease in rate of increase in G*/Sinδ value of aged bitumen,
and thus there is a significant improvement in aging resistance with decreasing value
of AI.
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Fig. 2 Variations of rutting parameter aging index over different MNC dosages

4.5 Non-recoverable Creep Compliance Aging Index

The AI of base and MNC modified bitumen binders was determined at 64 °C and
presented in Fig. 3 using Eq. (5). The resulting trend indicated that the AI value
decreaseswith an increase inMNCdosages, implying a lower degree of aging suscep-
tibility of base bitumen. Such a reduced trend in the aging resistance of base bitumen
may be due to the intermolecular structure of exfoliated layers and mineralogical
interaction of MNC with the bitumen matrix. Besides, such a strong interaction
phase may be a favorable condition in decreasing the aging effect, which is evident
from reduction of AI values over MNC dosages. MNC has silicate platelets structure
that might reduce the effect of oxidation and thus, the stiffness of aged bitumen did
not have significant improvement. This resulted in a notable improvement in aging
resistance with decreasing value of AI [2].

4.6 Fatigue Parameter Aging Index

The aging index (AI) based on fatigue parameters was calculated using Eq. (6) at
20 and 25 °C. AI values were found to decrease with an increase in MNC dosages
(Fig. 4), which indicates a lower degree of aging susceptibility of base bitumen at
intermediate temperature conditions. For instance, At 20 °C, the addition of MNC
up to 6% resulted in a decrease in AI value from 2.20 to 1.67. It can be stated
from such variations in AI value that MNC has the anti-aging ability to improve
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Fig. 3 Variations of Jnr aging index over different MNC dosages for 0.1 and 3.2 kPa stress levels

Fig. 4 Variations of fatigue parameter aging index over different MNC dosages

aging resistance of base bitumen. Moreover, such encouraging trends signify that
increase in aging resistance may help the bitumen to enhance the elastic response
at intermediate temperature conditions and thus, the early attainment of cracking
can be delayed. Further, the present study utilizes surface treated Montmorillonite
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Nano clay that possesses highly exfoliated and intercalated structure. Such structure
might help in better dispersion of MNC in the bituminous binder matrix, and as the
exfoliated layers can act as an oxygen barrier it may considerably improve the aging
resistance too [2].

4.7 Carbonyl Index

The carbonyl index of base andMNCmodified bitumen binders was calculated using
Eq. (7), considering both short-term and long-term aging conditions. The Carbonyl
index parameter is considered one of the most influential parameters to evaluate
the oxidative aging impact on bitumen. Lower the carbonyl index is, higher is the
aging resistance of bitumen. Figure 5 illustrates the carbonyl index values of bitumen
binder over different dosages of MNC. The increase in MNC dosages reduced the
carbonyl index of base bitumen, indicating an increase in aging resistance irrespective
of short-term and long-term conditions (Fig. 5).

Fig. 5 Variations of carbonyl index over different MNC dosages for short-term and long-term aged
bitumen binders
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5 Conclusions

In the present study, an attempt has been made to evaluate the influence of surface-
treated Montmorillonite Nano clay on aging susceptibility of bitumen binder asso-
ciated with high and intermediate temperature conditions. Results of aging indices
evaluated based on conventional parameters indicated that the NC modified binder
can effectively be less susceptible to oxidative aging. Aging index based on G*/Sinδ
and Jnr showed improved resistance to oxidative aging for NC modified bitumen.
Consequently, it can be stated that the NC modified bitumen binder can withstand
aging at high-temperature conditions. The resulting values of aging based on fatigue
parameter and carbonyl index of NC modified bitumen binder inferred that the addi-
tion of NC can have an effective contribution in increasing the long-term aging
resistance.
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Physical and Rheological Properties
of Cup Lump Rubber Modified Bitumen

Anwaar Hazoor Ansari, Fauzan Mohd Jakarni, Ratnasamy Muniandy,
Salihudin Hassim, Zafreen Elahi, and Mohamed Meftah Ben Zair

Abstract Pavement with long service life and low maintenance and rehabilitation
costs are favored; thus, the need for high-quality bitumen is growing. This situation
has led to the use of polymers as modifiers to enhance the properties of pavement to
be more resistive to high temperature and stress during service life. Recently natural
rubber in coagulated formhasbeen identified as abiopolymer due to its high resilience
and elastomeric properties. Therefore, this research was conducted to investigate the
physical and rheological performance of bitumen with cup lump natural rubber with
four percentages (3, 6, 9 and 12%) by weight of bitumen. The raw rubber was
processed and treated before blending with bitumen. The modified bitumen was
tested for physical and rheological properties. The incorporation of cup lump rubber
decreased the penetration and increased the softening point. Furthermore, it also
enhances the rheological properties in term of complex modulus (G*) and phase
angle (δ).

Keywords Bitumen · Biopolymers · Natural rubber · Cup lump · Complex
modulus

1 Introduction

The modification of the bitumen for road construction is essential to prolong the
service of roads. The base bitumen cannot accommodate the high stress due to high
traffic volume and axle load [1]. Unfortunately, the distresses starting to appear on
the pavement before reaching the maximum designed service life of the pavement.
Different polymer modifications have been reported overtime for the road industry
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to improve performance [2]. The polymer modified binders can enhance the proper-
ties of the asphalt mixture. The modified binders substantially improve the mixture
properties in term of elasticity, adhesion, cohesion, and stiffness. Among the poly-
mers, bio-renewable polymers are of keen interest of area [3]. One of the renewable
polymers is natural rubber which led to the growing interest in bitumen modification
particularly for the pavement industry [4, 5].

Worldwidemore than 50,000multipurpose products are produced by using natural
rubber (NR) [6]. After the discovery of vulcanization, the NR became a technically
necessary reserve and an essential raw material [7, 8]. NR is produced from a runny,
milky white liquid called natural rubber latex (NRL) that drips from the bark of
tropical and subtropical plants through tapping. Almost 99% of global NR comes
from the tree species Hevea brasiliensis. Mainly, there are two major techniques of
collectingNR; the first is the preservation of latex as a liquid by adding some quantity
of ammonia and proceed to further usage as slabs. The second is collecting latex in
hard form by letting it coagulate in the collection cups by itself or by adding formic
acid to convert to faster to cup lump natural rubber (CLNR) [9, 10].

Most of the research on the incorporation of the NR into the bitumenmodification
was performed in the United Kingdom in the 1950–1960s [11]. NR production has
increased from 6.9 to 13 million metric tons from 2001 to 2017. However, the price
is decreasing since 2011 and is probable to go on to decrease (Board, 2018). The
Variability in the production and price of NR has generated a substantial need for
the alternate consumption of NR [12]. Therefore, the utilization of NR as a modifier
for bitumen can benefit the farmers of the rubber tree and it can enhance the road
performance in a cost-effective way. Conversely, Hevea brasiliensis is essentially
pure poly-cis-1,4 isoprene (comprising 99.9% of cis 1,4 structural units) and its
particles vary in size from 0.15 to 3 mm; it has the chemical formula C5H8 with
a molecular weight of 105–106 Da [13]. Figure 1 shows the chemical structure of
cis-1,4- polyisoprene in NRL extracted from Hevea brasiliensis.

NR is a noteworthy polymer that can be inexpensively incorporate into bitumen
[12]. NR enhance the stability of flexible pavements due to their good tear strength,
and fatigue resistance [14, 15]. Thus, some research-supported NR as a polymer

Fig. 1 Processing of coagulated NR: a fresh cup lump rubber, bwater extraction, c drying of small
pieces of rubber
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modifier due to its good low-temperature properties and insignificant loss of
hysteresis on dynamic loading [15]. Consequently, NR improved the flexible pave-
ment structures and increase the service life span with minimal annual maintenance
[16]. It helps in disintegrating low temperature developed stresses although, at higher
temperatures, it controls the flowof the asphaltmixture by functioning as amembrane
and enhancing the shear strength. Fresh rubber in the form of a cup lump has been
found to modify bitumen as a biopolymer. Raw rubber in the form of a cup lump
has been identified to modify bitumen as a biopolymer. The chemical properties of
CLNR are similar to those of NRL. In addition, CLNR is appropriate for mixing
with bitumen because of its low water content [5].

Additionally, CLR is suitable for mixing with bitumen as of its low water content.
On the other hand, the latex form of natural rubber has 50–60%water. The processing
method of the CLR is quite simple in comparison with the other forms of NR. Due
to the initial phase of implementation and evaluation very less literature is available
on CLR modified binder. However, the implementation of the natural rubber with
different types on the field has already been tried to evaluate the possible techniques
and methodologies [17]. The proper stability and homogeneity of the bitumen and
rubber is the keen concern of the researchers before any field implication of a larger
scale. Conversely, Clearer insight and practices for the cup lump rubber modified
bitumen is required to gain more broad data for the future perspective. This study
objective is to investigate the physical and rheological performance of the CLR
modified bitumen. The bitumen is modified with the incorporation of CLR at 3, 6, 9
and12% by weight of the binder and compared with the base bitumen at intermediate
and high-temperature properties.

2 Experimental Works

2.1 Materials

The 60/70 penetration grade bitumen is used in this study andwas supplied byKajang
rocks groups, Selangor, Malaysia. The coagulated form of natural rubber (cup lump
rubber) was collected from the agricultural farm, Universiti Putra Malaysia. The
cup lump rubber was processed for water extraction and then cut into pieces of size
<2.5 cm. CLR freshly collected has some moisture which was also reduced by air
drying for 48 h and then oven drying at 60 °C for 6 h before using for modification
as shown in Fig. 1. The basic properties of bitumen and rubber used are in Table 1
together with the Jabatan Kerja Raya Malaysia (JKR) specification.
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Table 1 Basic physical properties of 60/70 grade bitumen

Material Properties Testing protocol Specifications Results

60/70 grade bitumen Penetration (dmm) ASTM D5 60–70 62.0

Softening point test (°C) ASTM D36 49–52 46.4

Rotational viscosity @
135 °C Pa s

ASTM D4402 3.0 max 0.377

Specific gravity ASTM D70 - 1.030

2.2 Preparation of the Modified Bitumen

The cup lump rubber (CLR) was added at five different percentages (0, 3, 6, 9,
and 12%) by weight of the base bitumen. The cup lump rubber modified bitumen
(CLRMB) were blended at a temperature of 160 °C and rpm of 1900 using IKA
RW20DZM stirrer for 90 min. The CLRwas added incrementally to the temperature
stabilized bitumen at 160 °C with low rpm of 500 and gradually speed was increased
to blend for 90 min.

2.3 Conventional Physical Binder Tests

Penetration
A penetration test was conducted for base and cup lump rubber modified bitumen.
According to ASTM D5, enough melted binder was poured into a cylindrical
container (55 mm diameter and 35 mm in depth). The penetrometer needle was
allowed to penetrate for about 5 s together with a load of 100 g at a temperature of
25 °C to measure the hardness consistency of the binder. The results were measured
at tenths of a millimetre that a standard penetrometer needle penetrates the bitumen
sample.

Softening
ASTM D36 standard was used to perform the softening point test of the base and
the cup lump rubber modified bitumen. The physical test measures the temperature
phase change of the binder. The binder softening was measured by placing the steel
balls on steel rings brass filled with bitumen. The sample temperature was stabilized
at 5 °C. This test was performed to determine the degree of softening the asphalt
binder attains by placing the steel ball on the sample in steel ring brass. The two
rings data was collected when it reached to flat plate of 2.36 mm below the ring.

Rotational Viscosity
The Brookfield viscometer was used to measure the rotational viscosity of the
base and the modified binder at temperature 135 and 165 °C and ASTM D4402
was followed for the standard procedure. The test helps to ensure the mixing and
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compaction temperature for the binders and the enhancement in the binder proper-
ties upon modification. The binder was heated enough to fill the preheated sample
chamber which requires about 8–11 g of binder and then was placed in the controlled
chamber for conditioning. After the sample was stabilized at desired temperature the
spindle was inserted into the chamber and conditioned for 15 min to achieve the
equilibrium. The spindle rotation was continued for 5 min before the values were
measured.

Temperature Susceptibility
The temperature susceptibility of CLRMB was determined by calculating the pene-
tration index (PI). The lower susceptibility with the temperature corresponds with
the higher values of the PI of the binder. The softening point and penetration results
were incorporated to calculate the PI of the base and modified binders. The equation
for the PI is shown in Eq. (1).

PI = 1952− 500logPen− 20S.P

50 log Pen− S.P− 120
(1)

Penetration at 25 °C is represented as Pen and the softening point is as S.P

Dynamic Shear Rheometer
The rheological properties of the modified and base binder could be measured by
a dynamic shear rheometer (DSR). The DSR used in this study is Haake Rheo
stress1. The unaged binders were tested in temperature sweep protocol at 40–82 °C
to characterize the complex modulus G* and phase angle (δ). The test was performed
in accordance with the AASHTO T315.

3 Results and Discussion

Based on the conventional and rheological testing the results and analysis of the
bitumen are as follow.

3.1 Penetration and Softening

The measured results of the penetration at a test temperature of 25 °C and the exper-
imental softening point results of base and modified bitumen are illustrated in Fig. 2.
It was revealed that the penetration values for the base binder are substantially high
in comparison with the cup lump rubber modified bitumen. The decrement in the
penetration is attributed to the hardness of the binder which ismainly due to the incor-
poration of the cup lump rubber. The penetration of the base binder was 63 dmm
which is decreased to 53 dmm on 3% addition of cup lump rubber which is about
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Fig. 2 Penetration and softening point results for CLR modified bitumen

15%. However, the enhancement has been observed on increasing the percentage
of CLR regardless of the CLRMB12 which shows almost the same as CLRMB9.
The improvement in the resistance towards the penetration is due to the CLR macro-
molecules dispersion in the bitumen matrix which ultimately holds the bitumen
molecules and shared the resistance. On the other hand, the incorporation of the
CLR enhances the softening temperature of the modified binders as shown in Fig. 2.
This indicates the strong effect of CLR on the properties of the binder which is also
consistentwith the values of penetration aftermodification. It has been observed from
the results that CLRMB3 has softening temperature of 52.3 °C which increased from
46.6 °C of base bitumen. Similar results were observed for a higher percentage of
CLR regardless of CLRMB12. The poor compatibility between binder and rubber
on higher dosage cause a similar and decrement in results for the penetration and
softening point, respectively.

3.2 Temperature Susceptibility

The penetration index (PI) is themost frequently usedmethod tomeasure the temper-
ature susceptibility of the binders. The normal range for the base binders for high-
temperature sensitive binders is approximately −3 and for the low temperature-
sensitive binders the PI value is near +7. The penetration index of the base bitumen
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Fig. 3 Penetration index results

is−1.64which is reduced to 0.07 for the higher content of CLR. The sharp increment
in the PI shows that cup lump rubber is less susceptible to temperature variations
(Fig. 3).

3.3 Rotational Viscosity

As presented in Fig. 4 themeasure values for the viscosities for the base andmodified
binder and can be stated that all the CLRMB have higher values in comparison with
the base binder. The viscosity values for the modified binder are 0.65, 1.18, 1.23,
and 2.05 Pa s at 3–12% of CLR at 135 °C. The modified values are higher than
the base bitumen viscosity at cited temperature. However, the same trend has also
been observed for the viscosities at higher temperature or mixing temperature. The
expected results satisfied the hypothesis of rubber and bitumen reactivity which and
to form the cross-linking structure between to increase the binder viscosity. However,
the sudden increase in the viscosity value for the CLRMB12 is obvious due to the
non-compatibility between bitumen and cup lump rubber. The higher quantity makes
bitumen incompetent to absorb the bitumen and the remaining rubber particles are
in a binder to form a non-homogenous binder. The same results have also been
encountered by some other studies related to rubber or natural rubber incorporation.
It has also been observed that modification of binder up to CLRMB9 seems perfect
for industrial usage as the values are not crossing the limitation of 3 Pa s.
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Fig. 4 Rotational viscosity results at 135 and 165 °C

3.4 Rheological Properties of CLR Modified Bitumen.

The influence of the cup lump rubber on the binder properties in term of rheo-
logical behaviour has evaluated with a dynamic shear rheometer. The temperature
sweep protocol was followed at a temperature range of 40–82 °C to determine the
temperature-related behaviour of rubberised bitumen at a frequency of 1.5 Hz. The
complexmodulusG* represents the total deformation of the binder under the dynamic
loading conditions. Figure 5 shows the plots for the complexmodulus versus the range
of temperatures. The higher G* represents the higher rigidity of the binder and which
is favoured in the pavement industry in accordance with the super pave limitations. It
is shown in Fig. 5 that the complexmodulus is lower at low temperature for CLRMB0
in comparison with the other modified bitumen.

However,when the temperature has increased the performance of the base bitumen
is lower than the other CLRMBbinders at 3–12%. The performance ofCLRMB is not
in accordance with the limitation as its complex modulus is very high which seems
not practical for the pavement industry as it requires high temperature to produce a
good compatible mixture. On the other hand, the complex modulus of the modified
binder at temperature 40–46 °C is almost similar but they behave differently at high
temperature due to the elastomeric properties of cup lump rubber. The CLRMB3
and CLRMB6 have shown better performance on the higher temperature and their
grading as well regardless of CLRMB6 on temperature 76 °C which shows a slightly
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Fig. 5 Complex modulus isochronal plots at 1.5 Hz CLR modified bitumen

decrement. It has been observed clearly for the CLRMB12 that due to the incompat-
ibility of the CLR and bitumen on higher dosage the values of G*is very high which
complieswith the stiff behaviour of bitumen. The samebehaviours on a higher dosage
of CLR were encountered for the penetration and softening points results. Figure 6

Fig. 6 Phase angle (δ) isochronal plots at 1.5 Hz CLR modified bitumen
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illustrates the phase angle (δ) of the base and CLR modified binders. The tempera-
ture variation changes the phase angle of the binder. The higher the values for the
phase angle (δ) more viscous are the binder in performance and the lower values
represents the elastic behaviour of the bitumen. It is shown in Fig. 6 that the addition
of CLR reduces the phase angle (δ) of the binder and a similar outcome has also been
observed at high temperatures. It is obvious and according to the hypothesis that
CLR enhance the elastic behaviour of the bitumen due to the cross-linking structure
produce while blending at a higher temperature. However, improved elasticity is also
essential to encounter the fatigue and rutting issue of the pavement.

4 Conclusion

Based on the bitumen modification analysis it can be concluded that the binder prop-
erties have been improved on the incorporation of the cup lump rubber. The physical
and rheological properties shown an enhanced performance at all temperatures. The
higher viscosity of the binder on the addition of CLR shows the structure compat-
ibility of both materials. However, the increased content of the CLR produces the
non-compatible modified binder which some unexpected results. The rheological
analysis in term of complex modulus G* and phase angle (δ) further strengthens the
physical analysis of the binder. Thus, the incorporation of theCLR shows a promising
avenue for further research work.
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Rheological Properties of Modified
Binder Incorporating Coconut Char
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Abstract Coconut char derive from coconut shell is a waste product that is antici-
pated to be potential alternative for modified binder. Coconut char has great potential
to be used as the base material for modifier because it is safe to use. In this study the
coconut char was used as additive in asphalt modified binders. This paper presents
the rheological properties ofmodified bitumen incorporating coconut char. Rheology
can be defined as the fundamental measurements associated with the flow and defor-
mation characteristics of bitumen, evaluation of the flow and permanent deformation
of time-temperature dependent materials, such as bitumen, that are stressed through
the application of force. The modified bitumen was tested under different aging
conditions using Rotational Viscometer (RV), Rolling Thin Film Oven (RTFO) and
Dynamic Shear Rheometer (DSR). Coconut char was blended with 5, 10, 15, 20
and 25% by weight of the penetration grade 80/100. DSR was employed to measure
the rutting resistance, the G*/sin at temperature 46–76 °C. Based on the findings, it
is shown that the increase in coconut char percentage can effectively give highest
G*/sin and affect the rutting performance under ageing condition. It also found that
modified bitumen samples enhanced the rheological properties of the bitumen in
terms of fatigue cracking and rutting.

Keywords Coconut char ·Modified binder · Rheological properties

1 Introduction

Sustainability in construction is one of the efforts that have been practiced by devel-
oped countries to create more healthier environment and to reduce the environmental
impact of a construction. Using materials that are categorized as agricultural waste
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material in construction industry holds a high potential of reducing global environ-
mental pollution. Nowadays the expectations of roads and their surface are changing.
New technologies related to pavement technologies include reclaimed asphalt pave-
ment (RAP), recycled asphalt shingles (RAS),mixtures containingwaste from indus-
trial processes, and bio-oil asphalt modifiers [13]. Today, researchers are looking for
binder tests that not only could demonstrate the mixture’s performance but also
study the ease and time taken to conduct the test. Also, researchers have identified
how to improve the durability, safety and efficiency of asphalt pavement through
asphalt modification due to increasing traffic load and traffic volume. Improving the
properties of asphalt binders is an effective method to enhance pavement strength.
Many researchers have conducted studies to evaluate the physical and rheological
properties of modified asphalt binder.

Future pavement surfaces will have tomeet increased demands in terms of quality,
safety and sustainability. The asphalt industry has been encouraged to change the
function of road economy to a new transition i.e.make, use, reuse, reduce, remake and
recycle [6]. Challenges are also faced by the contractors involved in road construction
industry due to recent price increases in the cost of crude oil due to low availability
and high demand. Today it is becoming more difficult to find natural resources. The
usage of waste materials in cement, concrete and other construction materials has
numerous indirect benefits such as reduction in landfill cost, saving in energy, and
protecting the environment from possible pollution effect [14]. Increasing energy
costs and the strong worldwide demand for petroleum has encouraged the develop-
ment of alternative binders tomodify or replace asphalt binders usingwastematerials.
Coconut shell is mostly used as filler in construction materials [1, 10, 12, 15, 16].

1.1 Coconut Char

Figure 1a shows the coconut shell collected for this study. As shown, the shells have
been cleaned, then crushed to smaller sizes using an aggregate crusher machine. The
crushed coconut shell was burned at an optimum temperature of 450 °C for 5 min in
a small furnace until it becomes a form of carbon as shown in Fig. 1b. The objective
of modifying the hot mix asphalt using coconut shell is to increase the specification
of stability (permanent deformation resistance), durability (moisture damage and
aging), fatigue cracking resistance, safety (adequate skid resistance), resistance to
thermal cracking, permeability and flexibility.

Charcoal coconut shell has been used in various research fields because it is
efficient, environmentally friendly, economical and has potential to enhance the
properties of construction materials. According to [11], most bitumen consists of
82–88% carbon content. Thus, charcoal coconut shell has the potential to be used as
replacement or additive in the bitumen due to their chemical element compatibility
[17].

Coconut shell carbon, commonly known as charcoal, is usually used as a fuel and
green materials because it is safe to use [11]. It is one of the wood-based materials
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Fig. 1 a Coconut shell. b. Coconut char

that can be used to produce charcoal. Charcoal derived from coconut shell has been
applied in many things other than its use as fuel, such as gas purification, air filters,
water filters and also in medicine. This study evaluates the performance of coconut
shell carbon (CSC) and coconut shell activated carbon (CSAC) from coconut shell
as a modified binder.

The rheological properties of bitumen are measured using conventional tests
including viscosity, storage stability, flash point and tests after thin film oven aging
and pressure aging vessel. Rheology can be defined as the fundamentalmeasurements
associated with the flow and deformation characteristics of bitumen, evaluation of
the flow and permanent deformation of time-temperature dependent materials, such
as bitumen, that are stressed through the application of force [1]. Asphalt mixtures
that deform and flow too readily may be susceptible to rutting and bleeding, while
those that are too stiff may be exposed to fatigue and cracking. The study of bitumen
rheology is not a newfield and has been extensively studied all over theworld. Several
road pavement distresses are related to rheological bitumen properties (Table 1).

Table 1 Physical and
rheological properties of
80/100 PG bitumen [2]

Test properties Results

Viscosity at 135 °C (Pa s) 0.65

G*/sin δ at 64 °C (kPa) 1.35

Ductility at 25 °C (cm) >100

Softening point (°C) 47

Penetration at 25 °C (d-mm) 88

Ductility after RTFOT at 25 °C (cm) >100

RTFOT aged G*/sin δ at 64 °C (kPa) 6.022

PAV aged G*/sin δ at 25 °C (kPa) 3122.5
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The rheological properties of the modified binder were determined through the
rheological performance test which is Dynamic Shear Rheometer (DSR), Rotational
Viscometer (RV). The physical properties and chemical structures of asphalts will be
changed when exposed to heat, oxygen, and ultraviolet (UV) light, which is called
aging and method to accelerated aging of bitumen binder using Rolling Thin Film
Oven (RTFO) and Pressure Aging Vessel (PAV).

2 Materials and Method

2.1 Bitumen

The bitumen of penetration 80/100 were used in this study to produce a modified
binder. The selection of bitumen contents is according to JKR Standard Specification
for road [9], all the samples were ranged between 4 and 6% for AC 14.

2.2 Production of CSC and CSAC

The coconut shell (waste) was collected from local area in Skudai and cut into small
pieces and washed with water for removal of dust adhered to it. Then, it was dried
in sunlight for 48 h or for 2 days. Dried materials were kept inside the furnace and it
will be burnt in the furnace at 450 °C for removal of moisture and until it becomes
charcoal. After that, the next process is to crush the charcoal and sieve to 0.075 μm
size. The CSAC (powder) were purchased from a supplier of activated carbon in
Ipoh, Perak. After receiving the material, the next process is to sieve to a powder of
CSAC to 0.075 μm size (Fig. 2).

Carbonization process of coconut shell activated carbon, in which the sampled
materials were further oven-dried for one hour at 105 °C, has been reported else-
where. The crushed samples were carbonized for one hour in muffle furnace at
different optimum devolatilization temperature of between 250–750 °C depending
on the type and nature of the materials used. Chemical activation was carried out on
each of the carbonized samples. A weighed quantity of 30 g of potassium trioxo-
carbonate [K2CO3] and 30 g of sodium hydrogen trioxocarbonate [NaHCO3] were
dissolved in 30 ml of distilled water. The carbonized sample was weighed and mixed
thoroughlywith the prepared solution ofK2CO3 andNaHCO3. The activated carbons
thus obtained were finally smoothened, stored in well-fitted airtight corked bottles
and properly labeled before being characterized.
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Fig. 2 The method of preparation of coconut char

2.3 Storage Stability Test

The storage stability test is used in order to evaluate the stability and compatibility of
the modifier in asphalt binder at certain temperature. An aluminium tube of 25 mm
diameter × 14 mm High filled with 50 g of modified asphalt was placed on vertical
position with controlled temperature of 163 ± 5 °C for 48 ± 1 h. The sample tube
was cooled in the freezer until it reached the temperature of −6.7 ± 5 °C for a
minimum of 4 h. The tube was cut into 3 sections with the same measurement. The
ring ball softening test was conducted to determine the possible differences of the
sample characteristics. The test was conducted using the top and bottom cut tube. The
physical properties of asphalts, including softening point, penetration and viscosity
were measured in accordance with ASTM D36 [3] and D4402 [4].
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2.4 Dynamic Shear Rheometer (DSR)

The dynamic shear rheometer (DSR) was used to characterize the behavior of asphalt
viscous and elasticity when exposed to medium and high temperature. The test was
conducted in accordance with ASTM D1715 [5]. Complex shear modulus G* and
phase angle ð value obtained the viscoelastic when exposed to temperature and
frequency of loading. The test was conducted at temperature increment 6 °C ranged
from 46 to 82 °C and decrement of 3 °C ranged from 40 °C to 22 °C for the fatigue of
cracking performance. Samples of 1 mm thick plate and 25 mm diameter top plate
was used to obtain RTFO unaged results. For the PAV samples, 2 mm thick plate
and 8 mm diameter top plates were used. Sample was sandwiched with two circular
plates and stress applied on top of oscillating plate. Frequency of 1.59 Hz was used
and one cycle of oscillation applied. The stain was computed and the value of G*
and ð recorded.

2.5 Rotational Viscometer (RV)

Viscosity is the inverse of fluidity and used to determine required torque of the cylin-
drical spindle that is submerged in the bitumen with specific weight and temperature.
The test was measured when the rotation of the spindle was constant. The test was
conducted in accordance to ASTM D4402 [4]. The test was conducted using cylin-
drical Spindle number 27 with rotational speed of 20 RPM on specimen temperature
135 and 165 °C to obtain the material viscosities value when rotational speed was
held constant.

2.6 Rolling Thin Film Oven (RTFO)

Rolling Thin FilmOven (RTFO) Test measures the effect of heat and air on a moving
film of hotmix asphalt binder, simulating short-term aging that occurs during produc-
tion and paving operations. This is important for investigating and predicting early
age HMA pavement behaviour and distress.

2.7 Pressure Aging Vessel (PAV)

The Pressure Aging Vessel (PAV) is an aging procedure proposed by the Strategic
Highway Research Project (SHRP) to simulate long-term field oxidative aging of
asphalt binders. The development of the PAV included evaluation of the factors
affecting the PAV procedure as well as validation of the PAV as a procedure to
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Table 2 Storage stability test
of modified bitumen

Content (%) Difference top and
bottom

Specification <2.2

CSC CSAC

5 1 1 Pass

10 −1 −1 Pass

15 0 1 Pass

20 0 −1 Pass

25 −1 0 Pass

mimic field aging of binders. The evaluation of the rheological changes indicates
that aging changes the rheological type of asphalts by changing the shape of the
master rheological curve while the temperature dependency, as measured by the
time-temperature shift function, does not appear to change significantly as a result
of aging.

3 Results and Discussion

3.1 Storage Stability

The result of storage stability test was shown in Table 2. The difference between
the top and bottom part of the modified bitumen pass specification was less than
2.2 °C [2]. This shows that the difference in softening point of temperature of top
and below 2.2 °C was categorized as stable and it is considered to have compatibility
between bitumen. However, the differences between the top and bottom part of
modified bitumen for different percentage of CSC and CSAC contents seem to be
inconsistent.

3.2 Dynamic Shear Rheometer (DSR)

The DSR is used to characterize the visco-elastic properties of the binder and
measures the G* and δ by subjecting a small sample of binder. According to SHRP,
G* and δ values are used to determine the rutting and fatigue of the bitumen. The
G*/sin δ is often used to characterize the rutting resistance of an asphalt pavement
at a high-performance temperature. A greater G*/sin δ value indicates a pavement
having a better permanent deformation resistance. Figure 3 shows the G*/sin of the
asphalt binder modified with CSC and CSAC at temperature from 46 to 76 °C. It can
be observed that both modified binders show higher rutting resistance compared to
control. The binder with CSAC has the highest G*/sin δ at amount of 25% compared



732 R. Mamat et al.

Fig. 3 G*/sin δ values at reference temperature 76 °C

to CSC. The results were simplified in Fig. 3 at reference temperature 76 °C. The
G*/sin δ increased with the increasing of CSC and CSAC. Based on the graph, the
CSC shows higher rutting resistance compared to CSAC at amount 5% to 15%.
Meanwhile, the opposite trend was observed at amount 20 and 25%. The CSAC has
higher rutting resistance compared to CSC.

3.3 Rotational Viscometer (RV)

Figures 4 and 5 present the rotational viscometer of control bitumen mixture and
modified bitumen mixtures CSC and CSAC with results of viscosity at 135 and

Fig. 4 Viscosity of bitumen containing CSC at different temperatures
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Fig. 5 Viscosity of bitumen containing CSAC at different temperatures

165 °C. The graph shows the modified bitumen of CSAC have a higher viscosity
than the CSC for both temperatures. At temperature 135 °C, the viscosity increased
with increasing of CSC and CSAC content from 5 to 25%. Meanwhile, for CSC at
temperature 165 °C, the value of viscosity is similar from 5 to 15% and viscosity for
CSAC content have same result for 5 and 10%, but the value of viscosity increases
at 15–25% content of CSAC. The effect of the additive can be observed in modified
bitumen. The additive generally decreased the viscosity of temperature 165 °C. The
rotational viscosities were slightly higher formodified binder samples. The test result
also indicates that influence of CSC content on modified asphalt binders increase
the viscosity. Therefore, it can be postulated that the effect of the additive on the
bitumen’s viscosity may depend on the type and source of the specific bitumen and
its effect is independent of the bitumen´s initial penetration grade.

3.4 Rolling Thin Film Oven (RTFO)

Figures 6 and 7 show the results of rutting index G* / sin δ for control and short term-
ageing of modified bitumen. For short term ageing samples, the failure temperature
is defined when the G*/sin δ is less than 2.2 kPa. CSC samples show that only 25%
of CSC fail at 82 °C, while the control sample and 5–20% modified bitumen of CSC
fail at 70 °C. As can be seen, the modified bitumen of CSAC have maintained their
performance grade by resisting the rutting until 76–82 °C although after short term
ageing process. It was found that activated carbon can demonstrate similar capability
of modification on un-aged binder but lower as compared after short term aging. It
may be concluded that modification of bitumen using activated carbon proves to be
a more effective modifier in terms of increasing rutting resistance of the binder.
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Fig. 6 Rutting parameter of short-term ageing (RTFO) samples for CSC

Fig. 7 Rutting parameter of short-term ageing (RTFO) samples for CSAC

3.5 Pressure Aging Vessel (PAV)

Figures 8 and 9 show the results of rutting index G*/sin δ for control and short term-
ageing of modified bitumen. It can be seen that the 25% of CSC and CSAC have
higher performance than the control and other samples, while 5% of CSC and CSAC
were lower than the control samples. It is indicated that at 25% of CSC and CSAC,
the bitumen is stiffer which caused failure at earlier temperature compared to the
control samples and also other samples. Fatigue cracking resistance of the bitumen
binder remained unchanged with up to 5% addition of the modifier (CSC and CSAC)
whereas the fatigue resistance decreased with the addition of CSC and CSAC.
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Fig. 8 Rutting parameter of long-term ageing (PAV) samples for CSC

Fig. 9 Rutting parameter of long-term ageing (PAV) samples for CSAC

4 Conclusions

The consistency of asphalt binder containing CSC and CSAC has been compared
to the conventional asphalt binder. The content of CSC and CSAC affect the rheo-
logical properties. The result shows that both modified asphalt binders have high
rutting resistance compared to the control bitumen. The modification seems to be
more significant at high CSC and CSAC contents. These high values indicate that
the modified binder is stiffer than the pure binder. All the modified binders, those
incorporating the CSC and CSAC, achieve the best values and improved rheolog-
ical properties. This suggests that interaction between this coconut carbon is efficient
enough to affect the thermal and mechanical properties of the asphalt. These changes
were a result of the ability of the modifier to increase the friction between the layers
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of the asphalt binder. The viscosity of the modified binders increased, while their
penetration decreased; this behavior indicates an enhancement of the stiffening effect
and the high temperature properties of the asphalt.
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A Brief Review: Application of Recycled
Polyethylene Terephthalate as a Modifier
for Asphalt Binder

Mohamed Meftah Ben Zair, Fauzan Mohd Jakarni, Ratnasamy Muniandy,
Salihudin Hassim, and Anwaar Hazoor Ansari

Abstract The management of the waste materials produced on the earth is one of
the highly substantial environmental issues. Hence, the increasing usage of plastic
every year is one of the concerns across the entirety of the world. The limiting landfill
conditions and higher production of the waste plastic materials stress the researcher
to manage it alternatively. Conversely, the growing number of heavy vehicles on
roads cause road distress to asphalt pavements that contain pure asphalt binders that
are insufficiently resistant. Civil engineers and scientists have attempted to address
such issues by enhancing the performance of asphalt pavement via modification of
asphalt binders’ properties. This paper summarized the possible utilization of waste
polyethene terephthalate (PET) for binder modification. It has been evaluated that
the PET can significantly improve the binder properties. The chemical modified
PET showed better performance in term of physical and rheological properties. In
addition, the compatibility of PET with binder has been highlighted with modified
chemical structures and viamorphological assessment ofmodified binder. In addition
to solving landfilling issues of waste PET plastic, such recycling approaches gener-
ated in these studies can also be used by asphalt researchers to explore future avenues
of improvement for the characterization of asphalt binder as a paving material.

Keywords Modified asphalt binder · Recycling · Polyethylene terephthalate
(PET) · Viscosity · Rheological characteristic · FTIR

1 Introduction

At present, plastic is an indispensable utility in our lives. It is one of the most signifi-
cant inventions during the age of industrialization. Since the year 1856, it has become
one of the most widely used man-made materials [1]. With the increase in the global
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population, innovation in packaging and utility sectors, and changes in the lifestyles
of people, there is a tremendous increase in the consumption of plastics over the last
couple of decades [2]. In addition to consumer products, plastic polymers are also
utilized to generate synthetic fibers, coatings, sealants, foams and adhesives [4]. The
usage of plastic in Europe is mainly for packaging 38%, construction and building
21%, automotive 7%, electronic and electrical 6% and others including leisure and
medical 28% [3].

Considering its negative effect on the environment, especially marine life, there
is global and political focus on the worsening of plastic waste and exploration of
sustainable methods of managing such waste. The concerns regarding the use of
plastics and disposal of the associated waste includes: animals getting entangled in
plastics or ingesting plastics, non-sustainable manner of present usage; andwaste left
in landfills and encroaching natural habitats [4]. The staggering increase in global
production of plastic from 1.5 million tonnes back in the 1950s to 335 million tonnes
in 2016 reported an equal increase in plastics being released into all facets of the envi-
ronment [5]. Plastic waste has become a global pollutant [6]. In 2015, approximately
6300 metric tonnes of plastic waste had been generated. Around 9% was recycled,
12% had been incinerated, and 79% ended up in landfills or the natural environ-
ment [7]. In 2018, world plastics production was 359 million tonnes. Distributed
on following, 18% North America, 4% South America, 17% Europe, 7% middle
east 51% Asia. China is considered the largest manufacture with 30% of plastics
produced around the world [8].

The increase of waste production harms the sustainability of the environment [9].
Some of the major global concerns include plastic debris that is brought by inland
wastewaters orwaterways, and that are blown into the ocean bywind [10]. Themigra-
tion of potentially toxic waste and plastic additives in soil, water, and air take place
in every phase of the plastic lifecycle [11, 12]. Such continuous discharge of plastic
waste into the landfills and environment is a direct consequence of high production
of single-use plastic, in addition to the improper regulation of management cycle,
that includes collection, treatment, recycling as well as disposal [13]. In recent times,
additives were used to enhance the mechanical properties and rheological properties
of asphalt mixture. For example, introducing polymers to asphalt binder enhances the
rheological properties and reduce its susceptibility in the variation of temperature.
As such, under low temperature, its mechanical strength increases. This is apparent
from the increase in the lifetime of pavement in the subtropical and tropical areas
[14, 15]. The rheological and physical properties of asphalt binder are important. As
such, this literature review aims to evaluate the application of waste polyethylene
terephthalate (PET) as a Thermoplastic modifier. PET at various contents used as
low-cost bitumen modifiers to improve the processing and performance properties
of asphalt binder. It also promotes significantly interaction between thermoplastic
polymer and bitumen matrix.



A Brief Review: Application of Recycled Polyethylene Terephthalate … 741

2 Polyethylene Terephthalate (PET)

PET is essentially a semi-crystalline, thermoplastic polyester that has good trans-
parency, safety as well as strength [16]. The intermediates, pure ethylene glycol (EG)
and terephthalic acid (TPA), are obtained from crude oil for the generation of PET.
Upon heating together, the initial product formed is a monomer bis (2-hydroxyethyl)
terephthalate (BHET) that is combined together with polymers of low molecular
weight (oligomers). There is further reaction of the mixture, which distils out any
extra ethylene glycol and generates the PET [17].

Polyethylene Terephthalate (PET) is arguably a significant modern plastic of the
polyester family that is commonly used as packaging and container material (i.e.,
bottles, electrical and electronic devices, automobiles products, housewares, sporting
goods, and lighting products etc.) [18, 19]. In the year 2015, PET made up almost
7% of the global plastic demand at approximately 18.8 million tons [20]. In addition,
almost 62% of all bottles that are collected for the purpose of recycling is composed
of PET bottles [21]. However, only 50% of secondary PET is collected and processed
globally [22]. Compared to virgin PET, there are important environmental advantages
of recycled PET [23]. At present, the world focuses on recycling in order to lower
PET waste and promote rational use of resources [24]. The recycling steps for the
PET is described in Table 1. The accumulated amount of generated plastic waste and
disposed between 1950 and 2015, as well as the projected amount by the year 2050
is illustrated in Fig. 1. Close to 16% of this amount had been put through recycling
efforts up to 2015. Projections estimate that approximately thirty-three of the plastic
waste will have been recycled by the year 2050 [7].

Table 1 Details of recycling steps [25]

Form of recycling steps Description

Primary recycling a. Most conventional technique of recycling PET. Also termed as
re-extrusion
b. Inexpensive and requites uncontaminated scraps. Only handles
single type waste
c. The recycled waste or scrap is either utilized as second grade
material or mixed with virgin material

Secondary recycling a. Include elimination of contaminates and sorting of arid
separation of waste. Also called mechanical recycling process
b. Reduce size via extrusion by heat, reforming, crushing and
grinding

Tertiary recycling a. Chemical recycling is carried out via solvolytic chain cleavage
b. Tins process can either be a partial depolymerization on to its
oligomers or total depolymerization to its initial monomers
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Fig. 1 The accumulated amount of the plastic waste generated and disposed between 1950–2015
and the projected amount by 2050 [7]

3 PET Waste for Asphalt Binder Modification

Oneof themostwidely utilized plastics is PET, especially in beverage bottles owing to
its excellent barrier properties to trap moisture and gas. Despite the recyclable nature
of PET bottles, a PET bottle of single use possesses a short-life span, as in the case
when the recycling industry fails to match waste and consumption [26]. Moreover,
PET plastic waste may be utilized in asphalt binder [27, 28]. Such PET plastic
waste has always been the focus of research within the field of civil engineering.
Nonetheless, the focus of past investigations has only covered the incorporation of
PET plastic waste via the dry method as a substance of filler and fine aggregate. As
such, usage of waste PET was explored by utilizing it as additive within SMA (stone
mastic asphalt) and as fine particles within asphalt mixture [29, 30].

PET that is recycled may be utilized as enhanced modifier for asphalt binders.
Such usage may be a regarded as a technique of reusing PET waste. This presents
the opportunity to address potential environmental risks, and also lowers cost of
construction that otherwise would have occurred should polymers be utilized within
the mixture of asphalt [31]. The asphalt interaction (adhesion) is the major factor
for deterioration of pavement in most mixtures of asphalt [32]. In addition, it has
been reported that PET had a positive impact such as the provision of high temper-
ature properties for the asphalt mixture [33]. Nonetheless, the PET is not able to
consistently raise the elasticity of asphalt binder, especially during unexpected and
dramatic lowering of temperature. The low and intermediate temperature properties
of the asphalt binder deteriorated as a result of this condition [34].

PET was integrated with asphalt binder in order to assess the effect of PET on
the properties of asphalt binder. There has been an observation that the incorporation
of PET is able to improve the consistency binder and increase its elastic behaviour.
Nonetheless, increasing the viscosity of modified binder produced increased the
mixing and compaction temperature. Despite the fact that this is not economical in
the short run, it is still able to lead to the building of roads with fewer requirements
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for maintenance. The incorporation of PET has reduced modified the oxidation of
asphalt binder and produce some anti-ageing effect [35].

3.1 Physical Properties of PET-Modified Asphalt Binder

Asphalt binder is essentially an engineering material that is utilized as a binder
for distinct purposes that include airfield runaways and highways. It is composed of
heavy hydrocarbons that board into four groups namely aromatics, asphaltenes, satu-
rates and resins [36]. In addition, binders that are used for construction of pavement
are mostly obtained from fossil fuels [37]. Such complex chemical form provides
binder with favourable properties such as thermoplasticity and viscoelasticity that
lead to distinctive rheological behaviour. Within pavement engineering, there were
efforts to utilize physically recycled waste PET within asphalt pavement. Under
such applications, PET waste is broken down into smaller parts and then incorpo-
rated directly to the hot asphalt binder or mixture at the time of production. Obser-
vations found that the integration of scrap waste PET enhance the fatigue resis-
tance, running resistance andMarshall stability, as well as simultaneously lowers the
moisture susceptibility of asphalt mixture and binder [38].

Different investigations have concentrated on the impact of PET on the physical
properties of the binder. The impact of utilizing Polyethylene Terephthalate (PET)
bottle waste as an modifier of asphalt binder was assessed by Guru et al. [39]. Thin
Liquid Polyol PET (TLPP) and Viscous Polyol PET (VPP), which are two novel
additive materials, were chemically sourced from PET waste bottles. They were
utilized in separated enhancement of the base asphalt. Outcomes show that except
for the 1% (w/w) VPP, the VPP and TLPP experienced increase in penetration and
reduced the softening point of base binder. Similarly, Mahrez and Karim [40] noted
similar outcomes when incorporating 2, 4, 6, and 8% of PET by weight of binder
in powder form to the asphalt binder produced a lowering of penetration values by
35, 30, 21 and 14%. In addition, as shown in Fig. 2, the incorporation of 2–8%
PET level increases the softening point in ranges from 5 to 13%. Another study

Fig. 2 a Penetration outcomes assessments of the base and modified asphalts; b softening point
assessment outcomes of the base and modified asphalts [40]



744 M. M. Ben Zair et al.

by Padhan and Gupta [41] sought to run a novel method of in situ polymerization
of monomers bis(2-hydroethyl) terephthalamide (BHETA). Outcomes highlight the
lowering of values of penetration as well as increase in point of softening, similar to
past studies [39–41]. Table 2 summarizes the physical properties of PET modified
binder at various concentrations.

Furthermore, it was found by Guru et al. [39] that under all test temperatures,
there was a reduction in viscosity as TLPP increased. The effect of utilizing TLP
in reducing the working temperature of asphalt was affirmed by the 32.5% reduc-
tion of viscosity at 160 °C for 10% PET in modified mixture. The viscosity is also
increased via the integration of PET into the mixture as illustrated in Fig. 3. The
rutting process which takes place in hot places that are prone to heavy traffic, signif-
icantly reduces the performance of the pavement. As such, the asphalt mixtures
of hot places should use high viscosity binder. The rutting issues are alleviated by
incorporating PET wastes to binder. In another similar investigation, Leng et al. [42]
conducted viscosity tests under three temperatures: 180, 165 and 150 °C. The incor-
poration of the BHETA additive increases the viscosity of Crumb Rubber Modified
Asphalt Binder (CRMA) at higher temperatures. The increase in viscosity is rela-
tively small upon incorporation of BHETA additive at small percentages (3–5%).
Nonetheless, there is a staggering increase in viscosity following the addition of 7%
of BHETA.

In another analogous research byAbuaddous et al. [48],measurements of viscosity
were carried out by running rotational viscosity assessment at two testing temper-
atures, which are 165 and 135 °C. From the test outcomes, the viscosity of asphalt
binder increased with the incorporation of recycled polyethylene terephthalate
(RPET) at both testing temperatures. The increase in viscosity of asphalt binder is
due to the increase in consistency upon incorporation of RPET. As such, in compar-
ison with control asphalt binders, asphalt binder with additional RPET would have
superior field performance in terms of rutting.

3.2 Rheological Properties of PET-Modified Asphalt Binder

Complex shear modulus (G) and phase angle (δ) and can be used to assess the
viscoelastic behaviours of the binder at high tomoderate temperatures. Softer asphalt
corresponds to lower complex modulus while the high modulus binder is rela-
tively more viscous and stiffer. While integrated into the mixture, there may be a
reduction of rutting problems [40]. Phase angle of lower values provided greater
elastic mixtures, thus improving the rutting and aging resistance of the mixture.
The rutting nature of asphalt binder is usually evaluated by the phase angle (δ)
and complex modulus (G) [39]. As concluded by Mahrez and Karim [40], the PET
modified mixture possessed greater G* than the control binder, thus improving the
resistance of binder. This may be due to the increasing in rutting resistance. In
another study, Karahrodi et al. [49] reported that by utilizing the Waste polyethy-
lene terephthalate (wPET) and ground tire rubber (GTR) blend as cheaper binder
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Fig. 3 Outcomes of viscosity assessment for the base and modified asphalts; a between 90 and
100 °C; b between 110 and 120 °C; c between 130 and 140 °C; d between 150 and 160 °C [39]

modifiers. The (G*/sinδ) parameter was raised by the use of wPET/GTR blend. This
denotes a greater resistance against permanent degeneration or rutting of binder
enhanced with wPET/GTR blends, that is pronounceable for binder integrated with
7% of wPET/GTR75/25 and wPET/GTR90/10 as shown in Fig. 4. This phenomenon
is related to the thermoplastic nature of wPET material, which permits superior
dispersion of wPET-rich blends within the bitumen matrix.

Leng et al. [42] was assessed the impact of utilizing bis (2-hydroxyl ethylene)
terephthalamide (BHETA) obtained from PET material as a performance-enhancer
to enhance the rheological properties of asphalt binder. Outcomes for both RTFO
aged and unaged binders show that the 5 wt% of BHETAwas mixed with 10% of CR
(10CR-5BH), 3wt%of BHETAwasmixedwith 10%ofCR (10CR-3BH), and 7wt%
of BHETA was mixed with 10% of CR (10CR-7BH) blends have (G*/sinδ) values
are marginally greater. In another related study Padhan and Gupta [41] obtained
the same results for polyurethane-based Polymer modified bitumen (BHETA-PU)
and styrene-butadiene-styrene (SBS) modified asphalt binder under RTFO unaged
binders. Similar outcomes were found by Abuaddous et al. [48] who assessed the
usage of RPET as a modifier asphalt binder. The outcomes show that following
incorporation of RPET, the asphalt binder’s high-temperature rutting improved, as
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Fig. 4 Temperature dependence of (G*/sinδ) for pristine and polymer modified binder: a binder +
wPET; b binder+wPET/GTR75/25 and binder+wPET/GTR25/75, c binder+wPET/GTR50/50,
d binder + wPET/GTR90/10 and binder + wPET/GTR10/90 [49]

detected through DSR rutting parameter (G*/sinδ). The high-temperature perfor-
mance grade of asphalt binder improved by one grade from 64 to 70 °C (for control
asphalt binder) at 20 and 15% RPET. Padhan et al. [46] used chemically recycled
PET to generate additives as well as utilized with SBS in order to enhance asphalt
binder. The results were in the same vein as previously discussed.

PET modified asphalt binder was also investigated for the intermediate tempera-
ture to evaluate the fatigue parameter. Padhan andGupta [41] obtained the satisfactory
outcomes produced by the (G*Sinδ) at 19 °C for all three binders (SBS based PMB,
base binder and BHETA-PU). As such, outcomes indicate that all the blends attain
the similar grading of performance. In a separate investigation carried out by Padhan
et al. [46], PETwas chemically recycled to generate additives as well as utilized with
SBS in order to enhance asphalt binder. In order to characterize the properties modi-
fied of asphalt binder, superpave binder tests fatigue factor (G*sinδ) was conducted
and showed improved outcomes for fatigues results. In addition, compared to SBS
modified binder (S-MB), the 3% of PET additives, and 4% of SBS modified binder
(PS-MB3) led to better fatigue cracking resistance. As such, as shown in Fig. 5, the
level of additive utilized influences the degree to which PET additives enhance the
fatigue resistance of SBS modified binder.
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Fig. 5 Impact of utilizing SBS and PET on fatigue performance of asphalt binder [46]

Leng et al. [42] who assessed the BHETA and CRMA modification with asphalt
binder concluded the fatigue resistance parameter. As such, the base CRMA, the
BHETA modified CRMA provides better fatigue resistance. This suggests that in
comparison with virgin binder. In another study Abuaddous et al. [48] reported that
all RPET percentages, the fatigue parameters (G*sinδ) was lower than 5000 kPa-
Superpave limit. The RPETmodifier negatively influenced the asphalt binder perfor-
mance under low temperature. The asphalt grade of asphalt binder at low temperature
dropped from −22 to −16 °C (for control asphalt binder) at 20 and 15% RPET. It is
therefore favorable to utilize RPET modifier during hot weathers.

3.3 Morphological and Chemical Analysis of PET Modified
Asphalt Binder

Scanning ElectronMicroscope (SEM) fitted with Fourier Transform Infrared (FTIR)
and Energy Dispersive Spectrometer (EDS) is able describe chemical structure.
Based on an investigation carried out by Guru et al. [39], upon examination of the
SEM images, it is observable that removal of volatile components led to samples’
porosity. Such uniformity can be found in all asphalt samples SEM images in Fig. 6.
The EDS outcomes highlight that sulphur was set as 0.513% for the base asphalt,
2.765% forVPPmodified asphalt aswell as 3.706% for TLPPmodified asphalt. SEM
images of S-MB and PS-MB samples, as well as of the PET additives were showed
by Padhan et al. [46]. The SEM image of PS-MB highlights the fact that the PET
additives were well dispersed in the asphalt binder matrix. Possible novel structures
were found in the modified binder upon integrating S-MB with PET additives. The
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Fig. 6 EDS analyses and SEM images of asphalt samples; a base asphalt; bTLPPmodified asphalt;
c VPP modified asphalt [39]

white particles within the asphalt matrix which are the PET additives were glued to
the S-MB binder in a uniform manner.

According to an investigation carried out by Guru et al. [39], Fig. 7 provides
the modified asphalt samples and FTIR patterns of base binder. The patterns show
that the modified samples had distinct PET additives bond structures (VPP, TLPP).
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Fig. 7 FTIR patterns of base and modified asphalt samples [39]

Recordings of C=O bonds generated by the additives were apparent at 1800 cm−1. As
per subsection preparation of PET additive, this outcome supports the fact in which
esterification occurs with glycolysis reaction existing C=O bonds. The FTIR pattern
of base asphalt had the C=C double bond at 1600 cm−1. Following modifications
stage, bond cleavage occurred at 1600 cm−1 for the base asphalts while the alkenes
was transformed into alkanes. As such, C=C double bond at 1600 cm−1 appeared
unfit for the modified asphalt samples. Additive properties to the modified asphalts
are reflected by the SO2 bond at 1300 cm−1, that were unavailable within the base
asphalt FTIR pattern. Other bond structures appeared to be similar with respect to
the patterns of FTIR.

FTIR spectra analysis was carried out by Gupta and Padhan [41] on the BHETA,
BHETA-PUandbase binder samples. The followingproperties of themodifiedbinder
are illustrated by the IR spectra obtained of BHETA. The FTIR spectra of the base
bitumen, BHETA and BHETA-PU samples are shown in Figs. 8, 9 and 10 respec-
tively. Characteristic absorption band between 3300 to 3446 cm−1 is shown by N–H

Fig. 8 IR spectra of BHETA [41]
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Fig. 9 IR spectra of BHETA-PU [41]

Fig. 10 IR spectra of base bitumen [41]

group involved in the hydrogen bond. The absorption bands of non-bonded N–H
group are apparent at approximately 3446 cm−1. Two carbonyl bands are projected
by the usual FTIR bands of polyurethane linkage: one at 1724 cm−1 linked to
free BHETA’s CAO groups and another at 1711 cm−1 linked to bonded groups of
CAO. The formation of polyurethane linkage is confirmed by the building of novel
absorbance bands at 3346, 3300 and 3446 cm−1 for N–H group absorption bands
and carbonyl bands at 1724 cm−1 as well as 1711 cm−1 seen within FTIR analysis
of BHETA-PU, that is non-existent in both base binders and BHETA additives. The
generated novel polymer is polyurethane, as confirmed by the FTIR study.
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An investigation by Leng et al. [42] on the impact of BHETA and crumb rubber
on the chemical nature of asphalt via FTIR studies. Outcomes prove that the bands
seen at 1012 cm−1 and 1600 cm−1 are a result of the C-Ostr as well as C-Cstr stretches,
respectively. At the same time, those at approximately 2850 cm−1 and 2919 cm−1

are attributed to Aliphatic C-Hstr as well as Alkyl C-Hstr stretches, respectively.
CRMA binders possessing BHETA additives had distinct peaks at 1645, 3300 and
1550 cm−1, in comparison with base CRMA binder. Clear shifting of such peaks
may be attributed to chemical interaction between crumb rubber and BHETA.

4 Conclusion

The aim of the review is to summarize all literature and to promote the usage in the
binder as modifier. It uncovers the possible utilization of PET in the binder to reduce
the recyclability issue of PET and the constructing the sustainable pavements by
utilization minimum crude oil for a higher performance property. Investigations in
the past have shown that it is one of the many waste products that may be used in the
pavement industry. The physical and rheological properties of PET modified binder
have been enhanced and demonstrate greater properties to a certain degree. Along
with the ductile properties of the modified binder, the penetration and resistance to
temperature has been enhanced. As for the rheological properties, there is also a
higher viscosity behaviour for the high addition of PET, which improved the perfor-
mance grade of binder. The high and low temperature properties have improved due
the addition of PET together with the other polymers. In a nutshell the consump-
tion of the PET in the binder can results in many benefits to the construction of the
highway pavements.
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Abstract In this paper, the utilization ofC&D (Construction andDemolition)waste
for roads and pavements construction is reviewed in the international context. Further,
the results are assessed to see the relevance to Sri Lanka. The relevant references gath-
ered from the databases are referred to this study. The different countries and regions
including Asia, Australia, Middle-East, Europe, and the USA, are covered with 67
papers. Those references are critically reviewed by applying PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analysis) methodology and key
C & D waste types utilized for roads and pavements construction are found out. The
paper discusses Recycled Concrete Aggregates (RCA), Crushed Clay Bricks (CCB),
and Recycled Asphalt Pavement (RAP) as the C & D materials that commonly are
used for roads and pavements construction. Also, policies, laws, regulations, and
procedures adopted in multiple countries, applicable to the C & D waste sector are
discussed in the paper. The findings are evaluated in the latter part of the paper and
proposed applicability/rationales to Sri Lanka are examined simultaneously. The
authors conclude that the specified three types of CDW based recycled materials
could be utilized across the cross-section of roads and pavements through effective
methods and applications in several counties and the same approach is applicable
in Sri Lanka also. This study confirms that very significant policy support in terms
utilization of CDW is evident in most countries and the particular learnings could be
applied in Sri Lanka to improve the current state appropriately.
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1 Introduction

As per the Oxford Advanced Learner’s Dictionary, one of the different definitions
given for the word “waste” is “materials that are no longer needed and are thrown
away” [17]. Even though there is no single definition for “Construction and Demo-
lition Waste” (C & D Waste or CDW), there are several definitions suggested by
several researchers and organizations. The CDW materials consisting of the debris
generated from the construction, renovation, and demolition of buildings, roads, and
bridges [55]. Also, CDW is one of the heaviest and most voluminous of wastes
generated by the construction sector [21]. Further, it has been recorded that CDW
represents one of the most significant components of the solid waste streams in the
United States [57].More importantly, around 35% of all global waste is accounted by
CDW. Also, the percentages of CDW generation vary according to the country and
the region. For example, the portions generated in Spain, UnitedKingdom, Australia,
Japan and Italy are 70%, 50%, 44%, 36%, and 30% of the total waste respectively
[6]. Similarly, CDW places massive pressure and negatively impacts human living
environments [66]. Because of land constraints, the urban and local governments
face challenges due to CDW [53]. Also, very recently, ICSBE, Sri Lanka reported
that the estimated total volume of CDW within the Western Province of Sri Lanka
in 2019 is 124, 517 m3 [9].

The above statistics indicate that CDW is a vital topic and therefore, different
solutions are tested and practiced by several countries to control the impact of CDW.
It has been recorded that reusing, recycling, and revalorizing CDW can conserve
natural resources and reduce the volume of waste disposal in landfills [49]. The
recycled CDW products are more diversified, mainly counting recycled aggregate,
recycled concrete, recycled bricks for several applications including recycled road
base materials [1]. Likewise, there are evidences for the processing of CDW to
produce them as raw materials for road construction.

In the Sri Lankan context, the supply of fine and coarse aggregates becomes a
most significant problem due to the natural resource limitations. Also, the embodied
energy generated due to distance and transportation matters are highly substantial
[7]. Also, in general, the rural roads and pavements development projects could be
received less attention with respect to highway constructions where consume a high
volume of building materials including sand and natural aggregates. Therefore, this
literature review intends to realize the utilization of CDW for roads and pavements
construction in the international context and to discuss the applicability of thefindings
to Sri Lanka.
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2 Aim

This review aims to identify the utilization of C & D waste for roads and pavements
construction in the international context and to discuss the applicability of thefindings
to Sri Lanka.

3 Objectives

There are three objectives of this review and those objectives are;

1. Characterization in the utilization of the C & D waste materials for road and
pavement constructions in the identified countries

2. To understand the rationality for C & D waste-related policies that have been
implemented in specified countries and states

3. To discuss the applicability of the findings to Sri Lanka.

4 Methodology

The Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) method was adopted in this research. The research question consid-
ered for PRISMA is “How the C & D wastes are utilized for road and pavement
construction in the international context and how the findings can be applied to Sri
Lanka?” Figure 1 shows the PRISMA flow chart which describes the criteria that are
considered to choose themost relevant research papers/publications for this literature
review.

The relevant references published in publications with Science Citation Index
(SCI) are identified and gathered from the databases including WOS (Web of
Science), PUBMED, Sciencedirect, and from other open-sources (Google Scholar
and Researchgate). Those gathered publications are filtered to exclude publications
related to duplications, book chapters, and editorial letters. As the third step, as
shown in Fig. 1, eligibility is addressed onmeta-data and keywordswhile proceeding
with abstract reading and body skim reading. Finally, those eligible publications are
included in this review paper.

5 Findings in International Context

Based on the above methodology, finally authors referred to 67 publications and
the respective findings are given below. In par with the review’s first objective, the
identified types and methods of applications of C & DWaste Materials for road and
pavement constructions in different countries are summarized in this section.
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Fig. 1 The PRISMA flow chart. Source Modified from Pati and Lesa [46]

5.1 Different Types of Materials

Thematerials are generated in varying amounts based on factors [57] and [5] say that
the classification of C & D waste varies with territorial contexts. More importantly,
the recycling of demolition waste used for roads could be a sustainable solution
[48]. The use of C & D waste in pavement structure may range from subgrade to
road surface. These wastes may also be used in unpaved rural roads. Comparatively,
concrete wastes, crushed clay bricks, and recycled asphalt pavement are the three
critical types of C & D waste [22]. In the CDW recycling point of view also, the
above three CDW types are highlighted [1] and the 60–70% (by weight) of CDW is
composed of concrete and masonry [15].

Table 1 recaps the details of the said three significant types of C & D waste mate-
rials and it indicates the primary CDW materials, the secondary materials produced
from primary materials, standard abbreviations used for them, and the evidence for
the facts.
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Table 1 CDW material types utilized to roads and pavements

No. C & D waste type (Primary) Name of produced material
(Secondary)

Evidence (References)

1 C & D concrete waste Recycled aggregates (RA) (1) Naik and Moriconi [41]
(2) Wagih et al. [61]
(3) Kox et al. [27]
(4) Wijayasundara [62]
(5) Tuladhar et al. [58]
(6) Courard et al. [8]

Recycled concrete
aggregate (RCA)

Recycled concrete fine
aggregates (RCFA)

Recycled concrete coarse
aggregates (RCCA)

2 C & D Bricks Crushed clay bricks (CCB) (1) Apebo et al. [2]
(2) Otoko [45]
(3) Arisha et al. [3]
(4) Liang et al. [29]

Waste clay brick (WCB)

Recycled clay masonry
(RCM)

Recycled brick aggregates
(RBA)

Crushed clay bricks fine
aggregate (CCBFA)

Crushed clay bricks coarse
aggregate (RCBCA)

3 C & D Asphalt Recycled asphalt (RA) (1) US Department of
Transportation [60]
(2) Nordic Road Forum [43]
(3) Zaumanisa and Mallick
[67]
(4) Sharma et al. [52]
(5) Yadava and Ahamad [64]
(6) Mrugacz [39]
(7) Turkvilma [59]
(8) Limitless Paving and
Concrete [32]
(9) Kemper [26]
(10) Edge Environment Pty
Ltd. [31]

Recycled asphalt pavement
(RAP)

Reclaimed Asphalt
pavement

5.2 Methods of Applications of the Materials

The methods and applications pertaining to the appropriate secondary materials and
the references are presented in Table 2.
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Table 2 Methods and applications of the CDW materials pertain to roads and pavements

No. Name of produced material
(Secondary)

Methods and application Evidence (Reference)

1 Recycled aggregates (RA) To produce a subbase with a
soaked CBR value of at least
30%

Poon and Chan [47]

2 Recycled concrete
aggregate (RCA)

1. As a base-course material for
road construction
2. For sub-bases of the roads
under specified condition
3. As an adhesive to asphalt in
order to enhance the properties
of asphalt mixture

(a) Richardson and
Jordon [50]
(b) Jayakody et al. [20]
(c) Hou et al. [18]

3 Recycled concrete fine
aggregates (RCFA)

To increase the strength of
subgrade soil

Ho et al. [23]

4 Crushed clay bricks (CCB) Cement stabilized sub-base for
blending with soil for unbound
systems such like embankments
and fillings

(a) Liang et al. [29]
(b) Mueller and Stark
[40]

5 Crushed clay bricks fine
aggregate (CCBFA)

As fine aggregate for concrete
and especially, for low weight
concrete and under specified
conditions for concrete with
higher compressive strength

Apebo et al. [2]

6 Recycled asphalt (RA) To utilize differently through
different processes

(a) Kandhal and
Mallick [24]
(b) Karlsson and
Isacsson [25]
(c) Zaumanis and
Mallick [67]

7 Recycled asphalt pavement
(RAP)

To use in granular sub base
course, granular or stabilized
base course, bituminous base
course or binder course and also
in Wearing or surface course

Yadava and Ahmad
[64]

8 Reclaimed asphalt
pavement

To produce a recycled hot mix US Department of
Transportation [60]

6 Policy Support in the International Context

In general, a waste management policy provides a national framework for waste
and resource recovery in a country or territory. It outlines roles and responsibilities
for collective action by businesses, governments, communities, and individuals. It is
noticed that C & Dwaste management policies follow rationalities and alterations in
different countries and regions including Asia, Australia, Middle-East, Europe and
the USA.
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6.1 Rationale for Policies

Based on the “Polluter Pays Principle (PPP)”, some governments have implemented
a waste charging scheme as a significant economic policy to impose a levy to the
direct polluters who should be responsible for C & D waste disposal [63]. There are
laws that cover solid waste management-related provisions in China [1]. AECOM
further states that in National and Local governmental levels in China, respective
Authorities and Ministries work hand-in-hand to align with C & D policies. Hong
Kong has been committed to formulate a construction waste management policy by
applying the latest principles (e.g., 3R principles and polluter pays principle) [33].

The Environmental Code of the Republic of Kazakhstan is the primary direc-
tive that regulates waste management-including construction and demolition waste
management in Kazakhstan [59]. The National Waste Policy that was endorsed by
Australian environment ministers in November 2009 is a collaborative approach that
aims to avoid the generation of waste, reduce the amount of waste for disposal,
manage waste as a resource and ensure that waste treatment, disposal, recovery
and re-use is undertaken in a safe, scientific and environmentally-sound manner. In
addition, waste management and resource recovery in Australia is dependent on the
regulatory framework of the states and territories [10].

Also, Abu Dhabi has taken several policy initiatives and for examples, Abu Dhabi
Environment Policy Agenda (ADEPA) and Abu Dhabi Waste Management Master
Plan 2040 (ADWMMP—2040) [16]. Also, UAE has developed advanced systems
to meet the UAE goal of sustainability in the UAE building sector [35].

Europe has developed specific policies or regulations regarding the management
of C&Dwaste [51]. Also, West Framework Directive of the EC follows the member
states by 2020 to re-use and/or recycle C & D waste to the degree of 70% [13].
Further, a detailed policy and framework conditions about C&Dwaste are described
in the ECU C & D Waste Protocol [11]. The State and county regulatory agencies
have passed legislation that puts strict controls on C & D waste disposal practice,
illegal dumping and groundwater protection [34]. TheDisposal Bans andMandatory
Recycling was declared in the United States [42].

6.2 Alterations of Policies

Thepolicies to be reviewed, updated, and altered time to time to gain the effectiveness.
The first CDW management-related national policy document was issued in May
1995 in China, and this is called the “city appearance and environmental sanitation
management regulations”. It defines the management actions for urban construction
site materials and equipment. Following that, several related policies were issued
by the Ministry of Housing and Urban–Rural Development and other governing
bodies. Accordingly, significant alterations are evident in several years, including
the year 2003, 2005, 2008, 2009, 2011 and 2014 [19]. Bao et al. [5] emphasize
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Table 3 C & D concrete and brick waste generation in 2019 Western province, Sri Lanka

Source [9] Figures calculated by the authors

No. C & D waste type Waste generation in 2019 (m3) Percentage (%) out of total C & D
waste generation in Western
province (13,089.29 m3)

1 Concrete 3029.63 22.16%

2 Bricks 1021.43 7.47%

3 Asphalt Numbers not found NA

some improvements and they indicate that providing more government support is
an indispensable facilitator for promoting on-site recycling in Hong Kong. A team
of researchers suggests some changes and alterations to the existing C & D waste
policies and regulations in Australia, to ensure that any relevant policies will achieve
maximum consensus among stakeholders [54].

In UAE, the government had to produce smart policies [35]. The construction of
new facilities for recycling or disposal is enormously contentious, fuelling ongoing
battles between waste exporting and waste importing states. This particular issue for
New York City, which no longer has any disposal facilities and must export all the
waste that does not recycle [48].

7 Applicability of the Findings to Sri Lanka

The findings’ applicability and availability are discussed and summarized in the
Tables 3, 4 and 5.

8 Conclusions

It is identified that the C&Dwastes are reprocessed and utilized in different ways for
road and pavement constructions throughout the world. It is concluded that there are
three specified types of CDW that are used for roads and pavements and those types
are concrete wastes, crushed clay bricks, and recycled asphalt pavement. Further, it is
found that there are effectivemethods and applications associatedwith recycledCDW
materials under the above three significant types of CDW for road and pavement
construction. Accordingly, the specified CDW based reprocessed materials could
be utilized across the cross-section of roads and pavements. The majority of those
methods and applications could be considered and can be applied in Sri Lanka.
Further, it is confirmed that the policy support is very much significant in most
countries in terms of utilization of CDW. Those policies and rules are reviewed and
altered to suit to cater present demands. In Sri Lankan point of view, the experience of
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Table 4 C & D waste types and proposed applicability to Sri Lanka

No. C & D waste type Name of secondary
material/product

Application of
secondary
material/product for
roads and pavement

Proposed applicability
to Sri Lanka
(rationalities)

1 C & D Concrete
Waste

Recycled concrete fine
aggregates (RCFA)

To replace natural
fine aggregates
(sand) in
mass-concrete
production for
concrete roads and
pavements

(a) Significant C & D
concrete waste
generation is evident
(b) The RCA Centre
(COWAM Centre in
Galle) are readily
available
(c) Sri Lanka is in a
crisis of Sand
(d) This would be a
sustainable alternative

To improve
subgrade

The above (a), (b) &
(e) Natural soil would
be remained

To blend with
crushed clay bricks
to produce subbase

The above (a), (b) &
(e)

Recycled concrete
coarse aggregates
(RCCA)

To replace natural
coarse aggregates
(granite) in
mass-concrete
production for
concrete roads and
pavements

The above (a), (b), (d)
&
(f) Natural granite
aggregate sources are
limited to Sri Lanka
(g) The limited high
quality natural granite
to be conserved to
future major projects

To use as an
adhesive to asphalt
to enhance the
properties of asphalt
mixture

The above (a), (b), (d)
&
(h) Significant C & D
asphalt waste could be
evident (numbers not
found)
(i) This could be a
leading alternative to
reduce consumption of
virgin asphalt

2 C & D bricks Crushed clay bricks
fine aggregate

To replace river
sand in
mass-concrete for
roads

The above (a), (b), (c)
& (d)

(continued)
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Table 4 (continued)

No. C & D waste type Name of secondary
material/product

Application of
secondary
material/product for
roads and pavement

Proposed applicability
to Sri Lanka
(rationalities)

Crushed clay bricks
coarse aggregate

To apply in cement
stabilized sub-base
to construct roads
and pavements

The above (a), (b) &
(e)

To use in unbound
system like
embankments and
fills related to roads
and pavements

The above (a), (b) &
(e)

3 C & D asphalt Recycled asphalt
pavement (reclaimed
asphalt pavement)
(RAP)

To blend with virgin
aggregates to use in
any sub-layer from
subgrade to Surface
course of roads

The above (a), (b), (e)
& (h)

such policy support is minimal and the remaining policies could be enhanced further
by referring to the findings in the international context. Finally, this paper concludes
that there is a room for improvements on the results of findings to carry out further
research on the same topic but with different key words like C & D waste-related
society, economics, and the environment.

Table 5 C & D waste-related policy support in the international context and availability of them
in Sri Lanka

No. Referred Country or
region

Policy/law/regulation/strategy Availability in Sri
Lanka (rationalities)

1 China Environmental protection law Available

2 Cleaner production promotion
law

Evidence Not Found

3 Solid waste pollution prevention
law

Evidence Not Found

4 Circular economy promotion law Evidence Not Found

5 Building law Available

6 Ministry of housing and
urban–rural development

Available

7 National development and reform
commission (NDRC)

Evidence Not Found

8 Ministry of industry and
information technology

Available

(continued)
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Table 5 (continued)

No. Referred Country or
region

Policy/law/regulation/strategy Availability in Sri
Lanka (rationalities)

9 Ministry of science and
technology

Available

10 Ministry of finance Available

11 Ministry of state administration
of taxation

Available

12 Hong Kong waste management policy by
applying the latest principles
(e.g., 3R principles and polluter
pays principle)

Evidence Not Found

13 Australia Country-wide construction waste
management practices

Evidence Not Found

14 National waste policy Evidence Not Found

15 UAE TADWEER for municipal solid,
commercial, medical,
agricultural, industrial,
construction and demolition
waste, ADNOC for oil and gas
waste and FANR for radioactive
waste

Not very much
applicable

16 Netherlands Forbidden the disposal in landfills
of the waste that can be
incinerated

Evidence Not found

17 Germany Forbidden the disposal in landfills
of the waste that can be recycled

Evidence Not Found

18 Denmark Voluntary agreement with good
practices and environmental
management systems for
demolition activities

Evidence Not Found

19 Europe The construction industry to be
obligated by law to select and
recover pre-defined types of C &
D waste if the quantity generated
exceeds a certain amount of waste

Evidence Not Found

20 West framework directive of the
EC which requires that the
member states by 2020 should
re-use and/or recycle C & D
waste to the degree of 70%

Evidence Not Found

22 The USA Disposal bans & mandatory
recycling

Evidence Not Found
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Carbon Footprint Assessment of Steel
Slag Asphalt Pavement in Singapore

See Soo Loi, Swarna Kamala Subramaniam, and Hao Xusheng

Abstract Electric Arc Furnace (EAF) Steel Slag is a by-product generated from
the steel-making process which is being used as aggregates for the road construction
wearing course. Replacement of naturally occurring aggregateswith locally available
EAF steel slag as a road construction material would promote sustainability of road
construction, reduce carbon footprint and minimise the environmental impact of
the steel making industry. Since 1994, 100% of steel slag generated in Singapore
has been fully recycled into aggregates and used in the asphalt wearing course on
roads by LTA and PUB and within the ports by PSA. Climate change is one of
the greatest challenges of our time and a major threat to the livelihoods of living
creatures on earth. Greenhouse gasses generated from human activities is no doubt
the biggest contributor of climate change observed since the mid-twentieth century.
Carbon footprint is one of the most widely used tools to quantify greenhouse gases
for assessing the environmental impacts of a production activity. The amount of
carbon dioxide and other greenhouse gases associated with a given product can be
calculated and expressed asCO2 equivalent. This paper briefs the applications of steel
slag aggregate for asphalt pavement in Singapore and compares the carbon footprint
of locally produced steel slag aggregates with imported granite aggregates. The
environmental benefits of using steel slag have been assessed through the comparison
of embodiedCO2 emission values for steel slag aggregate and granite aggregate. Data
used in the calculations include electricity usage, diesel consumption, transportation
and use of explosives. The analysis reveals that carbon dioxide equivalent emissions
decreases as the use of EAF steel slag aggregates increases. The transportation of
granite aggregates into Singapore represents a significant contribution to its overall
carbon footprint. Thus, using steel slag aggregates generated locally in Singapore
would contribute a smaller carbon footprint to the asphalt wearing course making
process and reduces the disposal of non-incinerable waste to the landfill site.

S. S. Loi (B) · S. K. Subramaniam · H. Xusheng
NSL Chemicals Ltd., 26 Tanjong Kling, Singapore 628051, Singapore
e-mail: ssl@nslchemicals.com.sg

H. Xusheng
e-mail: hx@nslchemicals.com.sg

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. R. Pasindu et al. (eds.), Road and Airfield Pavement Technology, Lecture Notes
in Civil Engineering 193, https://doi.org/10.1007/978-3-030-87379-0_58

771

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87379-0_58&domain=pdf
mailto:ssl@nslchemicals.com.sg
mailto:hx@nslchemicals.com.sg
https://doi.org/10.1007/978-3-030-87379-0_58


772 S. S. Loi et al.
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1 Introduction

Electric Arc Furnace (EAF) Steel Slag is a by-product generated from the steel-
making process. Steel Slag is formed from the reaction of flux such as calcium oxide
with inorganic non-metallic components present in the steel scrap. It subsequently
undergoes a physical process of crushing and separation to produce the required
gradation for further road construction use. The amount of steel slag available in
Singapore for reuse is estimated to be 50–60k tons per year [1].

Steel slag can be beneficially used as road surfacing aggregates when it has been
correctly treated and processed. The formulation of road mixes using steel slag as
aggregates have shown to give better rut resistance, mechanical stability, and higher
affinity to asphalt, thereby making the wearing course of the road more durable.
Since 1994, 100% of steel slag generated in Singapore has been fully recycled into
aggregates and used in the asphalt mix for the wearing course of roads [1]. The rough
surface texture contributes to higher skid resistance, as reflected from the polished
stone value (PSV) in Table 1.

The conventional disposal method of EAF steel slag is landfilling. Over the years,
landfilling has become less favourable as it occupies a wide area of land that will
eventually boost-up the disposal costs. The use of EAF steel slag in road construction
applications significantly reduce the demand for natural aggregates and would divert
waste materials from landfills and stockpiles [3].

Singapore is a small island country where scarcity of land and resources is of
critical concern. The country relies heavily on imported natural resources such as
granite and sand from neighbouring countries for constructional use. Besides being
not a sustainable resource, like steel slag, the transportations of such raw materials
over long distances would inevitably result in higher carbon footprint [4].

Table 1 Aggregate
properties of granite and steel
slag [2]

Properties Granite Slag

pH 7 11–12

Polished stone value 49–54 60–61

LA abrasion value (%) >35 17–25

Aggregate impact value (%) 21–31 10–14

Aggregate crushing value (%) 27 15–21

Flakiness index 22 3–16

Elongation index 28 7
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Replacement of naturally occurring aggregates with locally available EAF steel
slag as a road construction material would promote sustainability of road construc-
tion and minimise the environmental impact. Significant amounts of virgin naturally
occurring material are being used annually in roadwork construction and develop-
ment. On top of that, traditional quarry materials are becoming scarce due to high
worldwide demand from civil and construction sector and is also an environmentally
sensitive products to export.

Climate change is one of the greatest challenges of our time and a major threat to
the livelihoods of living creatures on earth. Natural resource consumption to sustain
that industry’s growth increases steadily, contributing to environmental deterioration,
for example, the rise in the atmosphere’s temperature as well as that of the oceans,
which has led to the well-known climate crisis of global warming [5].

Greenhouse gasses generated from human activities is no doubt the biggest
contributor of climate change observed since themid-twentieth century. Carbon foot-
print is one of the most widely used tools to quantify greenhouse gases for assessing
the environmental impacts of a production activity. The amount of carbon dioxide
and other greenhouse gases associated with a given product can be calculated and
expressed as CO2 equivalents [6].

The advantages of using a renewable resource such as steel slag, in the reduction of
GHG emissions can be quantified using embodied CO2 emission calculations. This
paper briefs the applications of steel slag aggregate for asphalt pavement in Singapore
and compares the carbon footprint of locally produced steel slag aggregates with
imported granite aggregates.

2 Objective

The objective of this investigation is to determine the carbon footprint of EAF steel
slag aggregates and compare the carbon footprint of locally produced steel slag
aggregates with imported granite aggregates.

3 Materials and Methods

In the present study, the carbon footprint involved the quantification of the carbon
dioxide (CO2) released from the rawmaterial to distribution of aggregates, including
explosives, transportation, electricity, and diesel consumption. Figure 1 shows the
methodology overview and key steps for carbon footprint analysis.
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Fig. 1 Overview and key steps for carbon footprint analysis

3.1 System Boundaries

This investigation only covers raw material generation, processing and distribution
of steel slag and granite aggregates. The production of asphalt concrete and the entire
roadmaking process are out of the scope of this investigation, Fig. 2 shows the system
boundaries of the present study.

Fig. 2 Schematic diagram of asphalt making process, and the system boundaries considered
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3.2 Functional Unit

The functional unit used in this study is 1 kg of aggregates leaving the gates of
production facilities.

3.3 Allocation

Since steel slag is a by-product of the steel making process, it has undergone a
primary process, which is the steel making process, before undergoing a secondary
process, which is crushing. When a production system produces several products or
by-products, material and energy flows and the associated environmental burdens
must be partitioned between them to accurately reflect their individual contribution
to the environmental impacts [7]. However, to do an apple-to-apple comparison,
there will be no allocation for steel slag aggregates from the steel making process,
since the embodied energy in naturally-occurring materials such as granite cannot
be accounted for.

3.4 Data Collection

Data for steel slag aggregate processingwere obtained fromNSLChemicals Ltd steel
slag production plant in Singapore, while data for granite aggregate production were
obtained from the quarrying and production facility of Eastern Pretech in Malaysia.

4 Life Cycle Inventory (LCI)

This phase involved data collection and calculation procedures to quantify the
system’s inputs and outputs. Carbon footprint assessment for steel slag aggregate
and granite aggregate, expressed in kg CO2-e/kg, in Tables 2 and 3, which includes
diesel for crushing process, transportation for the raw material transport, electricity
usage and explosive agents for quarry (granite).

4.1 Steel Slag Aggregate

The data were obtained from NSL Chemical’s Roadstone production located at
Tanjong Kling, Singapore. Embodied carbon for steel slag aggregate is 0.01101
kgCO2e/kg. The calculations are shown in Table 2.
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Table 2 Calculations for LCI of steel slag aggregates

No. Usage Emission factor Emissions
(kgCO2e/kg)

1 Diesel 12,258a Litre/month 2.48 kgCO2/litre 0.00507

2 Electricity 15,000b kWh/month 0.7341 kgCO2e/kWh 0.00184

3 Transportation 17.7c km 0.000232 kgCO2/kg km 0.00411

Total 0.01101
a Average monthly diesel consumption
bAverage monthly electricity consumption
cDistance from steel slag aggregate manufacturing plant in Tanjong Kling to asphalt manufacturing
plant in Sg Kadut

Table 3 Calculations for LCI of granite aggregates

No. Usage Emission factor Emissions
(kgCO2e/kg)

1 Explosives 0.000187 kg/kg 0.132 kgCO2/kg 0.00002

2 Diesel 0.001065a litre/kg 2.48 kgCO2/litre 0.00264

3 Electricity 0.002b kWh/kg 0.5295 kgCO2e/kWh 0.00106

4 Transportation 50.8c km 0.000232 kgCO2/kg km 0.01179

Total 0.01551
a Average monthly diesel consumption
bAverage monthly electricity consumption
cDistance from granite aggregate manufacturing plant in Johor to asphalt manufacturing plant in
Sg Kadut

4.2 Granite Aggregate

Embodied carbon for granite aggregate is 0.01551 kgCO2e/kg. The calculations are
shown in Table 3.

5 Impact Assessment

5.1 Steel Slag Aggregate

Since steel slag is a waste material, the use of steel slag as aggregates in asphalt mix
reduces the need for land filling, thus conserves space. It also reduces the use of raw
materials such as granite, thus avoiding resource depletion.
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5.2 Granite Aggregate

The use of natural granite aggregate contributes to the depletion of raw materials,
which is granite rock. Since granite is mined from quarries, it destroys the natural
habitats of wildlife in the area when a virgin quarry is open. Explosives used also
contribute to noise pollution to the surrounding population.

6 Results and Discussions

The environmental benefits of using steel slag have been assessed through the
comparison of embodied CO2 emission values for steel slag aggregate and granite
aggregate. Based on (Fig. 3) the comparison graph of carbon footprint of steel
slag aggregate and granite aggregate, usage of granite aggregates contributes higher
carbon emissions. For steel slag, the main carbon emission comes from the trans-
portation, diesel for handling and followed by the electricity for crushing. Granite
may consume lower energy to crush due to its lower hardness, but it creates additional
emission due to the use of explosives at the quarry.

The transportation cost on average is much higher for granite because of the
longer travelling distance. Steel slag is generally used locally as high cost of mate-
rial production makes long-distance transportation of the material economically not
feasible. Using locally generated steel slag can significantly reduce the carbon foot-
print of the product. More intangible benefits include the conservation of natural
resources and biodiversity by avoiding over-exploitation.

Fig. 3 Comparison graph of carbon footprint of steel slag and granite aggregates



778 S. S. Loi et al.

7 Steel Slag Aggregates Application in Singapore

NSLChemicals started research and utilization of steel slag as roadstone in collabora-
tion with Nanyang Technological University (“NTU”) and Land Transport Authority
(“LTA”) in 1991. The engineered product was on field trials in 1993 and commer-
cially used on Singapore roads in 1994. Low noise steel slag premix developed in
2013 in collaborationwithNational University of Singapore and currently being used
on express ways in Singapore. The research project received a distinguish awards
for being part of the Green & Sustainable Road Pavement initiatives.

Around 1.6million tons of steel slag aggregates were supplied by NSL Chemicals
to LTA, PSA and Changi Airport to resurface Singapore roads since 1994. This has
saved the use natural aggregates with steel slag aggregates and prevented approx-
imately 700 Km3 of supposed waste material from being disposed at the landfill
site.

Our steel slag business has contributed in creating an environmentally friendly
products for the road construction market, particularly the resurfacing of roads, in
Singapore (Fig. 4). NSLChemical’s steel slag business helps to conserve landfill sites
and promotes sustainable development through its lowered carbon footprint when
compared to imported aggregates. The primary focus of this business segment is to
mass recycle steel slag, the waste generated from steel mills, to save landfill sites for
dumping.

Fig. 4 Steel slag road pavement in Singapore
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8 Limitations

This investigation only covers raw material generation, processing and distribution
of steel slag and granite aggregates. The asphalt mix production is not included in
the carbon footprint calculation due to lack of operational data.

9 Conclusions

The analysis reveals that carbon dioxide equivalent emissions decreases as the use
of EAF steel slag aggregates increases. The transportation of granite aggregates
into Singapore represents a significant contribution to its overall carbon footprint.
Thus, using steel slag aggregates generated locally in Singapore would contribute a
smaller carbon footprint to the asphalt wearing course making process and reduces
the disposal of non-incinerable waste to the landfill site.
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Effects of Recycled Plastics
on the Performance of Polymer Modified
Bitumen (PMB)

Aye Nandar Win Maung, Yang Pin Kelvin Lee, Nyok Yong Ho,
Guo Wei Tiah, and Kai Yi

Abstract Polymer modified bitumen (PMB) has been widely used in asphalt
mixtures as it provides better performance and durability as compared to unmod-
ified binders. Styrene Butadiene Styrene (SBS) is one of the most common additives
used in PMB. With the advent of bitumen technology, PMB can be further enhanced
to improve its performance in terms of properties such as viscosity, ageing resis-
tance, stiffness etc. This study aims to evaluate the effects of recycled plastics on the
performance of SBS-modified binder. The recycled plastics involved in this study
as partial substitute of SBS are low density polyethylene (LDPE) and high density
polyethylene (HDPE). The analysis was conducted using a series of tests which
include elastic recovery, dynamic shear test (before and after short term ageing),
viscosity test, multiple-stress creep and recovery test and storage stability.

Keywords Polymer modified bitumen · Styrene Butadiene styrene · Recycled
plastic · Elastic recovery · Dynamic shear ·Multiple-stress creep and recovery ·
Viscosity · Storage stability

1 Introduction

Bitumenhas beenmodifiedbyusingvariousmodifiers as it can enhancebinder perfor-
mance and durability, thereby reduces pavement maintenance costs and lengthen the
expected design life of pavement. The properties of modified bitumen are dependent
on the type of modifier used and compatibility with base bitumen. There is a wide
variety of modifiers such as styrene–butadiene–styrene (SBS), styrene-butadiene-
rubber (SBR), styrene–isoprene-styrene (SIS), crumb rubber, latex rubber, polyethy-
lene (PE), polypropylene (PP), ethylene–vinyl-acetate (EVA), sulphur, polyphos-
phoric acid (PPA) and wax. To date, SBS is the most common modifier for bitumen
modification. Although all modifiers tend to improve the bitumen properties to some
extent, there are still some limitations, such as high cost, low ageing resistance, poor
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workability and storage stability in the development of modified bitumen [1]. The
modifier must be effective, practicable, ecological and economic. Moreover, effect
of modifiers in the process (mixing temperature, mixing time, etc.) of bitumen modi-
fication is also a concern. This study aims to evaluate the effects of recycled plastics
as partial substitute for SBS on the performance of SBS-modified binder. The anal-
ysis was conducted according to a series of test which include penetration, softening
point, rotational viscosity, elastic recovery, dynamic shear, multiple stress creep and
recovery (MSCR) and storage stability.

1.1 Styrene–Butadiene–Styrene (SBS)

SBS is one of the successfully proven polymers for modified bitumen production.
It enhances the stiffness and flexibility of the binder. SBS can be soften on heating,
become harden after cooling and are able to elastically recover from permanent
deformation once the load is removed [2]. SBS is incorporated into bitumen, through
mixing and shearing at high temperature to uniformly disperse, and the amount of
SBS needed is highly dependent on the specification and performance grade required.
Most studies showed that SBS modified bitumen improves rutting resistance at high
temperature and crack resistance at low temperature, and also improves the ageing
resistance [3]. However, differences in properties such as molecular weight, density,
polarity and solubility in between SBS and bitumen lead to the segregation during
hot storage (160 °C) and result in poor storage stability [1].

1.2 Recycled Plastics

Waste plastics has been widely recycled in various ways due to environmental issues
and interest in the incorporation of recycled plastics into construction materials has
increased. Recycled plastics can be used in flexible pavement construction bymixing
together with hot bitumen and aggregates in asphalt production (dry mix) and as a
modifier by mixing with hot bitumen (wet mix). Studies have shown that the use of
recycled plastics can improve the properties of asphaltmixtureswith similar results as
compared tomodified bitumenwith virgin polymers, and has added value of environ-
mental advantages [4, 5]. Some of the recycled plastics include low density polyethy-
lene (LDPE), highdensity polyethylene (HDPE), polypropylene (PP), ethylene–vinyl
acetate (EVA), acrylonitrile–butadiene–styrene (ABS), polyethylene terephthalate
(PET) and polyvinyl chloride (PVC) [4].
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2 Methodology/Materials and Testing Programs

2.1 Materials Used and Samples Preparation

The base bitumen used in this study was penetration grade 60/70 with the penetration
value of 62 dec.mm, softening temperature of 48 °C and dynamic viscosity at 135 °C
of 0.41 Pa S. SBS linear block copolymer with bound styrene of 31% mass was
selected as a modifier. The HPDE and LDPE are recycled plastics resins produced
from a local plastic waste processing company. The various modifiers are shown in
Fig. 1.

The modifiers were added with SBS to the base bitumen in various proportions
as shown in Table 1. The SBS modified bitumen was prepared using 6% SBS (by
mass of binder) which is used as a control sample. LDPE and HDPE were mixed
with SBS in various proportions as shown in Table 1. For the purpose of comparison
among the various modifiers, the total polymer/modifier content was fixed at 6% by
mass of binder. The samples were prepared in the laboratory by using the Silverson

SBS LDPE HDPE

Fig. 1 Types of modifiers

Table 1 Formulation of modified binder samples

Base bitumen Notation SBS (%) LDPE (%) HDPE (%) Remark

Penetration grade
60/70

SBS (control) 6 – – SBS modified
bitumen

SBS-LDPE (3-3) 3 3 – SBS-LDPE
modified bitumenSBS-LDPE (4-2) 4 2 –

SBS-LDPE (5-1) 5 1 –

SBS-HDPE (3-3) 3 – 3 SBS-HDPE
modified bitumenSBS-HDPE (4-2) 4 – 2

SBS-HDPE (5-1) 5 – 1
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high shear mixer at temperature of 170–190 °C for 1 h followed by the blending for
4 h. Binder tests were performed after 24 h curing at room temperature.

2.2 Testing Programs

The modified binder samples were tested according to various parameters which
include penetration, softening point, rotational viscosity, elastic recovery, dynamic
shear,multiple stress creep and recovery (MSCR) and storage stability.A summary of
the tests is shown in Table 2. The MSCR test was conducted at specified temperature
to determine the presence of elastic response and non-recoverable compliance in
modified bitumen under shear creep and recovery at two stress levels. Studies have
shown that the non-recoverable compliance (Jnr) determined from MSCR provides
a better correlation to rutting as compared to the rutting resistance factor (G*/sin δ)
determined from the dynamic shear test [6, 7].

The storage stability of the modified binder samples was tested as polymers are
likely to show some level of instability when stored in a static mode with time
[8]. Differences in softening temperature and penetration value between top and
bottom part of samples indicate the stability of modified bitumen after stored at high
temperature for 3 consecutive days.

Table 2 Testing plan for
bitumen properties

Description Test temperature Test method

Standard penetration 25 °C ASTM D5

Softening point
temperature

- ASTM D36

Rotational viscosity 135, 165 °C ASTM D4402

Elastic recovery 25 °C ASTM D6084

Dynamic shear Performance grade
temperature

ASTM D7175

Rolling thin film oven
(Short term ageing)

163 °C ASTM D2872

Multiple-stress creep
and recovery

Performance grade
temperature

ASTM D7405

Storage stability 180 °C BS EN 13399
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Fig. 2 Dynamic viscosity of modified binders

3 Results and Discussion

3.1 Dynamic Viscosity

Dynamicviscosity ofmodifiedbinder is related to themixing and compaction temper-
atures of asphalt mixture. The viscosity of themodified binder sampleswasmeasured
by rotational viscometer at 135 and 165 °C. Figure 2 shows the viscosity values of
the modified binders and base binder. Based on the results, both SBS-LDPE and
SBS-HDPE binders showed lower viscosities compared to the control SBS binder.

3.2 Penetration

Penetration test is a common test to measure the consistency of modified binder
at 25 °C and higher penetration value indicate softer consistency. All the modified
binders exhibited significant lower penetration values as compared to the base binder.
All the modified binders showed comparable penetration values of between 35 and
45 dec.mm (Fig. 3).

3.3 Softening Point

The softening point test measures the temperature at which bitumen starts to flow.
Bitumen with higher softening point temperature ensures that they will not flow
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Fig. 3 Penetration value of modified binders

during service.Thehigher softeningpoint temperature, the lesser temperature suscep-
tibility which influence on the resistance to permanent deformation of the mixtures.
Thus, the softening point of the modified bitumen can be used to analyse improve-
ments in the performance at high in service temperatures [4]. All the modified
binders showed higher softening point temperatures as compared to the based binder.
Binders with higher SBS contents generally showed higher softening point tempera-
tures. In comparison, SBS-LDPE and SBS-HDPE modified binders showed similar
performance (Fig. 4).

Fig. 4 Softening point temperature of modified binders
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Fig. 5 Elastic recovery of modified binders

3.4 Elastic Recovery

The elastic recovery of a bituminous binder was measured by the recoverable strain
determined after severing an elongated briquet specimen of the binder at specified
temperature of 25 °C, in confirming that a material has been added to the binder to
provide a significant elastomeric characteristic. The SBS binder showed 100%elastic
recovery while the modified binders with LDPE and HDPE showed about 75–98%
recovery. Binders with higher SBS contents showed higher elastic recovery. Both
SBS-LDPE and SBS-HDPE samples showed similar elastomeric behaviour. The
replacement of SBS with LDPE and HDPE resulted in reduction of elastic recovery
by up to 24.5% for binders with 3% replacement of SBS (Fig. 5).

3.5 Dynamic Shear Rheometer

The rutting resistance factor (G*/sin δ) of modified binders before and after a short-
term ageing using the RTFOT was measured by the dynamic shear rheometer (DSR)
at 76 °C. The results are shown in Fig. 6.

As compared to the control SBS binder, the modified binders with LDPE and
HDPE showed a reduction in the G*/sin δ values for all results measured before and
after RTFOT. Nonetheless, all the binders meet the PG76 requirement of at least 1.0
and 2.2 kPa before and after ageing respectively. Binders with higher SBS contents
generally showed higher G*/sin δ values.
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Fig. 6 Effect of modifiers on G*/sin δ values

Comparing the performance between two modifiers (LDPE and HDPE), SBS-
HDPE (5-1) with 1% HDPE showed the highest G*/sin δ values before and after
RTFOT respectively.

3.6 Multiple-Stress Creep and Recovery (MSCR)

TheMSCR test involved repeated creep and recovery testing at different stress level to
evaluate the potential permanent deformation of the modified binders. The tests were
conducted on RTFOT samples at 70 and 76 °C. The Jnr@3.2 kPa (which evaluates
the rutting resistance) and % recovery (which evaluates the elastic response) were
determined.

The results for Jnr@3.2 kPa are shown in Fig. 7. Binders modified with SBS alone
showed the lowest Jnr (0.08 and 0.26 kPa−1 at 70 and 76 °C respectively). The other
modified binders showed less than 1.0 kPa−1 at 70 °C (i.e. Very Heavy traffic rating)
and less than 2.0 kPa−1 (i.e. Heavy traffic rating) at 76 °C.

Comparing the performance between two recycled plastics modifiers (LDPE and
HDPE), SBS-HDPE (4-2) with 2% HDPE showed the lowest Jnr@3.2 kPa values at
both 70 and 76 °C indicating least temperature sensitivity for a 6 °C increase in test
temperature.

To analyse the stress sensitivity of the modified binders, the Jnr diff was determined
from the MSCR test which is defined as the difference between Jnr@3.2 kPa and
Jnr@0.1 kPa. Generally, the Jnr diff should not be greater than 75% of the Jnr@0.1 kPa
according to AASHTO M332 specification [9]. The reason for this requirement is
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Fig. 7 Non recoverable creep compliance Jnr @3.2 kPa of modified binders

that some binders are very sensitive to stress level and exhibit yielding at higher
stress level [10].

The results for Jnr diff are shown in Fig. 8. The results generally increase as test
temperature increases. In this case, all the results exceeded the 75% requirement.
These findings were also reported by other studies which indicated that polymer
modified bitumen with high polymer content could result in high stress sensitivity
[11].Moreover, there have been reported challenges withmeeting Jnr diff specification
especially for modified binder with low Jnr value of less than 0.5 kPa−1 [7]. And
AASHTO M332 (2020) remove the Jnr diff specification requirement for Jnr value

Fig. 8 Jnr diff of modified binders
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Fig. 9 Non recoverable creep compliance versus percent recovery

less than 0.5 kPa−1 [12]. Nonetheless, the current findings can still provide a relative
comparison of the stress sensitivity among the various modifiers.

As compared to the SBS binder, recycled plastics generally showed lesser Jnr diff
at 70 °C which indicates that these modifiers can help to reduce the stress sensitivity
of the modified binder. At 76 °C, recycled plastics seemed to reduce stress sensitivity
as the plastic content increases.

The Jnr@3.2 kPa (at 76 °C) versus % recovery curve were plotted according to
AASHTO R92-18 [13] as shown in Fig. 9. The results above the curve indicated
that these modified binders have significant elastic response. Among the binders,
SBS-HDPE (5-1) did not meet the requirements.

Figure 10 shows the Quadrant plot [14] which analyzes the elastic recovery and
MSCR recovery at the same time. Minimum MSCR % recovery (R3.2) requirement
varies based on the binder grade and minimum elastic recovery requirement is based
on the agency’s specifications [14]. It can be seen that the SBS binder and SBS-HDPE
(4-2) both meet the recovery requirement but the rest of the modified binders failed
to meet the minimum MSCR % recovery even though their elastic recovery values
are high. This highlighted that the % recovery can provide a better evaluation of the
elastic response of binder as compared to ER test as reported by previous studies [6,
7].

3.7 Storage Stability

Modified bitumen which consist of mainly bitumen and at least one additional
modifier, are known to display phase separation under certain conditions. Storage
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Fig. 10 Elastic recovery versus MSCR percent recovery

stability test is to determine the tendency of polymer to separate from polymer modi-
fied asphalt under static heated storage conditions. Large differences in test results
between top and bottom specimens indicate that there is a degree of incompatibility
between the polymer and the base asphalt [8].

The effects of storage were evaluated in this study by difference in properties of
softening point temperature and penetration between top and bottom of the samples.
The results are shown in Fig. 11.

As compared to the control SBS, SBS-HDPE binders and SBS-LDPE binders
showed significantly higher tendency of separation with up to 18.5 °C difference
in softening points and up to 4 dec.mm difference in penetration values at LDPE
content of 3%.

4 Conclusions and Recommendations

The effects of recycled plastics (LDPE and HDPE) on SBS modified binder were
evaluated by various properties tests and the key observations are as follow:

• All polymer modified binders meet the performance grade PG76 specification by
AASHTO M332.

• Both recycled plastics reduce the viscosity of SBS modified binder.
• Based on MSCR test, all modified binders met the Jnr criteria for heavy traffic

(Jnr@3.2 less than 2 kPa−1). SBS-HPDE (4-2) with 2% HDPE showed the best
performance among the modifiers (LDPE and HDPE) with Jnr@3.2 kPa less than
1.0 kPa−1 and % recovery more than 55%.
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Fig. 11 Storage stability of modified binders

• Modified binder with SBS—recycled plastics (LDPE/HDPE) are less stress
sensitive as compared to SBS binder.

• In terms of storage stability, SBS-LDPE binders are less stable compared to SBS
and SBS-HDPE binders.

• Further studies on the effect of long-term binder ageing, low temperature perfor-
mance as well as asphalt concrete performance tests should be carried out on
recycled plastics with SBS modified binder.
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Evaluation of Rutting Properties
of Asphalt Binders and Mixtures
with Tire Pyrolytic Char
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Abstract Waste or end-of-life tires are generated in huge quantities all over the
world and pose a serious challenge for the environment. Pyrolysis is a quite effec-
tive chemical route for recycling of waste tires, and produces three-phase products:
liquid pyrolytic oil, gases, and solid tire pyrolytic char (TPC). The TPC is gener-
ally considered a by-product of waste tire pyrolysis process and has recently gained
interest as an additive/modifier to road asphalt binders. Rutting in thick asphalt layers
is a commonly observed distress on heavy-duty flexible pavements, which are quite
preferred in India as well as throughout the globe. Rutting in the asphalt-bound pave-
ment layers refers to the accumulation of permanent deformation under the influence
of high pavement temperatures and heavy traffic. Asphalt binders play a significant
role in imparting rutting resistance to an asphalt concrete pavement layer. Evaluation
of rutting resistance of TPC modified binders and mixtures is thus quite important
to support its wide-spread use in construction of asphalt pavements. This study first
evaluated the rutting performance of TPC modified binders (prepared at five TPC
contents) at multiple temperatures (40, 50, 60, and 70 °C) and stress levels through
five rheological parameters: (1) Superpave rutting parameter; (2) Shenoy rutting
parameter; (3) zero shear viscosity; (4) non-recoverable creep compliance (Jnr) from
multiple stress creep and recovery (MSCR) test; and (5) non-recoverable strain rate
(�εnr) from the MSCR test. A dynamic shear rheometer was used to measure the
TPC modified asphalt binder rutting characteristics. Asphalt mixtures were then
fabricated using the TPC modified binders and evaluated for rutting performance
using the Hamburg wheel-tracking device. Correlation analysis was performed for
binder rutting parameters and mixture rut depth. Overall, the findings indicate that
the addition of TPC enhances the rutting performance of both asphalt binders and
the asphalt mixtures.
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1 Introduction

There is an increasing emphasis across the globe, and in India, related to the use and
development of alternative technologies for recycling scrap tires toward a circular tire
economy [1, 2]. India generates about 6–7% of the world’s total waste tires estimated
at 1.5 billion annually [3, 4]. Pyrolysis is receiving a wide popularity as an alterna-
tive technology for effective end-of-life treatment and extraction of useful products
from waste tires. The thermochemical decomposition of waste tires through pyrol-
ysis produces gases, liquid pyrolytic oil, and solid carbonaceous char [referred in this
study as the tire pyrolytic char (TPC)]. While the process provides an opportunity to
recover alternative energy products in the form of liquid pyrolytic oil and gases, the
TPC is generally considered a by-product and finds limited applications [5, 6]. The
TPC originates from carbon black and inorganic filler materials added during tire
manufacturing in addition to the coke material generated during pyrolysis reactions
[2, 6]. Being a carbonaceous product, its use as an asphalt binder additive/modifier
will find an economical and large-scale application route. Asphalt binders are regu-
larly modified in an effort to enhance the performance and service life of pavements
against increasing axle loads, tire pressures, and temperature variations. Even though
the earliest works on the use of TPC in asphalt date back to 1995–1997 [7, 8], the
material has received a renewed attention for asphalt modification since the past
4–5 years [9–11].

Rutting in thick asphalt pavement layers is a commonly observed distress on heavy
duty flexible pavements and refers to the accumulation of permanent deformation
in the asphalt pavement layers under the influence of high pavement temperatures
(encountered during summer) and heavy traffic. India being a tropical country with
high air temperatures recorded up to 50 °C, it is not surprising that rutting is one of
the two most common distresses (the other being fatigue cracking) observed on the
country’s highways [12, 13]. An improvement in the rheological properties of asphalt
binders through asphalt binder modification with the use of one or more additives
to a neat binder is an effective approach to mitigate asphalt mixture rutting. Several
research efforts have been made in the last three decades in the direction of recog-
nizing binder rheological properties (or parameters) that can accurately represent
the rutting resistance of asphalt mixtures [14, 15]. Some of the rutting parameters
include: Superpave rutting parameter; Shenoy rutting parameter; zero shear viscosity
(ZSV); and parameters (such as compliance) from repeated creep recovery (RCR)
and multiple stress creep and recovery (MSCR) tests.

Although rutting is a high-service temperature phenomenon, it should be appre-
ciated that the phenomenon does not occur at a single temperature and may mobilize
over a range of ‘high’ temperatures that should reflect the high summer temperatures
observed on a project location. Evaluation of rutting resistance of TPC modified
binders under various temperatures and stress levels is thus important to support
its use in road construction. Some previous studies have attempted the evaluation of
rutting resistance of TPCmodified asphalt binders [5, 9, 10]. However, the evaluation
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was either done at a single temperature or when performed at multiple temperatures,
only the Superpave rutting parameter was used.

Therefore, the rutting performance of the TPC modified binder and that of the
corresponding asphalt mixture needs to be studied and compared. To fulfil this
research need, themain objective of the present study is the characterization of rutting
performance of TPC modified binders and mixtures. In this study, four temperatures
(40, 50, 60, and 70 °C) were used for the evaluation of binder rutting parameters
of TPC modified binders at various dosages (0% (control), 5%, 10%, 15%, and
20% by weight of binder). The rutting performance of TPC modified binders was
first evaluated at multiple temperatures using five binder rheological parameters:
(1) Superpave rutting parameter; (2) Shenoy rutting parameter; (3) ZSV; (4) non-
recoverable creep compliance (Jnr) from MSCR test; and (5) non-recoverable strain
rate (�εnr) from the MSCR test. A dynamic shear rheometer (DSR) was used to
evaluate the TPC modified asphalt binders. Asphalt mixtures were then fabricated
using the TPC modified binders and evaluated for rutting performance using the
Hamburg wheel-tracking device (HWTD) test. Correlation analysis was performed
for binder rutting parameters and mixture rut depth.

1.1 Background of Binder Rutting Parameters

The Superpave rutting parameter (G*/sin δ) is based on the complex shear modulus
(G*) and phase angle (δ) measured on DSR at a particular frequency and strain.
The expression for G*/sin δ assumes rutting as a stress-controlled, cyclic loading
phenomenon and is based on minimizing the dissipated energy in each cycle of
loading (Wc) given by Eq. (1):

WC = π . σ 2
0 .

1

G∗/ sin δ
(1)

where, σ0 is the shear stress. Equation (1) indicates that to reduce the work dissipated
per loading cycle, the parameter G*/sin δ should be increased, and therefore a higher
value of this parameter indicates a better rutting resistance. Despite being included
in the Superpave PG specifications for asphalt binders [16], many researchers have
highlighted the limitations of the parameter and have put forth some refinements.

Shenoy [17] proposed one such refinement termed as the Shenoy rutting parameter
presented in Eq. (2). The parameter is based on unrecovered strain and emphasizes
the effect of elasticity in terms of better sensitivity to δ. A lower unrecovered strain
in the binder is associated with an increased value of this parameter, and is desirable
for an improved rutting resistance.

Shenoy rutting parameter = G∗

1 − 1
tan δ sin δ

(2)
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ZSV is another parameter recommended for rutting characterization and it is an
intrinsic characteristic of binder viscosity measured when the shear rate approaches
zero and the binder reaches a steady state of flow. Some of the frequently used
models to estimate ZSV use complex viscosity (η*) measurement from DSR with
varying frequency. The Cross model, presented in Eq. (3), was used determine ZSV
for asphalt binders from a frequency sweep test:

η∗= η0 − η∞
1 + (Kω)m

+η∞ (3)

where, η* = complex viscosity at frequency ω (rad/s), η0 = zero shear viscosity,
η∞ = infinite shear viscosity at infinite frequency, K and m = model parameters. A
higher numerical value of ZSV is desirable for better resistance against rutting.

Themost recent advancement in the rutting characterization of binder is theMSCR
test that acknowledges the significant role of non-recovered deformation of bitumen
on the rutting performance. The test methodology applies loading pulses with rest
periods at multiple stress levels to simulate the actual traffic variables. The standard
MSCR test [18] comprises 10 cycles at two different stress levels (0.1 and 3.2 kPa)
where one cycle includes a 1 s creep and a 9 s recovery time without any time lag
between the cycles. Non-recoverable creep compliance (Jnr) is the MSCR parameter
used for rutting characterization and is the ratio of the unrecovered strain at the end
of an MSCR cycle to the applied stress (Eq. 4). Percent recovery in an MSCR cycle
is calculated from peak/creep strain and the unrecovered strain as shown in Eq. (5).

Jnr = εu

σ
(4)

Percent recovery = εp − εu

εp
× 100 (5)

where, εp denotes the peak/maximum strain, εu denotes the unrecovered/residual
strain and σ is the applied stress level in each cycle. Recent advances in the MSCR
methodology for characterization of modified binders have indicated that a higher
stress level than the currently used 0.1 and 3.2 kPa is needed to achieve a state of
stress representative of that encountered by modified binders in pavements. A third
stress level of 10 kPa was used in this study, as also used in previous study [19].
Further, thirty MSCR cycles were used, as recommended in some recent studies [20,
21], and the Jnr and recovery data were obtained from the last five creep-recovery
cycles.

Moreno-Navarro et al. [20] pointed that the Jnr is calculated as the average value
obtained for a specific number of creep-recovery cycles; however, it does not provide
information onhow the rutting behavior evolveswith the increasingnumber ofMSCR
cycles. They proposed a new parameter called the non-recoverable strain rate (�εnr)
given by Eq. (6) and measured in the units of %/cycle:
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�εnr=εnr,30 − εnr,15

30 − 15
(6)

where εnr,30 = cumulative non-recoverable strain after 30 cycles and εnr,30 = cumu-
lative non-recoverable strain after 15 cycles.�εnr is the fifth binder rutting parameter
used in this study. A higher �εnr would indicate a higher rate of the development
of non-recoverable strain in the binder with the progression of MSCR cycles, and
hence a lower rutting performance. In this manner, both Jnr and �εnr have the
same interpretation in terms of binder rutting resistance: lower values indicate better
resistance.

It can be noted that the first three rutting parameters (Superpave, Shenoy, andZSV)
are measured within the linear viscoelastic domain of the binders (at low strains),
whereas the MSCR based parameters (Jnr and �εnr) at higher stress levels are
measured in the nonlinear domain.

2 Materials and Methodology

A straight-run (neat) Viscosity Graded (VG30) binder meeting the requirements of
Indian Standard IS 73 [22] was used as the base binder in this study. Table 1 shows
the basic properties of the base binder. The high-temperature PG grade of the binder
was found as PG 64. The TPC was supplied by Innova Engineering & Fabrication
(Mumbai, India) in powdered form, which was again sieved in the laboratory on a
75 μm sieve and only the particles passing the sieve were used for binder modifi-
cation. The industrial-scale pyrolysis process of waste tires is described elsewhere
[11]. TPC particles had a specific gravity of 1.71. Figure 1a shows the physical

Table 1 Properties of base
asphalt binder (VG30)

Property Requirementsa Results

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

min 45 51.6

Softening point (R&B) (°C) min 47 52.7

Flash point (COC) (°C) min 220 280

Solubility in trichloroethylene
(%)

min 99 >99

Absolute viscosity at 60 °C
(poise)

2400–3600 3410

Kinematic viscosity at 135 °C
(cSt)

min 350 525

Properties of RTFO aged residue

Ductility, 25 °C (cm) min 40 >100

Viscosity ratio 60 °C max 4 1.15

a Requirements according to IS: 73 [22]
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Fig. 1 a Physical appearance of TPC, b SEM image of TPC

appearance of TPC as black powdered material, whereas Fig. 1b shows the scanning
electron microscopy (SEM) image of the TPC. TPC exhibits hierarchical morpho-
logical features, that is there are primary particles (sizes smaller than 100 nm) as
well as aggregates and agglomerates of the particles in irregular shapes. The primary
particles tend to form aggregates due to covalent bonds and van derWaal forces [23].

A high-shear mixing device (make: IKA T-25 Digital Ulta-Turrax) with a rotor–
stator assembly was deployed for binder modification at four TPC dosages (5, 10, 15,
and 20 by binderweight). TPCwas addedwhen the base binder attained a temperature
of 160 °C and themixing was performed for 30min at a 12,000 rpm shear rate. Sulfur
was then added to all TPC-asphalt blends for desired storage stability at 0.3% by
weight of the modified binder. The addition of sulfur was followed by an additional
15 min high-shear mixing. The control and TPC modified binders were short-term
aged using a rolling thin film oven (RTFO) at 163 °C for 85 min following ASTM
D2872 [24]. The short-term aged binders so obtained were then used for rheological
rutting characterization.

A measuring spindle of 25 mm diameter with a gap of 1 mm between the spindle
and bottom plate was used during all DSR testing. Figure 2a shows the DSR setup.
Superpave and Shenoy rutting parameters were measured in accordance with ASTM
D6373 [16] (10 rad/s frequency and 10% strain). To measure ZSV, frequency sweep
tests were conducted from 0.1 to 100 rad/s. A low strain of 0.1% was used to ensure
the linearity of response of the binders at all frequencies and the four test tempera-
tures (40, 50, 60, and 70 °C). The Cross model was used to fit the complex viscosity
(η*) versus frequency data and estimate the ZSV. As described earlier, the MSCR
test consisted of 30 creep-recovery cycles with 1 s creep and 9 s recovery. The test
was performed at three stress levels: 0.1, 3.2, and 10.0 kPa. MSCR Jnr , recovery,
and non-recoverable strain rate (�εnr) were measured. Each test was performed in
duplicate and the average results were reported.
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Fig. 2 a DSR setup, b HWTD test device

The asphalt mixture specimens were prepared using a dense-graded Bituminous
Concrete (BC) gradation of 13.2 mm nominal maximum aggregate size (NMAS),
specified by MoRTH [25]. To allow proper comparison with respect to the TPC
dosages, the binder content (5.5% by mix weight) and mix volumetrics were kept
constant across the BC mixtures. The HWTD test was conducted following the
AASHTO T324 [26] specifications on a pair of identical 150 mm diameter and
60 mm height gyratory compactor specimens fabricated at controlled air voids of 7
± 0.5% (Fig. 2b). The specimens were submerged in water at 50 °C and conditioned
for 30 min before the application of 10,000 passes of steel wheel carrying a 705 N
load. The rut depth at the end of 10,000 passes was then used as the main mixture
rutting performance parameter in this study.

3 Results and Discussion

3.1 Binder Rutting Parameters

Figures 3 and 4 show the plots of Superpave and Shenoy rutting parameters at the
four test temperatures. The Superpave and Shenoy rutting parameters, determined
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Fig. 3 Superpave rutting
parameter

Fig. 4 Shenoy rutting
parameter

through theG* and δ values, showed a similar trend with respect to TPC dosage at all
four test temperatures: the parameters increase with an increase in TPC content and
decrease with the increase in temperature. The results indicate an improved rutting
resistance of the binders with the addition of TPC.Wang et al. [10] also found similar
results and reported the increased rutting resistance of binder with TPC due to the
higher stiffness facilitated by the absorption of light fractions of the binder because
of the high surface area of TPC. Similar improved rutting results with TPC were also
found by Feng et al. [9] and Li et al. [5]. Averaged over all TPC dosages, the percent
increase in Shenoy parameter over the Superpave parameter is 75%, 31%, 17%, and
10% at 40, 50, 60, and 70 °C temperatures, respectively. The Shenoy parameter
takes into consideration the emphasized influence of phase angle (or elasticity) on
the potential of binder against permanent deformation, leading to a higher value of
the Shenoy rutting parameter than the Superpave.
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The ZSV was estimated using the Cross model fit to the complex viscosity versus
frequency data. The model parameters of the Cross model given in Eq. (3) were
estimated using nonlinear curve fitting analysis. Figure 5 shows the Cross model fit
to the data for all binders at 60 °C. It is seen that the model fits the data well with a
high coefficient of determination (R2 ≈ 0.99). Good fits were also obtained at other
temperatures but are not presented here for brevity. The ZSVs of all TPC modified
binders at the four temperatures were determined and are presented in Fig. 6. As
per the trends observed in Fig. 6, the TPC modification increased the ZSV values at
all the four test temperatures, which are also consistent with Superpave and Shenoy
rutting parameters.

The results ofMSCR Jnr at the three stress levels are shown in Fig. 7 for the control
and modified binders with different TPC dosages at the four test temperatures. In
general, the Jnr values decreased with the addition of TPC indicating that the TPC

Fig. 5 Cross model fit at
60 °C

Fig. 6 ZSV results



804 A. Kumar et al.

Fig. 7 MSCR Jnr results at a σ = 3.2 kPa and b σ = 10.0 kPa

modification lead to a lower plastic (unrecovered strain) at each stress level and each
test temperature, and hence a better permanent deformation resistance. For example,
the Jnr value of the control binder was found to be 1.58 kPa–1 at 3.2 kPa stress level
at 60 °C. Jnr values with 5, 10, 15, and 20% TPC contents were 1.17, 1.02, 0.97, and
0.91 kPa–1.

Figure 8 shows the results of MSCR percent recovery for all binders. A slight
improvement in recovery values is observed on the addition of TPC. As expected
the recovery decreases with an increase in test temperature and stress level. The
recovery at 70 °C temperature is omitted because negative recoveries were observed.
Possible reasons for negative recovery include instrument inertia and tertiary creep
response of the binder under the combined influence of high stress levels and high
temperatures [27]. The current MSCR standard ASTM D7405 [18] recommends
negative recovery to be treated as zero recovery. Similar findings have been reported
in a previous study on TPCmodified asphalt [10]. Figure 9 presents the results of the
second MSCR rutting parameter �εnr . The addition of TPC particles decreases the

Fig. 8 MSCR recovery results at a σ = 3.2 kPa and b σ = 10.0 kPa
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Fig. 9 MSCR �εnr results at a σ = 3.2 kPa and b σ = 10.0 kPa

�εnr values, which is beneficial for rutting resistance as it indicates a lower rate of
progression of the non-recovered strain with the evolution of creep-recovery cycles.
Similar to Jnr , the �εnr parameter also increases with an increase in temperature
and stress level. Averaged over the four temperatures and three stress levels, the TPC
dosages of 5%, 10%, 15%, and 20% decrease the �εnr values by 27%, 38%, 41%,
and 49%, respectively. The numerical values of�εnr are much higher than Jnr as the
non-recovered strain values [constituting the numerator in Eq. (6)] increase rapidly
with an increase in the stress level and temperature.

3.2 Mixture Rut Depth from HWTD Tests

The HWTD test was performed at 50 °C on the asphalt mixture specimens fabricated
with the control and TPC modified binders. The rut depth after 10,000 passes was
the main parameter used to characterize the mixture rutting performance. Figure 10
presents the results of rut depth after 10,000 passes. The TPC dosages of 5%, 10%,
15%, and 20% decreased the rut depth by 12%, 25%, 46%, and 65%, respectively,
when compared to the control mixture. The mixture rutting results are consistent
with the trend shown by the TPC modified asphalt binder rheological parameters.

3.3 Rutting Resistance Improvement (RRI) with TPC
Modified Binders

To estimate and compare the improvements in the five binder rutting parameters
at different TPC dosages, a rutting resistance improvement (RRI) percentage was
calculated. RRI was calculated as the percent increase (for Superpave, Shenoy, and
ZSV) or percent decrease (for MSCR Jnr and �εnr) in the binder rutting parameter
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Fig. 10 Rut depth from
HWTD

with respect to that of the control binder. The trends of RRI for the TPC modified
binders at the four test temperatures are shown in Fig. 11. The trend of RRI increases
with the increase in TPC dosages for all five methods, indicating that a higher TPC
content imparts a better RRI. At each temperature the RRI values corresponding to
MSCR Jnr and �εnr are very close to one another, implying that both Jnr and �εnr
are equally sensitive to the TPC modification at the four test temperatures. Another
observation is that the TPC dosages of 10 and 15% yield closer RRI values as seen
for temperatures 50, 60, and 70 °C. The RRI for Superpave, Shenoy, and ZSV are
close to each other at 50, 60, and 70 °C temperatures, while ZSVRRI is considerably
higher at 40 °C than RRI for other parameters. Further, Fig. 11b also includes the
RRI for HWTD rut depth calculated as a percent decrease in rut depth of mixtures
with TPC modified binders compared to the control mixture. It can be interpreted
from Fig. 11b that the TPCmodification has a more profound effect on the mixtures’
rutting resistance than the binders’ at TPC dosages of 15 and 20%.

3.4 Correlation Between Binder and Mixture Rutting
Parameters

Table 2 shows the correlation matrix between all binder rutting parameters and the
mixture rut depth. Each cell in Table 2 is the Pearson correlation coefficient (R).
Since the HWTD test was performed at 50 °C, the correlations were made with
binder rutting parameters measured at 50 °C only. It is seen that both MSCR based
parameters Jnr and �εnr have a very good correlation with HWTD rut depth (R >
0.96), whereas Superpave, Shenoy, and ZSV parameters have almost the same and
good correlation (R ≈ 0.90) with mix rut depth. Further, the correlation coefficients
between Jnr and �εnr , and that between and Superpave and Shenoy parameters
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Fig. 11 RRI results at a 40 °C, b 50 °C, c 60 °C, and d 70 °C

Table 2 Correlation result between rutting parameters and the mixture rut depth

Superpave Shenoy ZSV Jnr_3.2 Jnr_10 enr_3.2 enr_10 HWTD

Superpave 1

Shenoy 0.996 1

ZSV 0.851 0.850 1

Jnr_3.2 −0.796 −0.828 −0.868 1

Jnr_10 −0.781 −0.814 −0.846 0.999 1

enr_3.2 −0.796 −0.828 −0.869 0.999 0.999 1

enr_10 −0.782 −0.815 −0.847 0.999 0.999 0.999 1

HWTD −0.901 −0.912 −0.888 0.964 0.961 0.965 0.961 1

Superpave: G*/sin δ; Shenoy: Shenoy rutting parameter; Jnr_x: MSCR Jnr at ‘x’ kPa stress level;
enr_x: MSCR �εnr at ‘x’ kPa stress level; HWTD: rut depth from the HWTD test
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are found higher than 0.99. Both MSCR based parameters Jnr and �εnr can be
considered as the recommended binder parameters representing the rutting potential
of TPC modified binders and mixtures. This is likely due to the MSCR test being
more representative of the actual vehicular loading (since the test applies loading
pulses followed by rest/recovery periods in between), and also due to the ability of
the test to measure permanent deformation in the nonlinear response range of the
binders.

4 Conclusions

Based on the results and analysis, the following conclusions can be drawn:

• The modification of asphalt binder with TPC particles improved the rutting
resistance of the neat binder, as evidenced by all five binder rutting parameters
(G*/sin δ, Shenoy parameter, ZSV, MSCR Jnr , and MSCR �εnr) at the four test
temperatures.

• The rutting resistance of asphalt mixtures fabricated with TPC modified was also
higher than the control mix as found from the Hamburg wheel tracking test on
the asphalt mixtures.

• Both MSCR parameters Jnr and non-recoverable strain rate (�εnr) had a very
good correlation with the HWTD rut depth (coefficient of correlation >0.96).

• At each test temperature, the RRI values corresponding to MSCR Jnr and �εnr
were very close to one another, implying that both Jnr and �εnr were equally
sensitive to TPC modification at the four test temperatures.

Pyrolysis is a clean way to dispose of tire wastes and also a sustainable method to
produce energy-rich products. The tire pyrolytic char generated as a by-product of
the process shows a good potential for use as a sustainable and economical asphalt
binder modifier and will also give way for its large-scale utilization. More in-depth
studies are needed to characterize and understand other performance properties of
the resulting mixtures such as fatigue life, resistance to moisture-induced damages,
and aggregate-binder bonding.
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Evaluation of Warm Mix Asphalt
with Reclaimed Asphalt Pavement
in Rhode Island

Neha Shrestha, Kang-Won Wayne Lee , and George Veyera

Abstract The potential for using Warm Mix Asphalt (WMA) in reclaimed asphalt
pavement (RAP) is becoming more interesting topic nowadays due to economic
and environmental benefits. WMA technology allows reductions in production and
compaction temperatures guaranteeing relevant environmental cost saving benefits.
The objectives of the present study were to investigate and evaluate the performance
of a typical additive in WMA pavement with RAP on rutting, fatigue cracking and
thermal cracking resistance, which was used on Rhode Island (RI) Route 102. The
asphalt binder was tested at different dosages of WMA additive using Dynamic
Shear Rheometer (DSR), Rolling Thin Film Oven (RTFO), Pressure Aging Vessel
(PAV), Multiple Stress Creep Recovery (MSCR), and Bending Beam Rheometer
(BBR). It was found that 0.70% additive would lessen pavement damage in case of
rutting, fatigue cracking and thermal cracking. After that, two HMA specimens, with
and without RAP and two WMA specimen with and without RAP were prepared
using Superpave Gyratory Compactor (SGC). These specimens were tested with the
Asphalt Mixture Performance Tester (AMPT) and developed master curves for each
specimen. It was observed that WMA mixtures with RAP, could perform better in
fatigue resistance but expected to have poor rutting performance than HMA and
HMA-RAP. This study indicates that addition of WMA additives performs better in
fatigue resistance.

Keywords Warm mix asphalt · Reclaimed asphalt pavement · Dynamic modulus ·
Superpave gyratory compactor · Master curve · Fatigue

1 Introduction

Increasing truck traffic loads and traffic volumes have led to high demand for more
durable and sustainable pavements. It has been estimated that truck traffic on US
highways will continue to increase, surpassing all other modes of freight shipment
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soon. Tractor trailers and heavy vehicles account for much of the damage done to
highways [1]. Thus, a University of Rhode Island (URI) research team has been
developing a durable pavement structure based on performance analyses as shown in
Fig. 1. In addition, an asphalt mixture that will have high thermal cracking (TC) resis-
tance and top-down fatigue cracking (TDFC) resistance was researched for wearing
of surface course. Another mixture was evaluated for intermediate course that will
have high fatigue cracking resistance in the asphalt layer in the present study. The
final step is to develop an asphalt mixture that will have high bottom-up fatigue
cracking resistance (BUFC) for asphalt base layer.

Since there is routinely a need for considerable pavement rehabilitation, substan-
tial volumes of removed asphalt concrete, also called reclaimed asphalt pavement
(RAP), are typically accumulated. The disposal of this material consumes a consid-
erable volume of land and creates the potential for environmental pollution. These
excess materials, in turn, create the opportunity for greater amounts of old asphalt
pavements to be re-used and reclaimed, reducing the need for virgin materials,
and providing an environmentally friendly alternative. Additionally, accumulated
RAP materials and growing traffic volumes have resulted in the desire to find more
sustainable pavement strategies and techniques.

RAP consists of granular pavement materials containing a mixture of bitumen
and aggregates produced after the removal of the asphalt pavement by partial or
full depth milling. Asphalt pavement rehabilitation involves milling and resurfacing
of the existing asphalt pavement to mitigate rutting, cracking, potholes, and other
distresses. Natural resources are conserved by using RAP, which also reduces costs,
and is environment friendly.Millions of tons ofRAPare stockpiled in the northeastern
United States. Several studies indicating that RAPmaterials could be effectively used
to resist rutting, thermal cracking, and temperature susceptibility using different
recycling techniques [2–5]. One of the advantages of RAP utilization is that it does
not have to be heated to a high temperature to prevent further aging (of its already
aged binder), and the ability for rapid pavement restoration. In fact, to prevent RAP
from getting heated to a very high temperature (very high referring to conventional
virgin mix production temperature, e.g., 150 °C; recommended ranges of generally

Fig. 1 Proposed durable asphalt pavement section for New England
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accepted RAP temperatures are 110–135 °C), the material will be introduced in a
separate spot in the recycling drum plant, so that it does not encounter the heater
flame, but instead is heated by contactwith the superheated (190 °C) virgin aggregates
[6].

WarmMixAsphalt (WMA) is a recent broad category of technology in the asphalt
industry that is aimed at reducing energy consumption in the production and construc-
tion of asphalt pavements [7, 8]. WMA is produced at temperatures of about 15–40
°C, lower than those required to produce hot mixed asphalt (HMA). This technology
provides a method of attaining low viscosity in the asphalt at relatively low temper-
atures [7]. Energy savings provide two major benefits: lower construction costs, and
reduced emissions, which makes asphalt pavement construction more affordable and
more environmentally conscious [8]. IncorporatingWMAadditives in RAPmixtures
can increase the sustainability benefits, and also enhance asphalt pavement perfor-
mance against rutting [5]. In addition, WMA allows high proportions of RAP to be
used in asphalt mixtures [5]. WMA uses additives (organics/chemicals) or a water-
based foaming process to reduce the temperature needed to produce asphalt materials
[9, 10].

The Rhode Island Department of Transportation (RIDOT) has done several trial
projects using different types of WMA additives to build stronger, more durable
asphalt roads, with reduced physical maintenance requirements, providing reduced
costs. Route 102 in Coventry, RI is one of the trial sections conducted by RIDOT
using warm mix chemical additives. Typically, RI regular HMA asphalt pavements
are designed for a 20-year life, and generally consist of four layers (subgrade soils,
granular subbase, asphalt base, and asphalt surface). The routine maintenance and
rehabilitation of pavement requires a effective strategy to meet design life require-
ment and beyond. Thus, a new pavement structure has been proposed as shown in
Fig. 1. However, at this time, there are no specific layer materials to use based on
performance. The present studywas an initial exploration of suitable asphaltmixtures
for each layer based on performance with and without RAP.

2 Objective of the Study

The primary objective of this study was to develop WMA mixtures with RAP in
RI durable pavement structures for improved performance, and to investigate the
feasibility of using a typical WMA additive in the asphalt layer. Specific research
objectives were as follows:

1. Compare rheological properties of asphalt binder containedWMAadditive with
the asphalt binder,

2. Explore longer lasting asphalt mixtures including WMA additive with and
without RAP,

3. Determine the dynamic moduli of asphalt specimens to develop Master Curves,
and
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Table 1 Unmodified and
modified asphalt binders

Specimen name Description

0-0 PG 58-28 without WMA additive

0-5 PG 58-28 with 0.5% WMA additive

0-7 PG 58-28 with 0.7% WMA additive

0-9 PG 58-28 with 0.9% WMA additive

4. Predict the rutting and cracking performance of pavement structures withWMA
additive containing RAP.

3 Materials and Specimen Preparation

3.1 Asphalt Binder

Rhode Island typically uses PG 58-28 as the base asphalt binder when mixtures
contain more than 15–25% of RAP as per RIDOT standard specifications [11]. For
this study, a PG 58-28 asphalt binder without any polymer modification was acquired
from a local distributor in Providence.

3.2 WMA Additive

A new generation chemical WMA additive, that has been commonly used by the
asphalt paving industry in New England States, provides a temperature reduction in
the range of 50–75 °C lower than typical HMA. Inclusion of theWMA additive helps
to integrate recycled asphalt materials more easily in asphalt mixtures [12]. A typical
chemical WMA additive has been used for this study, and specimens were prepared
based on the manufacturer’s recommendations. Table 1 shows both the unmodified
and modified asphalt binder.

3.3 Mineral Aggregates

It is rare to obtain a desired aggregate gradation from a single aggregate stockpile.
Therefore, Superpave mix designs usually draw upon several different aggregate
stockpiles and blend them together in a ratio that will produce an acceptable final
blended gradation. Superpave mix designs typically use 3 or 4 different aggregate
stockpiles. The present study used four types of aggregates sources and one RAP
source. Within the Superpave mix design requirements, gradations are identified
based upon NMAS (Nominal Maximum Aggregate Size), which is defined as one
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Fig. 2 Blend of aggregates passed through RIDOT specification

sieve size larger than thefirst sieve size that retainsmore than 10%. In accordancewith
RIDOT specifications, mixes containing RAP should have 19 mm NMAS. Figure 2
shows the blended aggregates with percentages that meet the RIDOT specification.

Specimen Preparation
WMA binders were prepared using a high shear mixer (i.e., mechanical stirrer with
attached heater). Asphalt was heated to 138 °C (280°F) in the oven until the asphalt
binder became liquid. Then, asphalt binder was removed from the oven, and the
typicalWMAadditivewas slowly introduced at a lowmixing speed. Themixturewas
then sheared at a rotation speed of 150 rpm for about 30 min to ensure a homogenous
blended mix.

4 Laboratory Testing Methods

4.1 Dynamic Shear Rheometer (DSR) Test

TheDSR test was used to evaluate the viscous and elastic behaviors of asphalt binders
at temperatures starting from medium to high. The DSR measures a specimen’s
complex shear modulus (G*) and phase angle (δ). The complex shear modulus (G*)
can be the specimen’s total resistance to deformation when repeatedly sheared, while
the phase angle (δ), is the lag between the applied shear stress and the resulting shear
strain. In Superpave, high temperature grade has been defined as the temperature
where G*/sinδ of bitumen before and after aging is higher than 1.0 and 2.2 kPa,
respectively.
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4.2 Rolling Thin-Film Oven (RTFO) Test

The RTFO test was used to produce short-term aged asphalt binder for physical
property testing following AASHTO T 240 [13]. Asphalt binder is exposed to oven
temperatures at 163 °C (325°F) for 85 min to simulate manufacturing and placement
aging. This aging is expected to represent typical conditions where the asphalt is
considerably aged from the first exposure to the plant burner and contact with hot
aggregates, throughout hauling and paving, until the final compaction takes place.
Research leading to the development of the RTFO test indicated that an aging time
of 85 min produces aging effects comparable to average field conditions.

4.3 Multiple Stress Creep Recovery (MSCR) Test

The MSCR test is the most recently method for binders to evaluate their non-
recoverable creep compliance (Jnr), which is the ratio of non-recoverable strain to
applied stress. Field loading conditions were simulated following AASTHO M332
procedures, which is why Jnr can be considered as a rutting parameter [13]. This
approach provides a high temperature binder specification thatmore accurately repre-
sent the asphalt binder rutting performance. A major benefit of the MSCR test is that
it eliminates the need to run additional tests such as elastic recovery, toughness and
tenacity, and force ductility. This test is specifically designed to indicate the effects
of polymer modification additives on the asphalt binder behavior. The MSCR test
uses the well-established creep and recovery test concept to evaluate the binder’s
potential for permanent deformation.

4.4 Bending Beam Rheometer (BBR) Test

The BBR test provides a measure of the low temperature stiffness and relaxation
properties of asphalt binders. These parameters give an indication of an asphalt
binder’s ability to resist low temperature cracking. PAV residue was tested at low
temperature using the BBR to measure creep stiffness (S) and logarithmic creep rate
(m) at 60 s as per AASTHO T313 [13]. The specification requires that the stiffness
of the testing specimen (S) should be less than 300 MPa, and the value of m should
be greater than 0.300 to resist low temperature cracking.
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4.5 Indirect Tensile Test

The tensile properties of bituminous mixtures are evaluated in the Indirect Tensile
test where a cylindrical specimen is loaded by a compressive load along a diametric
plane at a constant rate acting parallel to and along the vertical diametrical plane of the
specimen through two opposing loading strips. This loading configuration develops
a relatively uniform tensile stress perpendicular to the direction of the applied load,
and along the vertical diametrical plane, ultimately causing the specimen to be tested
in tension by splitting along the vertical diameter. The Superpave mix design method
was used to prepare the specimen for this test. HMA andWMA specimens with 20%
RAP, were prepared at the optimum binder content (OBC) at a temperature of 25
°C for a period of 2 h in air. These specimens were then mounted on a conventional
Marshall testing apparatus, loaded at a deformation rate of 51 mm/min with the load
at failure recorded for each case. A 13 mm (0.5 in) wide loading strip was used for
the 101 mm (4 in) diameter specimens to provide a uniform loading that produces a
nearly uniform stress distribution. The static indirect tensile strength of specimens
was determined using the procedure outlined in ASTM D 6931 [14].

4.6 Dynamic Modulus

For linear viscoelastic materials such as HMA, the stress–strain relationship under
a continuous sinusoidal loading is defined by its complex dynamic modulus (|E*|).
This is a complex number that relates stress and strain for linear viscoelasticmaterials
subjected to continuously applied sinusoidal loading in the frequency domain. The
complex modulus is defined as the ratio of the amplitude of the sinusoidal stress (at
any given time, t, and angular load frequency, ω), σ = σ osin(ωt), and the amplitude
of the sinusoidal strain ε = εosin(ωt−δ), at the same time and frequency, that results
in a steady state condition.

|E∗| = σ/ε = σo sinωt/εo sin(ωt − δ) (1)

where,
σ o = peak (maximum) stress,
εo = peak (maximum) strain,
δ = phase angle (deg),
ω = angular velocity,
t = time (s), and
i = imaginary component of the complex modulus.
Stiffness (dynamicmodulus) is a keymaterial property that determines strains and

displacements in pavement structures. Stiffness data for aHMAmix as obtained from
the |E*| test provide very important information about the linear viscoelastic behavior
of that particular mix over a wide range of temperatures and loading frequencies.
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4.7 Master Curves

The mechanical behavior of viscoelastic materials such as asphalt composites is
dependent on the temperature and the loading frequency at which the material is
tested [15]. To compare test results of various mixes, it is useful to normalize one of
these variables.Data collected at different temperatures canbe “shifted” relative to the
timeof loading, so that the various curves can be aligned to forma singlemaster curve.
Master curves are constructed using the principle of time–temperature superposition.
Thedata at various temperatures are shiftedwith respect to timeuntil the curvesmerge
into a single smooth function. The master curve for dynamic modulus as a function
of time developed in this manner describes the time dependency of the material. The
amount of shifting at each temperature required to form the master curve describes
the temperature dependency of the material. The greater the shift factor, the greater
the temperature dependency (temperature susceptibility) of the mixture.

Time–Temperature Superposition of |E*|—In theMechanistic-Empirical Pavement
Design Guide (MEPDG) the stiffness of HMA at all temperature levels and time rate
of loading, is determined from a master curve constructed at a reference temperature
(generally taken as 70°F) [16]. Master curves are constructed using the principle of
time–temperature superposition [17]. The data at various temperatures are shifted
with respect to time until the curves merge into single smooth function. The master
curve of the modulus as a function of time formed in this manner describes the time
dependency of the material. The amount of shifting at each temperature required
to form the master curve describes the temperature dependency of the material. In
general, the master modulus curve can be mathematically modeled by a sigmoidal
function described by:

Log
∣
∣E∗∣∣ = δ + α

1 + eβ+γ (logtr )
(2)

where,
tr = reduced time of loading at reference temperature,
δ = minimum value of |E*|,
δ + α = maximum value of |E*|, and
β, γ = parameters describing the shape of the sigmoidal function.
The shift factor can be shown in the following form:

a(T ) = t

tr
or log ( fr ) = log ( f )− log [a(T )] (3)

where,
a(T ) = shift factor as a function of temperature,
t = time of loading at desired temperature,
tr = reduced time of loading at reference temperature, and
T = temperature of interest.
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For improved precision, a 2nd order polynomial relationship between the loga-
rithm of the shift factor, i.e., Log a(Ti)and the temperature in °F is used. The
relationship can be expressed as follows:

Log a(Ti ) = aT 2
i + bTi + c (4)

where,
a(Ti) = shift factor as a function of temperature Ti,
Ti = temperature of interest, °F, and
a, b and c = coefficients of the second order polynomial.

|E*|Measurements from Master Curves—Following the new MEPDG’s input Level-
1 approach, |E*| master curves of all mixtures were constructed for a reference
temperature of 70°F using the principle of time–temperature superposition [17].
The data at various temperatures were shifted with respect to time until the curves
merged into a single sigmoidal function representing the master curve using a 2nd
order polynomial relationship between the logarithmof the shift factors, log a(Ti) and
the temperature. The time–temperature superposition was done by simultaneously
solving for the four coefficients of the sigmoidal function (δ, α, β, and γ ) as described
in Eq. 2, and the three coefficients of the 2nd order polynomial (a, b, and c) as
described in Eq. 4. The Microsoft Excel™ “Solver” function was used to conduct
the nonlinear optimization for simultaneously solving these seven parameters.

5 Testing Results and Analysis

5.1 Rutting Resistance

Rutting is a wheel path surface depression resulting from plastic or permanent
deformation in each pavement layer. AASHTOWare Pavement ME Design (PMED)
computes the rut depths within the HMA, unbound aggregate layers, and subgrade
soils. Since the New England States have strong subgrade soils, and use good quality
granular subbase materials, the present study concentrated on investigating (interme-
diate course) HMA permanent deformations only. To resist rutting, an asphalt binder
should be stiff, and it should be elastic. Therefore, the complex shear modulus elastic
portion, G*/sinδ should be high. When rutting is of greatest concern, a minimum
value for the elastic component of the complex shearmodulus is specified. Intuitively,
the higher the G* value the stiffer the asphalt binder is, and the lower the δ value,
the greater the elastic portion of G* is. Therefore, the higher the rutting parameter,
the better the performance against rutting.

From DSR results of unaged binder as shown in Fig. 3, asphalt binder containing
0.7 and 0.9% additive has the highest rutting parameter values compared to other
binders. This suggests that that (0.7–0.9) % WMA binder has better performance
against rutting.
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Fig. 3 Rutting parameter of asphalt binder and asphalt binder contained WMA additive

In theMSCR test, two separate parameters can be determined during each loading
cycle: non-recoverable creep compliance (Jnr), and percentage of recovery (R). In
addition to determining Jnr , the MSCR test can be used to determine the amount
of recovery in an asphalt binder during the creep-recovery testing. MSCR Recovery
provides an indication of the delayed elastic response of the asphalt binder. A high
delayed elastic response indicates the asphalt binder has a significant elastic compo-
nent at the test temperature. If the asphalt binder meets the appropriate Jnr specifi-
cation, then it would be expected that the binder will minimize its contribution to
rutting.

For standard traffic loading, Jnr (at 3.2 kPa) is required to have a maximum value
of 4.0 kPa−1. Also, AASHTO MP19 maintains a requirement that the difference in
Jnr values between 0.1 and 3.2 kPa shear stress should not exceed a ratio of 0.75,
and Table 2 shows that the results agree with these conditions. Also, from the MSCR
test results (Table 2), asphalt binder containing 0.9% additives showed the higher
recovery percentage, and lower non-recoverable creep compliance as compared with
the regular asphalt binder.

Table 2 Results of MSCR tests for unmodified and modified binders

Asphalt binder R0.1(%) R3.2(%) RDIFF (%) JNR0.1(KPA−1) JNR3.2(KPA−1) JNRdiff (%)

0-0 20.79 11.53 44.53 0.680 0.787 15.80

0-5 16.36 6.65 59.37 1.090 1.290 18.42

0-7 18.09 8.53 52.87 0.883 1.040 17.54

0-9 25.34 13.41 47.06 0.599 0.725 21.06
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Fig. 4 Fatigue resistance of asphalt binder and asphalt binder with WMA additive

5.2 Fatigue Resistance

Fatigue damage in asphalt pavements is a complex phenomenon occurring from
repeated bending resulting in asphalt pavement micro-damage. This micro-damage
is a competitive process between micro-cracking and healing, manifested as a reduc-
tion in asphalt pavement stiffness, degrading the load-carrying capacity and the ability
to resist further damage. Eventually, micro-cracks coalesce into macro-cracks that
appear in the wheel path. To resist fatigue cracking, an asphalt binder should be
elastic (able to dissipate energy by rebounding and not cracking), but not too stiff
(excessively stiff substances will crack rather than deform-then-rebound). Therefore,
the complex shear modulus viscous portion, G*sinδ should be a minimum. When
fatigue cracking is of greatest concern (late in a HMA pavement’s life), a maximum
value for the viscous component of the complex shear modulus is specified. Figure 4
shows that 0.5 and 0.7% have the lowest G*sinδ values compared with the unmod-
ified asphalt binder, which indicates that (0.5–0.7) % WMA binders showed better
performance against fatigue cracking.

5.3 Resistance Against Low Temperature Cracking

The BBR test is used to determine an asphalt binder’s creep stiffness as a function
of time. Because low temperature cracking is a phenomenon found mostly in older
pavements, the test is run on the long-term aged residue from the PAV.As temperature
becomes low, the asphalt binders start to become stiffer. Stiffness is the extent to
which an object resists deformation in response to an applied force. Also, creep
stiffness describes the strain in response to stress at low temperature. And, if this
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creep stiffness is too high, cracking will occur. Since a higher creep stiffness value
indicates higher thermal stresses, a maximum creep stiffness value (300 MPa) was
specified (Fig. 5). Since a lower m-value indicates a reduced ability to for stress
relaxation, a minimum m-value of 0.300 was specified. From the BBR test results as
shown in Fig. 6, it was found that 0.5% WMA binder has less stiffness and higher
relaxation parameters (m-value) compared with the unmodified asphalt binder, and
0.7%WMA binder has nearly the same stiffness and same relaxation parameter (m-
value) compared with the unmodified asphalt binder. Therefore, it can be concluded
that the (0.5–0.7)%WMAadditives containing binders indicated better performance
against lower temperature cracking. Also, from the above results in terms of rutting,
fatigue cracking and thermal cracking, it can be concluded that 0.7%WMAadditives
was the optimal dosage rate for further study.

Fig. 5 Creep stiffness of asphalt binder and asphalt binder contained WMA additive

Fig. 6 m-value of asphalt binder and asphalt binder contained WMA additive
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5.4 Preparation of Asphalt Mixtures

A Superpave gyratory compactor (SGC) is used as compaction devices and the
compaction effort in mix design is based on expected traffic. It is used to prepare
the SuperPave mix design and to find out the volumetric properties that relates to
the performance of asphalt pavement. Once the binder and aggregates were selected
for the asphalt mixture, then they were combined to produce the optimum mixture
properties. The SGC is intended to simulate the rolling effect of field paving on the
mixture, and it is more consistent with the field stress state of the mixture, being
closer to the actual field conditions. In accordance with guidelines to make the spec-
imens for specified traffic loading, less than 0.3 million ESALs were used. Several
trial blends were evaluated to determine the optimum binder content (OBC).

5.5 Density and Voids Calculations

The following two measures of densities were determined:
Bulk specific gravity (Gmb), and Theoretical maximum specific gravity (TMD,

Gmm).

5.6 OBC Selection

The OBCwas determined at 4% air voids. From Fig. 7, the OBC for HMAwith RAP
was at 5.3, and 5.6% for WMA (0.7% additive) with RAP.

5.7 Indirect Tensile Test Results

Eight specimens were prepared and tested for indirect tensile strength. Results for
the HMA and WMA mixtures at unconditioned OBC specimens are given in Table
3. The test results showed that the average tensile strength of HMA mixtures with
20% RAP is 677.5 kPa with a standard deviation of 299.1 kPa, whereas WMA is
588.6 kPa with a standard deviation 110.9 kPa. The test results showed a variation
in strength, which could be attributed to specimen preparation, material handling,
instrument handling, and other potential sources of error. However, it was found that
HMA mixtures have high average tensile strengths compared with WMA mixtures.
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Fig. 7 Air void effect on different asphalt binder content

Table 3 Results of indirect tensile strength tests of WMA and HMA specimens

Specimen # Specimen
thickness (mm)

Specimen diameter
(mm)

Maximum load (N) IDT strength (kPa)

HMA #1 55.9 150 11,676.8 873.3

HMA #2 48.3 150 10,123.8 876.7

HMA #3 48.1 150 5224.3 453.6

HMA #4 50.8 150 6154.4 506.3

WMA #1 42.0 150 5255.5 523.6

WMA #2 50.8 150 6434.7 529.4

WMA #3 49.5 150 6483.7 547.1

WMA #4 48.3 150 8708.7 754.3

5.8 Dynamic Modulus Test Results

Four specimens were prepared and tested using the Asphalt Mixtures Performance
Tester (AMPT). Testing details are shown in Table 4, and AMPT results are given in.
Figure 8 Results indicate that the dynamic modulus of all WMA and HMAmixtures
decreases significantly with the increase of temperature and exhibits frequency
dependency under the same temperature conditions. Higher loading frequencymeans
the higher dynamic modulus for asphalt mixtures, which illustrates the viscoelastic
properties of that asphalt mixtures [18].
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Table 4 Dynamic modulus of HMA and WMA specimens

Specimen A Asphalt binder PG 58-28 HMA mixtures for Base with 20% RAP

Specimen B Asphalt binder PG 58-28 with 0.7%
Evotherm

WMA mixtures for base with 20% RAP

Specimen C Asphalt binder PG 64-28 HMA mixtures for base without RAP

Specimen D Asphalt binder PG 64-28 with 0.7%
Evotherm

WMA mixtures for base without RAP

Fig. 8 Dynamic modulus of HMA and WMA specimens

Four specimens were prepared according to the AASTHO T 342-1 specification
[13]. Specimenswere tested in theAMPTmachine to determine the dynamicmodulus
of the respective mixtures. Dynamic modulus testing requires a 150 mm high by 100
mm diameter specimen at a target air void content, cored from a 175 mm high by
150 mm diameter specimen.

In this study, 21 °C (70°F) is taken as the reference temperature and |E*| master
curves of all mixes were developed at the reference temperature following the prin-
ciple of time–temperature superposition. The data at various temperatures were
shifted in line with frequency until the curve merges into a single sigmoidal func-
tion, representing the master curve (Fig. 9). The least-squares method is used for
determining the coefficients of the sigmoidal functions (α, β, γ and δ) (Table 5). The
shift factor is a function of temperature and is independent of strain level so it can be
used within the linear viscoelastic range to be predict material behavior at any strain
level.
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Fig. 9 Master curves and shift factor plots of HMA and WMA

Table 5 Master curve parameters

Specimen δ α β γ

HMA with RAP 4.568099 2.490947 −0.445790 −0.468820

WMA with RAP 4.629264 2.267807 0.0602610 −0.645040

HMA without RAP 4.84628 2.190182 −0.155180 −0.820180

WMA without RAP 4.088297 3.098425 −0.768200 −0.417560
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Figure 9 shows combined master curve for four different mixes plotted together.
This figure showed that at high temperature and low frequency, HMA-RAP indicates
the highest reduced modulus, and WMA without RAP has second highest modulus
compared to other mixes. These results suggest that WMA without RAP can be
expected to improve performance against rutting compared with HMAwithout RAP
and WMA-RAP [19]. Again, at high frequency and low temperature, WMA-RAP
shows the lowest reducedmodulus comparedwith all othermixes. Results forWMA-
RAP mixtures can also be expected to improve the performance against fatigue
cracking compared with other mixtures but was found to have poor rutting resistance
compared with HMA and HMA-RAP.

6 Conclusions and Recommendations

Based on the laboratory test results and analyses from this study, the following
conclusions can be made:

1. The addition ofWMA additive enhanced the resistance properties of the asphalt
binder against rutting, fatigue, and temperature cracking.

2. Combined Master Curves showed that WMA-RAP performed better in fatigue
cracking resistance than HMA and HMA-RAP.

3. It was found that there was an average 20% drop oi tensile strength in WMA-
RAP as compared to HMA-RAP mixtures.

4. There is need for further investigation and improvement regarding rutting
performance using WMA additive.
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Feasibility of Usage of Waste Plastic
as a Bitumen Modifier: A Review

Shankani Gunarathna and W. K. Mampearachchi

Abstract Bitumen is prone to deformations and cracking under severe tempera-
tures and under fatigue. To overcome these drawbacks bitumen is modified by adding
various additives. SBS and crumb rubber are some of the conventional bitumenmodi-
ficationmaterials. Recently, waste plastic has also been identified as a viable material
to be used in bitumen modification. This would decrease the cost of bitumen modifi-
cation aswell aswould provide a sustainable solution forwaste plastic disposal. It has
been found that incorporation of waste plastic in bitumenmodification could increase
the fracture resistance, rutting resistance and thermal stability of asphalt pavements.
However, the ductility, elasticity and creep resistance were found to be decreased in
waste plastic modified bitumen. Further, increased viscosity due to incorporation of
waste plastic in bitumen modification had induced poor workability as well as higher
mixing and paving temperatures. Increased temperatures not only cause ageing of
bitumen but also cause emissions which could affect adversely on the environment.
This paper critically reviews the properties of waste plastic modified bitumen with
respect to several factors: types of plastic, modification methods, optimum plastic
percentage, mixing temperature etc. Further, the paper discusses about the remedial
measures that are being explored to improve the aforementioned drawbacks of waste
plastic modified bitumen.

Keywords Bitumen ·Modification · Recycle · Sustainable paving ·Waste plastic

1 Introduction

Bitumen as a binding agent in flexible pavements is used widely due to its effec-
tive adhesive and viscoelastic characteristics [1–4]. However, bitumen is prone to
viscoelastic deformations, cracking under severe temperatures and vulnerable for
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cracking under fatigue [5, 6]. Hence, bitumen modification has been studied exten-
sively to enhance the performance of the bitumen. Styrene butadiene styrene (SBS)
and crumb rubber are some widely and commonly used bitumen modifiers [7, 8].

Recently, studies have been done to investigate the incorporation of recycled
materials in the modification of bitumen [5, 9]. Among the materials studied, usage
of waste plastic in modification process was found to increase the fatigue resistance
and rheological properties of bitumen successfully [10, 11]. The incorporation of
polyethylene in the bitumen modification indicated that the flow and stability of
asphalt were increased and the rutting potential was reduced [12–16]. However, it
was observed that the ductility and elasticity of the bitumen were lowered with the
incorporation of High density polyethylene (HDPE) and Low density polyethylene
(LDPE) in the bitumenmodification [14, 16]. Further, the creep recovery is decreased
with the incorporation of HDPE in bitumen modification [13].

Waste plastic is considered as a significant environmental issue [17]. Therefore,
incorporation of waste plastic in bitumen modification will reduce the waste plastic
bags in landfills and could provide a sustainable solution for the disposal of plastic.

2 Bitumen Modification

Bitumen acts as the bindermaterial for asphalt concrete. Asphalt concrete is a flexible
pavement type and consisted with bitumen (binder) and aggregates (coarse and fine).
Even though the asphalt concrete is the mostly used paving material it is susceptible
for viscoelastic deformations, cracking under severe temperatures and vulnerable for
cracking under fatigue. Therefore, modification of bitumen to improve the service
life and improve the performance by eradicating the above negative effects is a
well-researched area [18].

Polymers and fibers are being used as modifiers of bitumen. Elastomer, crumb
rubber and plastomer are the three main types of polymer modifiers [19–21]. When
selecting a polymer modifier, it should blend with bitumen and enhance the rutting,
cracking and creeping resistance in high temperatures and brittle in low temper-
atures. Further, the viscosity of the modified bitumen should not be very high
at mixing temperature [22]. The conventional bitumen modification materials are
Styrene butadiene styrene (SBS) and crumb rubber [5, 7, 8, 23].

2.1 Elastomer Bitumen Modifiers

The elastomer polymers have the capability to return to the initial state after been
subjected to increasing tensile strength which will increase the elongation up to
1300% of its original length [19]. They are amorphous and cross-linked polymer
above its glass transition [24]. 75% of the bitumen modification is executed by use
of elastomer polymers [20]. When elastomer polymer is mixed with bitumen two
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phases will be formed at the service temperature; Phase one is a polymer rich phase
which is elastic and soft while Phase two is asphalt rich phase which is brittle and
not elastic [19]. When polymer is added 3–6% by weight, polymer may swell and
become more dominant and governs the bled properties [19].

Themost common elastomer bitumenmodifier is Styrene butadiene styrene (SBS)
and identified asmost suitable bitumen because SBS increase the elasticity properties
and resistance to oxidation and thermal cracking [19]. However, in some research it
is discovered that the workability of asphalt mixture and cost effectiveness had been
reduced due to incorporation of SBS [8]. Due to the increasing cost of polymer modi-
fiers many researchers are leaning towards harvesting waste materials as bitumen
modifiers.

2.2 Crumb Rubber Bitumen Modifiers

Incorporation of crumb rubber as a bitumenmodifier has been researched from about
early 1960s [25]. It was found that in high temperature rubber particles will absorb
the bitumen and swell allowing liquid concentration to increase [5]. Through the
research conducted throughout the years it has discovered that the incorporation of
rubber will decrease the potential for rutting and cracking as well as the maintenance
cost and the traffic noise [26–28]. However, it is important to use the optimum
rubber content, or the increment of rubber could result an undesirable higher level of
flexibility and the tensile strength could be lowered by introducing rubber as itself
to the bitumen [29]. Further, storage stability of crumb rubber modified bitumen in
higher temperature is low and more research need to be conducted in this avenue
[30]. Nevertheless, through research it is evident that the crumb rubber modifier is
more effective in bitumen modification than SBS [8].

2.3 Plastomer Bitumen Modifiers

Plastomers are preferably termed as thermoplastic elastomers. When compared to
elastomers, plastomers have high early strength and less flexibility resulting to frac-
ture under higher strains [19]. Considering the bitumenmodifiers, 15%of the bitumen
modifiers are plastomer bitumen modifiers [20]. Polyethylene, Polypropylene (PP)
and Polyvinyl Chloride (PVC) are some of the thermoplastics that have been in use.
Incorporation of polymers as bitumen modifiers could increase the stiffness of the
bitumen and temperature susceptibility leading to increase resistance to rutting [31,
32]. Plastomers can be used in either wet method or dry method where plastomers
could dissolve in bitumen or use to coat aggregates respectively [12].
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3 Use of Plastics as Bitumen Modifiers

3.1 Polyethylene

It is a semi crystalline material and it consisted with a long chain of carbon atoms
with two hydrogen atoms attached to each carbon atom [12]. Mainly two types of
polyethylene can be found: High density polyethylene (HDPE) and Low-density
polyethylene (LDPE). Polyethylene is the highest ranked plastic production; hence
it is the highest ranked plastic found in the waste with no proper disposal method
[33]. Many studies have been conducted to investigate the potential of both HDPE
and LDPE as bitumen modifiers.

Polyethylene is shredded and mixed into the base bitumen sample using a high-
speed stirrer which is rotating at 3500 rpm [16]. The mixing temperature is 160–
170 °C for 20–60 min [16, 20]. The modified bitumen sample is passed through an
ASTM 100 sieve at 165 °C to verify the uniformity of the mixture [16]. The optimum
percentage of polyethylene to be incorporated in the bitumen is identified as 5% by
weight [16].

HDPE has an average density of 0.95 g/cm3 and compared to LDPE it has higher
impact resistance and higher tensile strength. It was discovered that when HDPE is
incorporated in bitumen modification, it decreases the penetration and increase the
viscosity and softening point (see Fig. 1) [20]. This could be due to the formation of
dispersed polymer network as shown in Fig. 2 [20, 34]. Further HDPE demonstrate
shear thickening behavior due to agglomeration of HDPE leading to a higher rutting
resistance [20]. Further, it was found that HDPE modified bitumen has a higher
elastic modulus and complex viscosity which will result in enhanced the dynamic
viscoelastic properties [35]. Moreover, HDPE modified bitumen exhibited enhanced
wear resistance and enhanced impact value [15]. Therefore, it is evident that the
incorporation of HDPE enhances the properties of bitumen. However, HDPE incor-
poration in bitumen modification has found to decrease creep recovery and elastic
recovery resulting increased potential for fatigue cracking [13].

LDPE has an average density of 0.92 g/cm3 and high corrosion resistance and
low moisture permeability [12]. However, stiffness, strength and temperature resis-
tance of LDPE is very low [12]. When LDPE is incorporated in bitumen it was
found that the flow and stability of bitumen has been increased [14]. Further, less
plastic deformation, higher shear resistance, higher resilient modulus and higher
resistance to cracking potential at lower temperature were discovered in LDPEmodi-
fied bitumen [16]. LDPE modified bitumen exhibit similar decrease in penetration,
increase in viscosity and softening point as the HDPE modified bitumen (see Fig. 1)
[20]. However, the ductility and elasticity were observed to be decreased with the
content of LDPE added [14, 16].
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Fig. 1 Properties of Plastic modified bitumen; a penetration results for HDPE and LDPE, b soft-
ening point results for HDPE and LLDPE, c penetration index results for HDPE, LDPE, PP and
Bitumen [20]
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Fig. 2 Micrographs of the pslastic modified bitumen produced, before and after short-term aging:
a bitumen modified with LDPE before aging; b bitumen modified with LDPE after aging at the
RTFOT; c bitumen modified with HDPE before aging; d bitumen modified with HDPE after aging
at the RTFOT; e bitumen modified with LDPE-LLDPE-EVA before aging; f bitumen modified with
LD/LL/EVA after aging at the RTFOT; g bitumen modified with CRM before aging; h bitumen
modified with CRM after aging at the RTFOT [34]

3.2 Polypropylene

Polypropylene is a thermoplastic and can be incorporated in the bitumenmodification
as a fibrous material [5, 36]. Further, polypropylene is the second ranked plastic in
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the world contributing to second ranked waste plastics [33]. Polypropylene is mixed
with the base bitumen sample in the 163 °C temperature at a speed of 500 rpm for 2 h
in constant mixer to obtain bitumen modification [20, 37]. The optimum percentage
of polypropylene by weight was found as 0.125% for bitumen modification which
demonstrated higher performance than SBS bitumen modification for same weight
by ratio [38].

Incorporation of polypropylene as a bitumen modifier had increased the Marshal
Stability values as well as the flow. Further, polypropylene bitumen modification
had favourable impact on enhancement in rutting resistance, fatigue resistance and
resistance to reflective cracking [38, 39].

However,melting point of polypropylene is 160 °Cwhich is lower than themodifi-
cation temperature. Hence, process of bitumen modification might not be completed
properly to achieve the modification of bitumen [40].

3.3 Polyethylene Terephthalate (PET)

Polyethylene terephthalate (PET) is the third rank in the plastic production and about
18% of the plastic production is PET [33]. Hence, PET had been identified as a major
contributor for plastics waste.

Mainly in PET bitumenmodification, the aggregates were pre heated up to 200 °C
for 2 h and bitumen was pre heated up to 150 °C for 1 h and mixed for about 5 min,
then PET is blended to the mixture for 2 min in the 165 °C temperature [41]. The
optimumweight by percentage of PET is found as 6% for bitumenmodification [41].

Incorporation of PET bitumen modification has resulted in increased Marshal
stability, resistance to rutting and fatigue as shown in Fig. 3 [42]. Further, it was
found that PET has a low glass transition temperature and semicrystalinity which
will allow to use it as an excellent polymer additive in bitumen modification [43].

Fig. 3 Wheel track results for PET modified bitumen [42]
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Fig. 4 TSR for asphalt
mixtures for PET modified
bitumen [41]

However, incorporation of PET in the bitumen modification did not increase
the elasticity of the bitumen [41]. Further, the surface texture of the PET modi-
fied bitumen degraded due to phase separation [44]. Also, as shown in Fig. 4., the
moisture susceptibility of the mixture is not improved due to the crystal form of PET
after mixing that holds the sticky binder on its surface and decreases the asphalt film
thickness around the aggregate [41].

3.4 Polyester Fiber Modified Bitumen

Polyester is a plastic fibrous material which are been extensively used in textile
industry [45]. Hence, the polyester waste has been accumulated in the world. There-
fore, research has been conducted to study the feasibility of incorporation of polyester
in bitumen modification.

The polyester fibers are pre-heated to 165 °C and added slowly to the base bitumen
sample and mixed by a constant mixer at a temperature of 165 °C and a speed of
500 rpm for 2 h [6, 46].

When polyester is incorporated in the bitumen modification, it was found that the
viscosity of the bitumenwas increased, and the fatigue potential had been reduced [6].
Further, the polyester reinforced bitumen has a higher stiffness, higher strength and
it is susceptible to higher temperatures [46]. Polyester fibers create a spatial network
and through this network the reinforce effect is functioned (see Fig. 5) [47]. Further,
the reinforcement effect may depend on the fiber’s size, orientation, shape and the
tensile strength [47]. Furthermore, polyester fibers are chosen over polypropylene
fibers due to their higher melting point and when strong and durable reinforcement
is needed in higher temperatures [48].

Moreover, reinforcing bitumen by polyester may increase the resistance to fatigue
damage [6], enhance the toughness and resistance to creep [49, 50] and incorporation
of fibers in bitumen increase the elasticity of bitumen as shown in Table 1 [51].
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Fig. 5 SEM microstructure of fiber modified bitumen [47]

Table 1 DSR test results of fiber modified asphalts [51]

Fiber modified asphalt Temperature (°C) G*(kPa) Phase angle δ (°) G*/sin δ (kPa)

No fiber 82 0.412 89.6 0.412

Polyester fiber I 82 0.945 81.9 0.955

Polyester fiber II 82 1.380 80.6 1.399

Polyacrylonitrile fiber 82 0.952 82.2 0.961

Lignin fiber 82 2.460 69.5 2.626

Asbestos fiber 82 0.591 87.2 0.592

4 Bitumen Modification by Waste Plastics and Crumb
Rubber

In the latest studies, it was found that the incorporation of waste plastic in the crumb
rubber bitumen modification could increase the storage stability of the modified
bitumen [10, 11].

Incorporation of Polyethylene in crumb rubber bitumen modification increase the
bitumen performance in high temperature while crumb rubber increase the resistance
to cracking in low temperature [52, 53]. Hence, incorporation of polyethylene and
crumb rubber in bitumen modification has enhanced bitumen performance in both
low and high temperatures.

Further, incorporation of PET in crumb rubber bitumen modification had been
researched. Introduction of PET in crumb rubber bitumen modification increased
the storage stability of the modified bitumen. Further, it improves rutting resistance,
creep resistance and elastic and recovery properties [10]. However, effect on thermal
stability was not profound [10].
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5 Conclusion

In conclusion, it was found that use of waste plastic in bitumen modification
increase the fatigue resistance, rutting resistance, creep resistance and resistance
to reflective cracking. However, use of plastic in bitumen modification increase the
viscosity which results in poor workability. Further, incorporation of polyethylene
and polypropylene in bitumen modification in higher temperatures are incompatible
due to their lower melting point.

However, incorporation of different materials in the bitumen modification would
impact favourably in bitumen modification by complementing each other and erad-
icating the issues raised by the other material as in use of plastic in crumb rubber
bitumen modification.

Therefore, it is recommended to research on incorporation waste plastic with
blend of other bitumen modification materials to overcome the drawbacks identified.
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Influence of Using Waste Materials
as Partial Replacement of Coarse
Aggregates in Concrete Paver Blocks
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Abstract Interlocking concrete block pavement has been widely used in place of
flexible and rigid pavements owing to its easiness in assembling, replacement and
transportation. It also has excellent drainage capacity. Its application includes side-
walks, car parks, cycle tracks and other lightly trafficked areas. The production
of Interlocking concrete block pavement leads to extensive exploitation of natural
resources, for the procurement of aggregates. Utilization of waste materials as partial
replacement of aggregates conserves the scarce aggregates and reduces pollution. The
objective of this study is to check the feasibility of using waste materials as a sustain-
able and economically viable option for producing concrete paver blocks. This study
investigates the effect of using two easily available waste materials in Kerala viz.
coconut shell and Ethylene Vinyl Acetate rubber as a partial replacement alternative
of coarse aggregates in the production of concrete paver blocks. This paper investi-
gates the effect of replacement of various percentages viz. 0, 5 10, 15 and 20% of
coconut shell and rubber on the properties of the paver blocks. The effect on 7th day,
14th day and 28th day compressive strength as well as water absorption was studied.
The optimum percentage of replacement was determined. Also, between coconut
shells and scrap rubber the better alternative for replacement of coarse aggregate
was evaluated. The compressive strength on replacement with coconut shells keeps
on increasing till the optimum percentage of 15% is reached and then decreases grad-
ually while for rubber there is an increase in trend till the optimum percentage of 5%
is reached and then decreases. Replacement with coconut shell is a better alternative
than rubber since more aggregates can be replaced.
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1 Introduction

Interlocking Concrete Block Pavement have been extensively used inmany countries
for quite a long time owing to its easiness in assembling, replacement and transporta-
tion. It also has excellent drainage capacity. Paver is a multi-shaped piece of brick,
concrete or tile. Some of the applications include pedestrian side-walks, footpaths,
cycle tracks, car parks and malls and other lightly trafficked areas. For light traffic
the pavement can consist of blocks 60 mm thick laid over a sand bedding 20–30 mm
and a base course 200 mm thick.

The production of Interlocking concrete block pavement, leads to extensive
exploitation of natural resources for procuring aggregates. Utilization of waste mate-
rials as partial replacement of aggregates conserves the scarce aggregates and reduces
pollution.

Coconut shell is a form of agricultural solid waste with possible use as coarse
aggregate in the production of concrete. India occupies the premier position in the
world in coconut production with an annual production of 13 billion nuts, followed
by Indonesia and Philippines. Although research has been carried out to understand
themechanical properties of concrete paver blocks yet those involving coconut shells
as replacement alternative for aggregate is limited in extent. Hence, further research
is needed for better understanding of the behavior of coconut shells as aggregate in
concrete.

Ethylene Vinyl Acetate (EVA) Rubber popularly known as expanded rubber or
foam rubber is used as padding for various sports accessories such as ski boots,
bicycle saddles, hockey pads, boxing gloves and helmets, water ski boots, fishing
rods etc. It is typically used as a shock absorber in sports shoes. EVA is lightweight,
easy to form, odourless, glossy and cheaper compared to natural rubber. EVA ismuch
softer than rubber and shows rubber-like properties owing to its flexibility. Hence it
can be used as partial replacement alternative for coarse aggregate in interlocking
concrete block pavement.

This study investigates the effect of using two easily available waste materials in
Kerala viz. Coconut shell and Ethylene Vinyl Acetate rubber as a partial replacement
alternative of coarse aggregates in the production of concrete paver blocks.

2 Review of Earlier Works

Jain et al. studied the effect of replacement of coarse aggregate in concrete by coconut
shells by trying 10%, 20%, 30% and 40% replacement using M20 mix. The effect
of 7 day and 28 day compressive strength was evaluated and it was found that the
strength decreases with increase in percentage of coconut shells. Annadurai et al.
found that properties of coconut shell aggregate concrete was almost comparable to
conventional concrete. The study was conducted on reinforced concrete pipes and
it was found that it behaved well under hydrostatic pressure. Studies conducted by
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Annadurai on concrete mixes with varying percentage of coconut shells indicate that
the density and compressive strength decreases whereas the deflection increases but
it gives a warning before failure. The dry density, deflection characteristics and 7 day,
14day and28day compressive strengthwere evaluated. Itwas also found that coconut
shell aggregate concrete requires pretreatment for water absorption before its use as
an aggregate in concrete making. The compressive strength was found to increase
with age and it was found that coconut shell aggregate concrete doesn’t deteriorate
once coconut shell aggregates are encapsulated in concrete. Studies conducted by
Ramachandrudu et al. indicates that the density,workability and compressive strength
decreased with increased percentage of coconut shell, however the voids and the
water absorption increased. Discarded rubber tyres were chipped to 10–20 mm size
by Bompa et al. to replace the coarse aggregates in concrete. The increase in use
of rubber decreases the density and compressive strength, however an increase in
toughness was observed. Torgal et al. studied the effect of using rubber tyres as
partial replacement alternative for sand. Metakaolin and fly ash were used as partial
replacement alternative for cement which was able to minimize the strength loss
due to addition of rubber. The durability was assessed in terms of capillary water
absorption and resistance to sulphuric acid attack. The results indicate that upto 15%
of replacement with rubber is possible. Tung-Chai Ling et al. varied the percentage
of rubber from 5 to 50% as a replacement alternative for sand. The increase in
percentage of rubber decreased both the density as well as compressive strength.
The investigations by Khorami et al. shows that addition of rubber decreases the
stiffness and load bearing capacity of concrete. There was a decrease in compressive
strength and modulus of elasticity and increase in water absorption with the addition
of rubber. Chaikaew et al. studied the effect of using crumb rubber to replace coarse
and fine aggregates in concrete pedestrian block. It was found that blockswere lighter
had more flexibility with better energy absorption. However, they were less strong
compared to conventional concrete blocks. It was noted that both compressive and
flexural strength are found to decrease with rubber content, while the toughness
increases.

3 Methodology

The coconut shells are obtained from oil mills and houses and the scrap rubber are
procured from the local market. The coconut shells are crushed, and scrap rubber
are chipped to a size range of 6–12 mm. According to IRC SP: 63-2004, for areas of
light traffic, paver blocks made with M35 grade of concrete is used. The proportion
of the ingredients for M35 mix is found by preparing various trial mixes, keeping
water cement ratio constant and by varying the cement content.



844 A. George et al.

3.1 Material Testing

The tests conducted includes aggregate impact test, aggregate crushing test, abrasion
test and shape test. Specific gravity of all the materials is found out to determine the
required weight for eachmix proportion. The other tests include Sieve analysis, Stan-
dard consistency and setting time. Compressive strength test and water absorption
test were also carried out.

3.2 Mix Design

Mixdesign is the process of selecting suitable ingredients of concrete anddetermining
their relative proportions, with the object of producing concrete of certain minimum
strength and durability as economically as possible. Trial mixes with 350, 370 and
400 kg of cement were prepared. Cubes of 15 cm x 15 cm x 15 cm were then cast
and tested. The compressive strength of the resulting mixes were observed to be less
than the required value. Therefore, trial mix with 420 kg of cement was adopted as
it conformed to the requirements of M35 mix.

3.3 Casting of Paver Blocks

The paver blocks of size 200 × 100 × 60 mm were cast. The effect of replacement
of various percentages viz. 0, 5 10, 15 and 20% of coconut shell and rubber on the
properties of the paver blocks were studied by determining the 7th day, 14th day
and 28th day compressive strength as well as water absorption characteristics. The
optimumpercentage of replacement was found out. Also, between coconut shells and
scrap rubber the better alternative for replacement of coarse aggregate was evaluated.

Figure 1 shows the casting of paver blocks.
The test specimen are then stored in moist air for 24 h and after this period the

specimens were removed from the moulds and kept under water for 28 days.

4 Results

The various ingredients used for the production of concrete paver blocks are cement,
coarse aggregate, fine aggregate and water. Waste coconut shell and rubber chips
were used to partially replace the coarse aggregates in concrete. The properties of
the constituents are summarized below.
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Fig. 1 Casting of paver block

Table 1 Characteristics of cement

Name of the test Test result Standard value

(1) Standard consistency test 28% 26–33%

2) Setting time Initial setting time = 45 min
Final setting time = 430 min

Initial setting time not less than
30 min and final setting time not
more than 600 min

(3)Specific gravity 3 3.15

4.1 Cement

Portland Pozzolana cement was used in the investigation. The physical properties of
the cement are tabulated in Table 1. The results conform to IS specifications.

4.2 Fine Aggregate

Due to the scarcity of river sand, M sand was used for the entire work. M sand (less
than 4.75 mm) having specific gravity 2.59 was used as fine aggregate. The grading
curve of M sand was plotted as shown in Fig. 2. From the grading curve, it can be
seen that the fine aggregate used conforms to the specifications of Zone 2.
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Fig. 2 Grading curve of fine aggregate

Table 2 Characteristics of
coarse aggregate

Name of the test Test result Standard value

(1) Crushing
strength

23.64% 30%

(2) Abrasion test 33.84% 35%

(3) Impact test 14% 10–20% (very
tough)

(4) Shape test Flakiness
index:13.26%
Elongation
index:26.53%

Flakiness index
35%

(5) Specific gravity 2.77 2.5–3.2

(6) Water
absorption

0.4% 4.1–2%

4.3 Coarse Aggregate

Crushed aggregate of maximum 12 mm size was used as coarse aggregate in the
present work. The size of coarse aggregates ranges between 6 and 12 mm. The prop-
erties of the coarse aggregate obtained are tabulated in Table 2. The result conforms
to IS recommendations.

4.4 Coconut Shell

The coconut shell used in thiswork ranges in size from6 to 12mm. Figure 3 shows the
crushed shells of coconut. The properties of the coconut shells obtained are tabulated
in Table 3.
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Fig. 3 Crushed shells of
coconut

Table 3 Characteristics of
coconut shell

Name of the test Test result

(1) Specific gravity 1.3

(2) Water absorption 1.3%

4.5 Rubber

Rubber used in this work is of size ranging from 6 to 12 mm. Figure 4. shows the
chipped pieces of rubber. The properties of the rubber are given in Table 4.

The particle size distribution curve for Coarse aggregate, coconut shell and rubber
is shown in Fig. 5.

4.6 Water Absorption

The water absorption characteristics for paver blocks were studied by varying the
percentage of coconut shell and rubber by 0, 5 10, 15 and 20% respectively. The
results of water absorption test are shown in Fig. 6 and Fig. 7 for coconut shell and
rubber respectively.

Coconut shells are capable of absorbing water owing to their porous nature. The
replacement of coarse aggregate with coconut shells shows a decrease in percentage
of water absorption initially. The paver blocks corresponding to 15% replacement
of coconut shells gives the least water absorption value. This decrease in water
absorption is considered to be due to a part of dry aggregates being replaced by
pretreated coconut shells, which absorb less moisture than dry aggregates. The water
absorption trend shows an increase after 15%.This can bemainly due to the formation
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Fig. 4 Chipped pieces of rubber

Table 4 Characteristics of rubber

Name of the test Test result

(1) Specific gravity 0.9

(2) Water absorption 1.03%

Fig. 5 Particle size distribution curve of coarse aggregate, coconut shell and rubber
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Fig. 6 Water absorption of paver blocks with varying percentage of coconut shell

Fig. 7 Water absorption of paver blocks with varying percentage of rubber

of minor cracks in the cement around the coconut shells which leads to increased
water permeability.

EVA rubber does not absorb much water. Hence there is a decrease in the water
absorption by the paver block with higher percentage of rubber. But beyond a certain
point further increase in the percentage of rubber reduces the bond with the cement
and there is a chance of formation of minute cracks around the rubber pieces. This
can lead to the penetration of water into the block and causes slight increase in the
water absorption by the paver block.
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4.7 Compressive Strength

The 7-day, 14- day and 28-day compressive strength of paver block were found out.
The average Compressive Strength of paver blocks with varying percentage of

Coconut Shell are shown in Fig. 8.
The compressive strength keeps on increasing till the optimum percentage of

coconut shells (15%) is reached and then decreases gradually. The decrease is because
of the flaky nature of coconut shells that increase voids between the aggregates
which decreases the bond between cement paste and aggregates. The compressive
strength of paver blocks with various percentages of rubber is shown in Fig. 9. The
compressive strength shows an increase in trend till optimum percentage of rubber
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Table 5 Cost analysis

Materials No of blocks Unit rate (Rs./piece) Amount (Rs.)

Conventional paver block 1,87,500 11.79 22,09,743

5% rubber replaced paver block 1,87,500 11.59 21,73,350

15% coconut replaced paver block 1,87,500 11.20 21,00,563

(5%) is reached and then decreases. The bond between the EVA rubber and cement
paste is low and therefore the strength gradually decreases.

From the above results, the optimum percentage of replacement of coarse aggre-
gates for coconut shell is 15% and that for rubber is 5%. Compressive strength
of coconut shells is observed to be more when compared to rubber. The optimum
percentage of coconut shell obtained is 15% and therefore it is the best alternative
than rubber since more aggregates can be replaced.

4.8 Cost Comparison

The cost of paver block based on the market value of materials is as shown in Table
5.

For paving one kilometer single lane road, there will be a cost reduction of 5%
and 2% by considering optimum percentage replacement of coconut shell and rubber
respectively. The cost of paver block having 15% replacement by coconut shell is
found to be the least. Thus, the production of these paver blocks on large scale is
economical.

5 Conclusion

An experimental study on utilization of waste materials such as Coconut Shells and
EVA Rubber for replacing coarse aggregates in paver blocks was carried out. The
following conclusions can be drawn from the study.

• In case of replacement with coconut shell, the compressive strength keeps on
increasing till the optimum percentage of coconut shells, of 15% is reached and
then decreases gradually.

• For optimum percentage replacement of coarse aggregates by coconut shell,
the 7 day, 14 day and 28 day compressive strength was found to increase by
16.6%, 12.6%, and 7.2% compared to control mix. Although there is increase
in compressive strength with age, the rate of gain in strength declines with age,
when compared to the control mix.
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• In case of replacement with coconut shell, the percentage of water absorption
decreases gradually. The paver blocks corresponding to 15% replacement of
coconut shells gives the least water absorption value.

• For optimum percentage replacement of coarse aggregates by coconut shell, there
was 51% decrease in water absorption value compared to the control mix.

• In case of replacement with rubber, the compressive strength shows an increase in
trend till the optimum percentage of rubber, of 5% is reached and then decreases.

• For optimum percentage replacement of coarse aggregates by rubber, the 7 day
14 day and 28 day compressive strength was found to increase by 33%, 17.6%
and 6.4% compared to control mix. Although there is increase in compressive
strength with age, the rate of gain in strength declines with age, when compared
to the control mix.

• The 28 day compressive strength for optimum percentage replacement with
coconut shell was found to be more than that for rubber.

• In case of replacement with rubber, there is a decrease in the water absorption by
the paver block with higher percentage of rubber.

• For optimum percentage replacement of coarse aggregates by rubber, there was
14% decrease in water absorption value compared to the control mix.

• For paving one kilometer single lane road, there will be a cost reduction of 5%
and 2% by considering optimum percentage replacement of coconut shell and
rubber respectively. The cost of paver block having 15% replacement by coconut
shell is found to be the least.

• Hence coconut shell is a potential material which can be used as partial replace-
ment alternative for coarse aggregate in paver block production. Compared to
rubber, more replacement of coarse aggregate is possible. Also replacement with
coconut shell is more economical.

6 Scope for Future Work

The viability of using coconut shell and rubber has been studied by testing its
compressive strength (7 days, 14 days and 28days) and water absorption. However
more aspects like durability, and, hardness can also be studied in future. Also the
strength of the paver blocks after 60 days, 90 days & 120 days can also be studied.
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Rutting and Cracking Performance
of Asphalt Concrete Incorporating
Plastic Waste and Crumb Rubber

Aung Lwin Moe, Yang Pin Kelvin Lee, Nyok Yong Ho, and Xuechun Wang

Abstract Typically, asphalt pavements encounter two major types of distresses,
rutting and cracking. Rutting occurs mostly in early stage or immature age while
cracking occurs eventually after agingwhen the pavement becomes stiffer. Generally,
stiffer asphalt pavements havegood rutting resistance and softer pavements havegood
cracking resistance. It is important to achieve a balanced asphalt mixture having
both good rutting and cracking resistances. This study aims to evaluate the use of
two types of recycled materials, plastic waste and granulated crumb rubber, on the
rutting and cracking properties of asphalt. Penetration Grade 60/70 binder was used
as base binder, and for the control-mix. Different types of samples were prepared
with Marshall and gyratory compactors and the asphalt properties were determined
with respect to resilient modulus, cracking resistance and Hamburg wheel tracking
test, before and after simulated aging in the laboratory.

Keywords Rutting · Cracking · Recycled materials · Plastic waste · Crumb
rubber · Resilient modulus · Cracking resistance · Hamburg wheel tracking test

1 Introduction

Majority of roads in Singapore are flexible pavements, where rutting and cracking
have long been a major concern for flexible asphalt pavements.

Rutting is one of the most common permanent pavement deformations due to
repetitive traffic loads, which gradually accumulate small pavement deformations
that appear as longitudinal depressions in the wheel paths of roadways [1]. Not only
is rutting a concern for driving safety, but also it reduces pavement strength and the
service life, increasing the difficulty of pavement maintenance as well as its cost.
To improve rutting performance of asphalt pavement, asphalt must possess enough
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structural integrity to overcome the shear forces exerted on it by the tremendous
weight of vehicles. In other words, asphalt need to have a much stiffer performance
profile. However, experience has shown that stiffer asphalt mix can have a negative
effect on the fracture characteristics of the pavement. Hence, it is important to achieve
a balanced asphalt mixture having both good rutting and cracking resistances.

In Singapore, plastic is the largest category of waste disposed. In 2019, only 4
percent of the 930,000 tonnes of plastic waste generated was recycled [2]. Plastic is a
unique material with many benefits; it is cheap, versatile, light weight and resistant.
However, plastic pollution is having a negative impact on our oceans and wildlife
health [3]. Waste plastics have a vital role in the current asphalt applications. Trial
sections of roadsmadewithwaste plasticmodified asphalt have beenwidely adopted.
Various studies were conducted to evaluate the performance of the waste plastic
modified asphalt pavement. The results showed that the ideal content of waste plastic
is 6–8% to improve the rutting and aging resistances [4].

Another type of waste that generated in Singaporeis scrap tires; about 33,000
tonnes was generated in Singaporein 2019. The scrap tires are usually processed into
crumbs for making surfaces (e.g. for playgrounds) and into chips for use as a solid
fuel. Some of them are disposed in landfills, which caused environmental problems.
Therefore, there is a need to recycle scrap tires for more beneficial applications. One
of the most beneficial applications of scrap tires is to process it into crumb rubber
and use in the production of asphalt concrete. The use of crumb rubber not only
alleviate waste disposal problem; it offers the benefit of resource recovery. On the
other hand, crumb rubber has been known over decades as one of the best asphalt
binder modifiers. Various studies show that the use of crumb rubber has a significant
effect on increasing the fracture energy of asphalt mixtures and its use improves the
performance of asphalt by increasing the resistance to cracking growth [5, 5].

Previous studies were conducted to evaluate the use of plastic waste and crumb
rubber in asphalt concrete [7–9]. This paper presents a study that was carried out
to evaluate the use of two types of recycled materials, plastic waste and granulated
crumb rubber, on the rutting and cracking properties of hot mix asphalt. Test samples
were prepared using straight bitumen, penetration grade (Pen) 60/70 for both control
samples and samples incorporating recycled materials. Dry mixing method was used
for both plastic waste and granulated crumb rubber, where recycled material were
added to the mixing chamber together with hot aggregate and bitumen. Performance
test sampleswere preparedwithMarshall and gyratory compactors. The performance
properties were evaluated by means of resilient modulus, cracking resistance and
Hamburg wheel tracking tests, with and without simulated aging.

2 Materials

In this study, recycled materials used were processed low-density polyethylene
(LDPE) plastic waste and granulated crumb rubber (CR) as shown in Fig. 1. The
gradation of the crushed granite used is shown in Table 1.
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Fig. 1 Processed LDPE (left) and granulated crumb rubber (right)

Table 1 Aggregate gradation BS Sieve (mm) Percent passing

19 100

12.5 79–99

9.5 68–88

4.75 48–68

2.36 33–53

1.18 20–40

0.6 14–30

0.3 9–21

0.15 6–16

0.075 3–6

Straight bitumen Pen 60/70was used for both controlmix andmixes incorporating
recycled material. The gradation of the granulated crumb rubber is shown in Table
2.

Table 2 Sieve result of
ground crumb rubber

BS Sieve (mm) Percent passing

2.36 100.0

1.18 78.1

0.6 32.6

0.3 14.1

0.15 11.9

0.075 11.7

Pan 0
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3 Experimental Design

Based on a previous study, processed low-density polyethylene LDPE plastic waste
with dosage of 8% of bitumen weight was used for asphalt mix incorporating plastic
waste (L) [9]. Crumb rubber (C) with dosage of 12% of bitumen weight was used for
asphalt mix incorporating crumb rubber. For the mixture incorporating both LDPE
and crumb rubber (M), half of the respective dosageswhich are 4%LDPE and 6%CR
of bitumen weight were used. A control mix (V) was also prepared without the waste
plastic and crumb rubber. The abbreviation of the asphalt mixtures and components
are shown in Table 3.

All samples were prepared with 5.5% bitumen content. Dry mixing method was
used for asphalt samples incorporating recycled materials where the recycled mate-
rials were added to the laboratory mixer directly. After the test specimens were
prepared, performance tests were conducted on two set of the samples, without
aging set and after aging set.

Simple stimulated aging process was conducted for the samples to be tested after
aging, where the samples were conditioned in a forced draft oven at 85 °C for 5 days
to reflect a critical duration of field exposure about 7–10 years [10].

3.1 Tests

Marshall samples were prepared with Marshall compactor and laboratory test were
carried out to access the performances. Gyratory compactor was used to prepare
150 mm diameter samples which were used for Hamburg double wheel tracking test.
Samples were divided into two groups, the first set was tested without aging process
and second set was tested after aging process. Types of test performed are shown in
Table 4.

Table 3 Abbreviations and
components

Mix Recycled material (% of
bitumen by weight)

Bitumen

LDPE CR

V – – Pen 60/70

C – 12%

M 4% 6%

L 8% –
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Table 4 Type and purpose of tests

Type of test (test
temperature)

Test method Samples per test Test purpose

Resilient modulus
(25 °C)

ASTM D4123 3 To evaluate the stiffness of
asphaltic concrete

Indirect tensile
strength
(25 °C)

ASTM D6931 3 To evaluate the relative quality
of asphaltic concrete in
conjunction with laboratory mix
design testing and for
estimating the potential for
rutting or cracking

Cracking resistance
(25 °C)

IDEAL-CT 3 To evaluate the cracking
resistance of asphaltic concrete

Hamburgwheel
tracking test
(60 °C)

AASHTO T324 1 To evaluate the susceptibility of
asphaltic concrete to deform
under load by measuring the rut
depth formed by repeated
passes of a loaded wheel at a
fixed temperature

4 Results

4.1 Resilient Modulus

The resilient modulus test was conducted according to ASTM D4123 at 25 °C at a
loading frequency of 0.33 Hz by using a Universal Testing Machine (UTM-25). Test
results are shown in Tables 5.

The results showed that the resilient moduli values after aging were higher than
the resilient moduli without aging. Resilient modulus is a measure of stiffness level
of the compacted asphalt mix. After aging, stiffness level increased due to oxidation
of the bitumen. Based on the test results, asphalt incorporating crumb rubber (CR)
has lower resilient moduli while asphalt incorporating waste plastic (L) has higher
resilient moduli compared to the Control (V) mix, for both without ageing and after
aging.

4.2 Indirect Tensile Strength

Indirect tensile strength (ITS) was carried out by loading the specimen across its
vertical diametrical plane between a pair of steel loading strips. The indirect tensile
strength was calculated by the maximum (failure) load. ITS results are shown in
Table 6.
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Table 5 Results of resilient
modulus test

Sample ID Resilient modulus (MPa)

Without aging After aging

V-1 4123.5

V-2 3474.5

V-3 3242.0

V-4 5199.5

V-5 4921.0

V-6 4938.5

Average 3613.3 5019.7

C-1 2632.5

C-2 4095.5

C-3 3058.0

C-4 3122.5

C-5 5644.0

C-6 3632.5

Average 3262.0 4133.0

M-1 4478.8

M-2 4463.5

M-3 4386.5

M-4 5154.0

M-5 5240.5

M-6 5442.0

Average 4442.9 5278.8

L-1 5752.5

L-2 5253.5

L-3 4888.0

L-4 6528.5

L-5 4957.0

L-6 5818.5

Average 5298.0 5768.0

The ITS results showed similar trend as the resilient modulus test presented in the
previous section. All the ITS results increased after aging. Compared to the control
mix (V), asphalt incorporating crumb rubber (CR) showed lower ITS while asphalt
incorporating waste plastic (L) has higher ITS. Asphalt mixes incorporating both
crumb rubber and waste plastic (M) showed comparable ITS to the Control (V) mix.
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Table 6 Results of indirect
tensile strength test

Sample ID Indirect tensile strength (kPa)

Without aging After aging

V-1 1342.7

V-2 1418.3

V-3 1321.3

V-4 1480.3

V-5 1493.8

V-6 1565.1

Average 1360.7 1513.1

C-1 1362.5

C-2 1051.0

C-3 1099.9

C-4 1212.2

C-5 1528.6

C-6 1251.5

Average 1171.1 1330.7

M-1 1371.5

M-2 1473.5

M-3 1293.0

M-4 1452.6

M-5 1560.1

M-6 1605.7

Average 1379.3 1539.5

L-1 1571.2

L-2 1536.0

L-3 1547.6

L-4 1662.3

L-5 1533.9

L-6 1683.6

Average 1551.6 1626.6

4.3 Cracking Resistance (IDEAL-CT Index)

The IDEAL-Cracking Test (CT) is a simple test to determine the cracking behavior
of asphalt mixtures. There are various types of tests available tomeasure the cracking
performance, but the IDEAL-CT index is the most straight forward method [11]. The
CT index can be calculated after the indirect tensile strength test, by using the failure
load and the loading curve.
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It was found that CT index or cracking resistance reduced after the aging process.
Aging caused the asphalt mixture stiffen by oxidation of bitumen and possibly other
components except the aggregate. Even stiffened samples after aging have higher
indirect tensile strength value compare to without aging samples, the narrow area
under curve and steeper down-slope of the curve contribute the lower CT indexwhich
are used for CT index calculation. Therefore, once the samples have undergone aging
process, cracking resistance reduced.

The indirect tensile strength curves are shown in Fig. 2, and the average CT index
results are shown in Table 7. Results showed that asphalt incorporating plastic waste
LDPE (L) has the lowest crack resistance while asphalt mix incorporating crumb
rubber (C) showed highest crack resistance. The Control (V) and asphalt mixes (M)
showed comparable performance in terms of crack resistance.

Fig. 2 Indirect tensile strength curves

Table 7 Cracking resistance
(IDEAL-CT index) values

Sample type Without aging After aging

V 54.8 38.6

C 60.9 47.8

M 48.5 37.9

L 38.6 24.5
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4.4 Hamburg Wheel Tracking Test

The Hamburg wheel tracking test is used to evaluate rutting and moisture damage
of compacted asphalt mixture samples. Gyratory compactor was used to compact
150 mm diameter and 60 mm thickness test samples. After the samples were cooled
to room temperature, arc of the two circular samples were cut and fitted in the mould
and submerged in 60 °C water test-chamber as shown in Fig. 3. The steel wheel with
47 mmwidth and 705 N load tracked across the submerged sample for 10,000 cycles
(20,000 passes), or until 20 mm of rut depth occurs. Speed of the steel wheel was 26
cycles or 52 passes per minutes. Rut depth was measured and recorded continuously
with LVDT (Linear Variable Differential Transformer) while the temperature of the
water was maintained at 60 °C across the test. Image of test samples after the test is
shown in Fig. 4. The test results are shown in Table 8 and the plot of the results are
shown in Fig. 5.

Fig. 3 Hamburg wheel track test samples

Fig. 4 Hamburg wheel track test samples after the test
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Table 8 Hamburg Rut depth results

Sample type Without aging After aging

Rut depth (mm) No. of passes Rut depth (mm) No. of passes

V 20.0 5,260 20.0 10,624

C 20.0 11,478 20.0 18,928

M 18.9 20,000 7.0 20,000

L 9.3 20,000 4.9 20,000

Fig. 5 Hamburg wheel track test results

Results showed that asphalt mix incorporating plastic waste (L) has the highest
rutting resistance (i.e. lowest rut depth) while the control mix (V) showed the lowest
rutting resistance.Asphaltmix (M) incorporatingbothplasticwaste and crumb rubber
showed rutting resistance between that of crumb rubber mix (C) and waste plastic
mix (L). The trend is similar for both without aging and after aging samples.

5 Conclusions

This study evaluates the use of plastic waste and crumb rubber in asphalt concrete.
Plastic waste increases the resilient modulus, indirect tensile strength and rutting
resistance of asphalt concrete but reduces the crack resistance. On the other hand,
crumb rubber increases the crack and rutting resistance of asphalt concrete but
reduces the resilient modulus and indirect tensile strength.

Asphalt with a combination of both plastic waste and crumb rubber showed
comparable or better performance compared to the control mix, for both without
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ageing and after ageing. As such, this combination provides a good potential to
enhance both the rutting and cracking performance of asphalt concrete.
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The Volumetric Challenge of Crumbed
Rubber Modified Asphalt Mixtures

Greg White and Andy Kidd

Abstract Significant research has demonstrated the potential benefits associated
with crumb rubber modification of bituminous binders for asphalt road surface
production. Most of this previous research has focused on higher (20–30%) dosages
of crumbed rubber and there is now an increased interest in lower (5–15%) dosages
for improved binder and asphalt ageing to extend the time between periodic local
road surfacing. For Marshall designed asphalt mixtures, the volumetric composition
of the mixture is important and isolating the effect of the crumb rubber modification
from the effect of an increasedmodified binder content is critical to understanding the
economic viability of low dosage crumb rubber as an anti-ageing additive. Testing
of a typical 10 mm dense graded asphalt mixture showed that the rubber is partially
dissolved into the bitumen and both complete dissolution (100%) or no dissolution
(0%) based calculations have a significant effect on Marshall volumetric properties
such as binder film thickness, air voids and voids in the aggregate. Further work is
required to determine a reliable method for determining the degree of crumb rubber
dissolution on a case-by-case basis.

Keywords Crumbed rubber · Asphalt ·Mixture · Volumetric · Binder content

1 Introduction

Governments are continually seeking practical measures to address the increasing
burden of both domestic and industrial waste streams. Australia is no exception, with
a Government imposed progressive waste export ban commencing in 2021 [1]. As
a result, there has been an increased interest in recycling or otherwise using various
waste materials in the construction of infrastructure, including road pavements [2].
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One of the keys to successful recycling and reuse of waste materials in road
pavements is to replace expensive raw materials with economically available wastes
or byproducts that do not impact pavement performance [3]. Another key to success is
replacing relatively expensive raw materials with relatively economically processed
waste from clean waste streams [4]. For these reasons, partial and full replacement
of Portland cement in concrete, as well as the bituminous binder in asphalt mixtures,
is of great interest.

In asphalt mixtures, the most common historical approach to material recycling
has been the re-use of processed reclaimed asphalt (RA). RA is commonly stock-
piled, crushed, tested and recycled back into new asphalt at the production plant [5].
Typically, 10–20% RAP is incorporated, with higher RAP percentages also consid-
ered when the RA is available in greater quantities [6]. However, in recent times,
other recycled materials have been incorporated into asphalt mixtures. Waste printer
toner [7], crushed glass [8], processed plastic [9] and crumbed tyre rubber [10] have
all been reported. Some of these approaches are viewed as using road infrastruc-
ture as a horizontal landfill. However, crumb rubber is one technology that has a
long history and has been demonstrated to improve the engineering properties of the
asphalt mixture, compared to otherwise identical control mixtures [10].

The most common use of crumb rubber in asphalt mixtures has been to improve
the elasticity and cracking resistance [11]. That is, crumb rubber has been used to
replace conventional elastomeric polymers for improving the engineering properties
of the asphalt mixture. It has also been similarly used to modify sprayed seal bitumen
for both crack resistance and temperature sensitivity [11]. However, in recent years,
crumb rubber has been considered for use at lower dosages, as a binder ageing
retarder. In this application, the crumb rubber is not replacing an expensive conven-
tional polymer, but is added to the unmodified binder, for use in local road asphalt
surfacing, to extend the time between resurfacing due to binder ageing and mixture
weathering.

It is commonly accepted that the crumb rubber does not fully digest into the
bituminous binder the way conventional modifiers do, resulting in a multi-phase
binder. When conducting volumetric mixture designs, such as the Marshall method
[12], it is important to understandwhether the rubber should be included in the binder
content or not. When using low contents of crumb rubber in otherwise unmodified
binder, this has a significant impact on the economic viability of this technology.

This research explores the challenge of volumetric mixture design using low
dosage crumb rubber modified binder. A typical dense graded local road surfacing
mixture was produced in the laboratory with a range of crumb rubber dosages. The
effect on the mixture volumetrics were calculated for Marshall compacted samples.
The effect of performing the volumetric calculations based on different assumptions
about the degree of rubber dissolution in the binder was also considered.
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2 Background

2.1 Local Road Asphalt Mixtures

Dense graded asphalt is arguably the most commonly used type of asphalt. Mixtures
with 14mm and 10mmnominal maximum aggregate size are typically used for local
road surfacing and these mixtures generally do not require polymer or other modi-
fication. Rather, a conventional bitumen is usually used as the binder. Furthermore,
these local road mixtures do not usually fail due to structural and load related issues.
That is because the traffic is mainly light vehicles, with only occasional rubbish
collection trucks, emergency vehicles and commuter bus traffic. As a result, most of
these roads are resurfaced because of age related weathering of the asphalt surface.

2.2 Marshall Mixture Design

Outside of countries that prefer Superpave and other performance-property related
asphalt mixture design, the Marshall method of design remains commonplace and
well known. The Marshall mixture design method was developed in 1939 by Bruce
Marshall for the Mississippi Highways Department [12]. The primary aims of the
Marshall design method include:

• Adensely graded aggregate skeletonwith approximately 15%voids in themineral
aggregate.

• Filling the voids in the mineral aggregate with bituminous binder, to retain 3–5%
air voids.

• The Marshall Stability, Marshall Flow and volumetric properties are determined
over a range of binder contents and the optimal binder content selected (Fig. 1).

Grading, bitumen content, compacted density, Marshall Flow and Marshall
Stability are the primary design criteria and quality assurance parameters. Marshall
samples are compacted using a standardMarshall hammer. This is a controlled energy
approach because the standard hammer is dropped over a standard distance for a
standard number of times. Consequently, a more workable mixture will have higher
density and lower air voids content after compaction. This is different to gyratory
and other compaction methods that can compact samples to a pre-determined air
void content.

2.3 Crumbed Rubber Modified Binder

As stated above, crumbed tyre rubber is awell-established technology for the produc-
tive use of a wastematerial that can also improve the performance of asphalt mixtures
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(a) Bulk density (b) Air voids

(c) VMA (d) VFB

(e) Stability (f) Flow

Fig. 1 Marshall design parameters as a function of binder content

[11]. For example, crumbed rubber modified PG 64–22 unmodified binder was found
to produce asphalt mixtures with deformation resistance, cracking resistance and
elastic modulus values that exceeded otherwise identical asphalt mixture produced
with PG 76–22 polymer modified binder [10]. However, despite these positive labo-
ratory results, field trials have produced variable results and highlight the complexity
of crumbed rubber modified binders.

First there is the source and size of the rubber crumbs. Smaller crumbs produce
a more homogenous binder, but the cost of processing is higher. Second, there is
the method of blending, which can be wet or dry. Dry mixing is where the rubber is
added directly to the asphalt production plant with the aggregate, while wet mixing
sees the crumb rubber pre-blended into the bitumen prior to asphalt production [13].
Wet blending produces a more homogenous asphalt mixture and increases dissolu-
tion into the bitumen, but the crumbed rubber can segregate out during storage and
transportation [11]. Finally, for wet mixed crumbed rubber modification, the mixing
can be performed in a high shear mill or a low shear mixer, which also affects the
degree of dissolution and subsequent storage and transportation stability [13].

The practical issues identified above primarily relate to the degree of dissolution
of the crumbed rubber into the bituminous binder and the associated post-blending
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stability. Unlike conventional polymers, crumbed rubber does not completely
dissolve when mixed into bitumen. Rather, a multi-phase product consisting of solid
rubber particles and bitumen containing dissolved rubber is produced [11]. At the
interface between the solid rubber and the solid bitumen is a gel phase consisting
of semi-liquid rubber (Fig. 2). The relative volume of each phase of crumbed
rubber modified bitumen depends on the rubber type, particle size, bitumen-rubber
compatibility, and the time and temperature of mixing.

Furthermore, how the different phases of crumb rubber should be considered in a
volumetric-based asphalt mixture design method is not clear. When crumb rubber is
used to improve the engineering properties of asphalt mixtures, this issue is of limited
practical importance. That is because the crumb rubber is replacing a conventional
polymer, which is very expensive compared to the bitumen. The bitumen volume
is retained and the crumb rubber is considered an additional material, meaning that
the total binder content is increased by the volume of the crumb rubber. However,
the associated additional cost remains low compared to the cost of the conventional
polymer being replaced.

One of the secondary benefits reported for crumb rubbermodified asphaltmixtures
is a reduced rate of environmental ageing [14]. Although this is attributed to the
presence of the crumb rubber, itmay simply reflect the increased binder film thickness
in the mixture. Even if the crumb rubber only partially dissolves, this increases the
volume of modified binder, which in turn increases the binder film thickness, which
reduced the exposure of the binder to the environment and improves the age-related
durability of the mixture.

However, now that crumb rubber is being considered for use in asphaltmixtures for
local road surfacing, primarily to improve surface durability, the economic proposal
is less clear. As explained above, local roads do not usually justify improved asphalt
mixture engineering properties and therefore a conventional bitumen is commonly
used as the binder. Consequently, any crumb rubber that is added to the mixture,

Bitumen with dissolved rubberSolid rubber

Semi-solid rubber gel

Fig. 2 Multi-phase partial dissolution of crumbed rubber in bitumen
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without a commensurate reduction in the combined binder content, means the cost
of the mixture increases, because crumb rubber modified binder is usually more
expensive than conventional bitumen, even though it is less expensive than polymer
modified binder.

It follows that there are only two ways for crumb rubber modified binder to be
economically viable in local road asphalt mixtures. The first is a reduction in the
bitumen content, to maintain a consistent total binder content, without reducing the
performance of the mixture. Practice has shown this is not usually the case because
an increase in the total binder content is usually necessary tomake aworkable asphalt
mixture. The second is if the additional cost associated with maintaining the bitumen
content consistent, is offset by longer lasting asphalt surface mixtures due to reduced
age-related weathering. In this case, the total binder content increases, noting that
the modified binder is also more expensive, by mass, than the conventional binder.
Either way, understanding how themulti-phase crumb rubber modified binder effects
volumetric mixture design is important.

3 Materials and Methods

The local government authority in Brisbane (Queensland, Australia) was interested
in understanding the potential benefit of low (5–15%) crumb rubber modification
of the bitumen in their asphalt mixtures for local road surfacing [15]. The associ-
ated research includes laboratory and field trials to evaluate the engineering property
improvement and surface life extension associated with different levels of crumb
rubber dosage. This preliminary laboratory trial was designed to inform the volu-
metric consideration of crumb rubber modification in order to isolate, as far as
possible, the effect of the crumb rubber modification from the volumetric change
in asphalt mixtures when the bitumen content is fixed.

3.1 Materials

Crumb rubber was used tomodify the Class C170 bitumen used to produce otherwise
identical BCC Type 2 asphalt. C170 is an Australian viscosity graded unmodified
bitumen meeting the requirements of AS 2008. BCC Type 2 asphalt is a local 10 mm
sized dense graded (Fig. 3)mixture used for surfacing light trafficked roadswithin the
Brisbane region. It contains 10% crushed and screeded RA. The asphalt is designed
according to the Marshall method and generally has 5.7% binder content (by mass)
and a Marshall air voids content of 3%.

A commercial source of fine crumb rubber (0.2–0.4 mm) was added to the C170
bitumen at 190 °C and blended with a Silverson mixer for 2 h at 300 rpm. Crumb
rubber was added to the bitumen at dosages of 5%, 10% and 15% by weight of
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Fig. 3 BCC Type 2 10 mm nominal dense grade asphalt mix design

the unmodified bitumen. Some C170 was also retained in unmodified form for the
production of control asphalt samples.

The aggregate fractions were heated to 160 °C and then combined according to
the target gradation (Fig. 3) and various binder contents were combined with the
aggregate, with mixing performed in a standard laboratory mixer. Bitumen contents
ranged from 4.8% to 6.4%. Depending on the crumbed rubber dosage, this required
variable amounts of binder to be added to the mixtures, with the greatest quantity of
binder required when the bitumen content was 6.4% and the crumbed rubber dosage
was 15% (Table 1).

3.2 Methods

Thebulk asphalt sampleswere sub-sampled andMarshall specimenswere compacted
by 50 blows (per face) of a standard Marshall hammer. Compaction was performed
at 142 °C. Specimens were tested for Marshall properties according to AS 2891.5,
including compacted density (t/m3), air voids (%), voids in the mineral aggregate
(VMA) (%), voids filler with binder (VFB) (%), Stability (kN) and Flow (mm).
Extracted binder content (% by mass), effective binder volume (BEF) (%) and the
binder film thickness (BFT) (µm) were also calculated.

Initially, all calculations were performed assuming the crumb rubber was
completely dissolved in the bitumen (100% dissolution). That is, the solid rubber
and gel phases were assumed to be part of the modified binder volume. Second,
the calculations were reperformed assuming the rubber was not dissolved at all
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Table 1 Target bitumen and
binder content for various
mixtures

Bitumen content
(%)

Crumb rubber dose
(%)

Binder content (%)

4.8 15 5.5

5.0 0 5.0

5.0 10 5.5

5.0 15 5.8

5.2 5 5.5

5.5 0 5.5

5.5 5 5.8

5.5 10 6.1

5.5 15 6.4

5.8 0 5.8

5.8 5 6.1

5.8 10 6.4

5.8 15 6.7

6.1 0 6.1

6.1 5 6.4

6.1 10 6.7

6.1 15 7.0

6.4 15 7.3

NoteBitumen content refers toC170bitumen,while binder content
refers to the modified binder, which included both the C170
bitumen and the wet mixed crumb rubber. These binder contents
were added and exclude any binder from RA

(0% dissolution). That is, all crumb rubber was assumed to remain solid and func-
tion effectively as fine aggregate. Finally, the calculations were performed assuming
different degrees of dissolution, including 20%, 40%, 60% and 80%.

4 Results

The volumetric results for the 100% dissolution of crumb rubber are summarised
in Fig. 4. The equivalent volumetric results for 0% dissolution are summarised in
Fig. 5. The Marshall Stability and Flow results are in Fig. 6.
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(a) Bulk density (b) Air voids

(c) VMA (d) VFB

(e) VEB (f) BFT

Control 5% CR 10% CR 15% CR

Fig. 4 Volumetric properties for 100% crumb rubber dissolution calculation
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(a) Bulk density (b) Air voids

(c) VMA (d) VFB

(e) VEB (f) BFT

Control 5% CR 10% CR 15% CR

Fig. 5 Volumetric properties for 0% crumb rubber dissolution calculation
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(a) Stability for 100% rubber dissolution (b) Flow for 100% rubber dissolution

(c) Stability for 0% rubber dissolution (d) Flow for 0% rubber dissolution

Control 5% CR 10% CR 15% CR

Fig. 6 Marshall stability and flow results

5 Discussion

5.1 Partial Dissolution of Crumb Rubber

During the laboratory testing, the partial dissolution of the crumb rubberwas verified.
Figure 7 shows the C170 bitumen and the crumb rubber modified binder. The semi-
dissolved crumb rubber particles are clear. Furthermore, Fig. 8 shows solid rubber
particles removed after toluene extraction of the modified binder. This emphasizes
the importance of underlying the impact of the partial dissolution of crumb rubber
on asphalt volumetrics. The quantity of solid rubber recovered from the extracted
binder in this instance was equivalent to approximately 20% effective dissolution.
That is, approximately 80% of the rubber particles remained undissolved and were
recovered on a 75 µm sieve.
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Fig. 7 Crumb rubber modified (left) and unmodified bitumen (right) binders

Fig. 8 Solid rubber particles recovered from extracted binder

5.2 Effect of Crumb Rubber on Volumetric Properties

Higher crumb rubber dosage contents in a fixed bitumen content significantly
changed the volumetric composition of the asphalt mixtures. The density reduced
as the rubber dosage increased, as shown in Fig. 4a. The maximum density reduced
because the rubber particle density is less than the bitumen particle density and
much less than the aggregate particle density. Furthermore, the air voids increased
for 5–15% crumb rubber (Fig. 4b) because the binder viscosity increased and there-
fore the fixed compaction energy associated with the Marshall specimen preparation
method did not densify the modified mixtures to the same degree as the unmodified
mixtures. That is, the asphalt was less workable. Because the volumetrics are mathe-
matically linked, the VMA increased (Fig. 4c) and the VFB decreased (Fig. 4d) as the
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Fig. 9 Bulk asphalt samples with a 5.5% and b 7.0% binder content, both with 15% crumb rubber
dosage

crumb rubber dosage increased. In contrast, the binder film thickness was relatively
unchanged (Fig. 4f) because the increased binder volume was spread further around
the less dense mixture, resulting in a comparable average thickness of binder coating
the aggregate particles. These effects were calculated assuming the full digestion of
the crumb rubber into the bitumen. That also implies that the volume of bituminous
binder was held constant regardless of the crumb rubber dosage, requiring the C170
bitumen content to be reduced by the amount of crumb rubber added. However,
in practice, the samples with high rubber dosage and lower bitumen content were
fragile and were visually assessed as being deficient of bituminous binder compared
to typical dense graded asphalt mixtures (Fig. 9). Additionally, approximately double
the mixing time was required to adequately coat all the aggregate particles when
binder content was held constant, which is indicative of a ‘dry’ or lean mixture.
Consequently, it was concluded that the crumb rubber modified binder content must
be increased significantly to produce viable asphalt mixtures, despite the additional
cost associated with a greater volume of the more expensive modified binder.

5.3 Effect of Crumb Rubber on Marshall Stability and Flow

The Marshall Stability and Flow were more variable than the volumetric properties
(Fig. 6). As the crumb rubber dosage increased, the Stabilitywas generally unaffected
until the crumbed rubber dosage was 15%, for which the Stability was significantly
lower (Fig. 6a). The Flow results were even more variable with little trend observed
regardless of the crumb rubber dosage (Fig. 6b). However, this probably says more
about the repeatability of the Marshall Flow test on elastomeric modified binders,
rather than specifically about the effect of crumb rubber.
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5.4 Effect of Dissolution on Volumetric Properties

When the same volumetric composition results were recalculated assuming the
rubber remained solid (ie. 0% dissolution) the reported binder contents all reduced
because the rubber no longer counted towards the binder content. The change from
full dissolution (100%) to no dissolution (0%) was also calculated for 20%, 40%,
60% and 80% partial dissolution (Fig. 10). The effect was most evident for the
VMA (Fig. 10a) and BFT (Fig. 10b). The BFT is critically important to the ability
to isolate the effect of crumb rubber modification from the effect of increasing the
binder content. This in turn affects the economic viability of crumb rubber for asphalt
durability related to binder ageing and mixture weather.

The bulk density and air voids results were unaffected because the value is the
same whether the crumb rubber is considered as solid (aggregate) or liquid (binder).
Similarly, the measured Marshall properties were unaffected by the basis of the
volumetric calculations, except the binder contents were all reduced when the rubber

(a) Binder film thickness (b) Effective binder volume

(c) Voids in the aggregate (d) Voids filled with binder

0% 20% 40% 60% 80% 100% crumb rubber dissolution

Fig. 10 Effect of crumb rubber dissolution and dosage on volumetric properties
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was assumed to be only partially dissolved. Overall, as the crumb rubber dosage
increased, selecting the appropriate degree of dissolution became more important
for calculating realistic volumetric properties.

5.5 Isolating the Crumb Rubber Effect

It is well established that the binder film thickness has a significant effect on the rate
of binder oxidation. Therefore, for local roads that are generally resurfaced due to
environmental erosion, isolating the effect of the binder content and film thickness,
from that associated with the crumb rubber modification is important.

It is clear that complete dissolution of the crumb rubber is an unrealistic assump-
tion and results in unworkable mixtures. However, assuming no dissolution results in
significantly more expensive mixtures and is also unrealistic. Consequently, the only
way to isolate the effect of crumb rubber modified binder on the age-related erosion
and durability of asphalt mixtures for local road surfacing, is to determine the actual
degree of dissolution. This is expected to be dependent on the crumb rubber particle
size, the method of blending and the binder-rubber compatibility. These parameters
will need to be determined on a case-by-case basis.

6 Conclusion

Crumb rubber has been associated with reduced ageing of bituminous binders and
asphalt mixtures used for road surfacing. However, this has generally been for higher
(20–30%) crumb rubber dosages, where the crumb rubber replaces expensive poly-
mers for engineering property improvement. For lower (5–15%) dosages proposed
for improved local road asphalt surface weathering and ageing, isolating the effect
of the binder film thickness from that of the crumb rubber is critically important
to understanding the economic viability of crumb rubber modification. However,
further work is required to develop a reliable test to measure the degree of rubber
dissolution, which is expected to be required on a case-by-case basis. Until that issue
is resolved, there is no way to isolate the effect of the increased binder content from
the modification of the binder itself. This issue is unique to crumb rubber modified
binders because other polymer dosages are lower (2–5%) and the polymers fully
dissolve into the bitumen.
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Utilization of Waste Cooking Oil
as a Sustainable Product to Improve
the Physical and Rheological Properties
of Asphalt Binder: A Review

Mahmoud Ibrahim Eldeek, Fauzan Mohd Jakarni, Ratnasamy Muniandy,
and Salihudin Hassim

Abstract Yearly, vast numbers of new roads are constituted and existing ones are
restored on a regular basis. The usage of recycled asphalt pavement (RAP) aids
to minimise dependency on natural resources. Hence, organic regenerator such as
waste cooking oil (WCO), have recently been proposed as a sustainable commodity to
enhance the recycling of aged asphalt. This paper summarised the potential of WCO
being utilized as a renewable commodity in order to boost asphalt binder recycling.
Physical properties tests for instance ductility test, softening point test, penetration
test, flash& fire point test and specific gravity tests; are commonly adopted alongside
test for rheological properties for example dynamic shear rheometer (DSR),Multiple
Stress CreepRecovery (MSCR) tests linear amplitude sweep (LAS) and have all been
adopted to enhance the binder properties. Generally, this paper offers an abbreviation
of the favourable and unfavourable effects of WCO utilisations and indicates that it
could be used as an asphalt rejuvenator that is both environmentally friendly and
able to create high quality pavements.

Keywords Asphalt binder · Reclaimed asphalt pavement (RAP) · Recycling ·
Rejuvenator · Pavement · Waste cooking oil (WCO)

1 Introduction

The populace grows in tandem with the ever increasing advancement in healthcare
leading to inevitable escalation for food supply and a relative growth of kitchen
waste. Edible cooking oil is essentially a widely sought after commodity which can
be sourced fromplants and animals alike. Regardless of the source,WCO is generated
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Fig. 1 5 Year Worldwide Data of Vegetable Oil Consumption from 2016 to 2020

after utilization of such oils i.e., after cooking and frying [1]. As of 2020, vegetable
oil consumption on a global scale has reached a whopping 207.94millionmetric tons
as shown in Fig. 1; and this figure is on a steady increase at a rate of 2% annually [2].
With a yearly production of 41.09 million metric tons, China stands as the largest
WCO producer followed by the European Union at 27.46 million tons. By virtue
of the above data, there is a significant rise in WCO levels and waste management
becomes a reciprocal obligation of nations on a global scale.

Efforts to recycle or reuse WCO is substantially low; at only 20–30% of the
total produced [3]. Ignorant users who discardWCO directly into sewerage systems,
waste bins, kitchen sinks or flushing them out to land and water bodies are essen-
tially causing harm to others and the environment as WCO must be treated and
properly managed [4, 5]. Such insensitive acts cause adverse effects to the envi-
ronment whereby contaminants would be released which disrupts oxygen supply
for aquatic life and therefore threatens the entire ecosystem. Contaminants would
snowball causing a blockage of the sewerage system resulting in and overflow and
ultimately triggers a hike in the cost of operations and maintenance of waste water
treatment plants. With reference to previous literature focused on the United States
[6], it was cited that a 25% hike in the cost of water treatment operations [7] when
there was a 40% blockage in sewerage system resulting from WCO being disposed
down the kitchen sink.

Bailey et al. [8] saw to the patent of using WCO as an asphalt rejuvenator which
very much supported the postulate of WCO utilization in rejuvenation of aged
binders with their asphalt mixture. Following its success, more research [9–12] were
conducted to study the utilization of WCO in rejuvenation of aged asphalt binders
and amelioration of its characteristics to levels closest to the virgin binder. Asphalt
binder whether aged or virgin can be mixed directly with MCO or post-filtration
to remove any impurities; it is also known to have shown improved outputs when
subjected to chemical treatment [1]. Unsaturated fatty acids make up a major part of
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WCO which are homologous to maltenes; the lower molecular weight constituents
of asphalt binders.

In the course of its duration of use, asphalt binderswill gradually lose the lighter oil
constituents i.e. maltenes and accumulates heavier oil constituents i.e. asphaltenes;
WCO is capable of equalising the loss of maltenes in aged binders [13, 14]. As the
ideal choice for integration in asphalt rejuvenation, WCO possess a few desirable
aspects, namely it is found in excesses—in 2020 alone, there is a recorded 209.14
million metric tons of consumption of its various forms and the fact that it is partially
indistinguishable from bitumen further supports the notion [2].

2 WCO Physical and Chemical Properties

The temperature of cooking oil is oftentimes brought up to the range of 160–200 °C
during the process of frying or cooking and generally with the presence of air and
moisture [15]. One would expect changes such as the increase in density, total
polar material (TPM), specific heat, saturated fatty acid components and viscosity
levels due to heating which causes breakdown responses i.e. hydrolysis, polymeriza-
tion, and oxidation [5]. Reactions observed as these degeneration reactions prolong
would be the diminishing presence of double bonds or quantity of monounsaturated
and poly-unsaturated constituents, peroxide value, antioxidants (Vitamin E), smoke
point, iodine value, saponification value, and volatile components. Should the oil be
subjected to further use, it would undergo further degradation to the point it becomes
unsuitable for frying or cooking and should ideally be disposed [5, 15–18].

The significant components ofWCO are identified from the probable constituents
of WCO shown in Table 1 which are oleic acid, linoleic acid and palmitic acid at

Table 1 Probable chemical constituents of WCO [1, 9, 21]

Formulation of fatty
acids

Type of free fatty acid Possible % in waste
cooking oil (WCO)

Type of Saturation

C18:1 (Cis 9) Oleic acid 43.67 Unsaturated

C16:0 Palmitic acid 38.35 Saturated

C18:2 (Cis) Linoleic acid 11.39 Unsaturated

C18:0 Stearic acid 4.33 Saturated

C14:0 Myristic acid 1.03 Saturated

C18:3 alpha G- Linolenic acid 0.37 Unsaturated

C12:0 Lauric acid 0.34 Saturated

C18:2 t Linolenic acid 0.29 Unsaturated

C20:1 Cis-11-Eicosenoic acid 0.16 Unsaturated

C21:0 Heneicosanoic acid 0.08 Saturated

Total 100
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Table 2 Physio-chemical
composition of WCO and
virgin cooking oil [20]

Properties Values of virgin
Cooking oil (palm
cooking oil)

Values of waste
cooking oil (WCO)

Acid value (mg
KOH/gm)

0.3 4.03

Calorific value
(J/gm)

– 39,658

Saponification
value
(mg.KOH/gm)

194 177.97

Peroxide value
(meq/kg)

< 10 10

Density
(gm/cm3)

0.898 0.9013

Kinematic
viscosity
(mm2/s)

39.994 44.956

Dynamic
viscosity
(MPa s)

35.920 40.519

Flash point (°C) 161–164 222–224

Moisture content
(wt. %)

0.101 0.140

percentages of 43.67%, 11.39% and 38.35%, respectively [1, 9]. Nonetheless, devi-
ations should be expected whereby the configurations of fatty acids in WCO would
be inconsistent following chemical transformations that take place during frying
and cooking since the fatty acid configuration of different fresh and commercial oils
would be distinguishable from one another [19]. Results in Table 2 depicts the differ-
ence in physio-chemical composition of WCO and virgin cooking oil described by
Ullah et al. [20]. The likelihood of thermal cracking or catalytic cracking is increased
by the availability of long-chain acids e.g. monounsaturated acid such as oleic acid
and saturated acid such as palmitic acid, resulting in the formation of hydrocarbon
chains [21].

Therefore, it is deduced that the physical and chemical constituents would be
inconsistent as it is highly dependent on various factors such as the quality and kind
of cooking oil, sort of food cooked, the food constitution, temperature of cooking,
frequency of oil usage and period of cooking.

3 Basic Properties Tests of WCO Modified Asphalt Binder

Table 3 depicts the conventional physical properties tests which are conducted to
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Table 3 Summary of literature on the consequence of waste oil addition on the physical
characteristics

Ref Rej type
and
content %

Other additives Binder
used/tested

Control
binderPenetration

test
Softening
Point

Ductility Specific
Gravity

Flash
&Fire
Point

[22] WVO
1–3

↑ ↓ ↑ ↓ ↓ Binder
penetration
grade
obtained
from
6 years old
RAP

40/50
Penetration
grade

[23] WVCO
2,4,6,8,10

↑ ↓ – – – Artificially
aged
Virgin
Binder
using PAV,
RTFO, and
oxi-aging
method

70/100
Penetration
grade

[24] WCO
1–5

↑ ↓ ↑ – – Artificially
aged
Virgin
binder in
RTFO at
different
aging
times

PEN 70

[25] WCO
2,3,3.5,4

↑ ↓ – – – Extracted
RAP
binder

60/70
Penetration
grade

[26] WVO
5,10,15,20

↑ ↓ ↑ – ↑ Artificially
aged
Virgin
binder in
PAV and
RTFO

PEN 70

[27] WVO
1,2,4,6,8

↑ ↓ ↑ ↓ ↑ Virgin
binder
60/70 PG

60/70
Penetration
grade

[28] WCO
6

↓ ↑ ↓ – – Virgin
binder
artificially
aged in
RTFO and
PAV

80/100
Penetration
grade

[29] WVO
1,3,5

↑ ↓ – – – Virgin
binder

50/70
Penetration
grade

(continued)
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Table 3 (continued)

Ref Rej type
and
content %

Other additives Binder
used/tested

Control
binderPenetration

test
Softening
Point

Ductility Specific
Gravity

Flash
&Fire
Point

[30] WVO
2–6

↑ ↓ – – – Binder was
extracted
from
12 years
old RAP

50/70
Penetration
grade

[31] WCVO
2,4,6,8, 10

↑ ↑ ↑ – – Binder
recovered
from RAP

PG 64–22

[1, 32] WCO
3,4,5

↑ ↓ – – – Virgin
binder
60/70 PG

60/70
Penetration
grade

[33] WCO
3,4,6

↑ ↓ – – – Virgin
binder
60/70 PG

60/70
Penetration
grade

[10, 34] WCO
1–5

↑ ↓ – – – Aged
50/60,
40/50
Penetration
grade

80/100
Penetration

[35] WCO
2, 3, 4, 6

↑ ↓ – – – Artificially
aged
Virgin
binder with
RTFO
aging
mode and
propeller
mixer
aging
mode

Original
Bitumen

evaluate the physical characteristics of binders such as softening point test (ASTM
D36), penetration test (ASTM D5), flash & fire point test (ASTM D92), specific
gravity test (ASTM D70) and ductility test (ASTM D113).

Consistency and deformation resistance of bitumen at 25 °C can be determined
during penetration testingwhile thermal susceptibility at a greater temperature which
is usually 45 to 85 °C can be identified from the softening point test. The specific
gravity test allows volume correction that shifts with a turn in temperature and the
flash & fire points test is aims at promoting risk-free operation at the asphalt plant.
Adhesion properties of asphalt binders are addressed via the ductility test.

Asphalt pavement undergoes various changes as it ages such as turning hard,
brittle and experiencing an increased tendency in cracking. The rejuvenation process
promotes the reduction of the aged asphalt’s brittleness at various concentrations.
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Past studies which have been conducted to analyse the consequence of the inclusion
of WCO on the physical characteristics have been summarized in Table 3. From
examination of Table 3, it can be inferred that after addition of WCO, the softening
point declines as penetration and ductility rises. The ductility point, softening point
and penetration value of the intended bitumen grade was successfully made possible
by addition of WCO.

From the studies conducted, it was deduced that to reconstitute the penetration
value of aged bitumen groups (50/60, 40/50) to levels similar to that of virgin binders
(at 80/100 penetration grade), it would require 1% and 3% of WCO respectively and
to attain the intended binder softening point for the aforementioned groups it would
require 4% and 2% of WCO respectively [10, 34]. In tests conducted to enhance the
characteristics of 60/70 penetration grade and to reconstitute the characteristics of
extracted RAP binders to levels of targeted binder grade, 2% ofWCOwas required to
successfully attain the said results and 3.5% of WCOwas required for the restitution
of the intended softening point [1, 25, 27, 32, 33]. The consistency of an asphalt binder
can be evaluated from penetration testing. WCO was included as a rejuvenator at
mixed concentrations in efforts to soften the aged binder.

Studies have been conducted by Asli, Zargar and Azahar [9, 12, 32] on different
penetration graded binders binders (30/40, 40/50, 50/60, 60/70) and different percent-
ages (1% to 5%) ofWCObyweight of the binders; aged and unaged binders. Figure 2.
and 3. show that the penetration value rises in proportion to the percentage of WCO
added while the softening point is inversely proportional to the percentage of WCO
added. In order to attain the original penetration grade of 80/100, the aged binder
of bitumen groups Pen50/60, Pen40/50 and Pen 30/40 required 1%, 3% and 4% of
WCO respectively. Figure 3 shows that about 4%, 2% and 1% of WCO was needed
by age bitumen groups Pen30/40, Pen40/50 and Pen50/60 respectively in order to
achieve the 80/100 grade bitumen.

As for untreated samples, a greater penetration rate was observed and for treated
WCO, a greater softening point temperature was attained. Contrastingly, the increase
of WCO concentrations caused the softening point value for both, treated and
untreated WCO to decrease; as anticipated with the maximum temperature reaching

Fig. 2 Relationship of Penetration Value with different percentages of WCO [9, 12, 32]
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Fig. 3 Relationship of Softening Point Value with different percentages of WCO [9, 12, 32]

40 and 45 °C for 3% untreated and 3% treatedWCO respectively. Alteration ofWCO
and improved chemical bondingwith asphalt could be the contributing factors. There-
fore, it can be inferred those older bituminous binders require a greater dosage of
rejuvenator to reconstitute the intended softening point and penetration value.

Ductility test would allow for the evaluation of the flexibility and tensile defor-
mation of asphalt. Studies by Chen et al. [36] as depicted in Fig. 4 revealed a sharp
increase in ductility with the addition of WCO but this trend was followed by a
sudden reduction with the oil percentage is 6% or more. This could be due to
the non-uniformity in the mixing of WCO with control asphalt. As the grade of
asphalt changes, the ductility changes significantly as observed with (Pen60/80) and
(Pen40/60) grade.

Several studies [24, 26, 27, 31, 37, 38] had showed that ductility improves as
WCO dosage is increased in the aged binder. Two studies [25, 32] had reviewed the
consequence of WCO dosage on the specific gravity whereby the inclusion of WCO
in the binder brought about a reduction in overall specific gravity. The flashpoint
of asphalt binders can change with the level of WCO dosage. Furthermore, greater
ductility shows the characteristic of the binders’ appealing deformability and its
superior effectiveness to withstand thermal cracking of asphalt binder [39].

Fig. 4 Relationship of Softening Point Value with different percentages of WCO [36]
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Based on three studies conducted on the fire and flash point variations, contrasting
results were exhibited in terms of effective change in a flashpoint with the use of
WCO as two of the studies [27, 38] showed a hike in flash point temperature of
rejuvenated binder and one other proclaimed a conceivable decline in the fire and
flash point of the rejuvenated binder [26].

4 Rheological Testing of WCO Modified Binder

4.1 Effect of WCO on the Viscosity and Mixing
and Compaction Temperature

In the event of high binder viscosity, the risk of thermal cracking increases while
in events of very low viscosity, the risk of rutting and fatigue increases [40]. As a
general rule, Brookfield rotational viscometer (ASTM D4402) would be adopted to
gauge the viscosity levels of asphalt binder.

It wasMahrez et al. [35] who pioneered the investigation ofWCO inclusion on the
viscosity levels at mixed temperatures. It was established that the rotational viscosity
of the binder gradually reduces with the hike in temperature and concentration of
WCO. It was observed that the viscosity levels of RTFO aged binder had declined
by half in the presence of 6% WCO. In past investigations [9, 10, 12, 34], 1–5% of
WCO was used in the aged bitumen groups (penetration grade 50/60, 40/50, 30/40)
and the viscosity level was compared to that of the control binder (penetration grade
80/100) at mixed temperatures ranging from 90 °C to 180 °C.

The studies show that in order to achieve a viscosity level similar to that of the
control binder at 110 °C, 2, 4, and 5% WCO was required. With an increase in
temperature; such as at 135 and 150 °C, the volume of WCO required to achieve the
viscosity of the control binder increases aswell. Therewere similar studies conducted
[1, 25, 27, 32, 41] where RAP binder was used and the control binder (penetration
grade 60/70) had been artificially aged and rejuvenated with WCO at 1–8 wt.% and
the viscosity levels of the rejuvenated binder was established at several temperatures
i.e. ranging from 135 to 165 °C and compared with the control binder. The results
revealed that at WCO concentration between 1 and 4%, the rejuvenated binder was
able to exhibit viscosity levels close to the control binder at 165 °C.

Figure 5 illustrates the rotational viscosity test results of WCO based binder at
several temperature points. Based on data collected it was determined that addition
of WCO with increasing temperature resulted in a constant decrease in viscosity;
whereby the maximum reading was recorded at 1.074 Pa s at the 120 °C mark. At
150 °C, a sudden change in viscosity was recorded; at a 21.5% drop from its former
temperature and subsequently the levels steadily decreased. At 180 °C, a downward
trend similar to that observed at 150 °C was recorded, albeit viscosity levels were
different from that recorded at the 120 °C mark.
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Fig. 5 Relationship of Viscosity with different percentages of WCO at different temperature [8]

In a few other studies conducted [1, 3, 22–30, 35–37, 40–42] where multiple
control binderswere studied, itwas established that at various temperatures andWCO
concentrations, viscosity is inversely proportional to the level of WCO present. Even
though this is not unexpected, the results further solidifies the findings that WCO
which is flexible in nature can produce constant results in aspects of a decline in
viscosity.

Undoubtedly at lower viscosities, the mixing and compaction temperature of the
mix can be reduced. Thus from an economic perspective, such reduction in mixing
and compaction temperature would be much preferred; especially in the construc-
tion industry for its cost saving aspects. Nevertheless, though an excessive amount
of rejuvenator can reduce viscosity levels, the aspect of poor serviceability would
manifest. With lower serviceability, the product would be significantly softer and
prone to rutting. Taking everything into consideration i.e. environmental, energy and
economic aspects, low viscosity binders are more advantageous since they promote
manipulability (mixing and compaction temperatures), demands lower energy thus
increasing savings and necessitate less fuel which is environmental friendly.

4.2 Rutting and Fatigue Resistance

Rutting and fatigue resistance can be established by examination of the rheological
characteristics of a binder:

Dynamic Shear Rheometer (DSR)
The dynamic shear rheometer (DSR) (ASTM D7175) test is able to show the rheo-
logical characteristics whereby any alteration in the characteristics of binders or the
shear resistance is noted. The technique involves the measurement of the phase angle
(δ) and complex shear modulus (G*) of unaged binders. Complex G* represents the
total resistance of the binder to the level of deformation as a result of shear loading
and δ is the delay period between shear strain and shear stress [41]. Rutting resis-
tance at extreme temperature is demonstrated in the formula, G*/sinδ, and fatigue
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resistance at a moderate temperature is demonstrated by G*sinδ as portrayed in the
Superpave program [44].

A list of references can be found in Table 4; wherebyWCO is used as a rejuvenator
and the consequences on δ, G*, G*sin δ and G*/sin δwere examined at variousWCO
dosages and frequency-dependency (isothermal) in different control systems with
aged or extracted binders. Based on the table, in order to reconstitute the G* of the
aged binders (penetration grade 60/70, 50/60, 40/50 and 30/40), WCO inclusion of
1%, 1% and 3% were required respectively. As for the δ, in order to correlate the
phase angle of virgin binder (penetration grade 80/100), the dosage ofWCO required
is 1%, 3%, 4% and 5% respectively [9, 10, 34, 45, 46].

In studies by Chen et al. [42], it was highlighted that rutting resistance of RAP
extracted binder and artificially aged binders with resemblance to binders with pene-
tration grade 40–60 and PG 64–22 would require 5% of WCO. These findings coin-
cided with Ji et al. [31] whereby when RAP binders with added 6%WCO exhibited
rutting and fatigue characteristics matching the virgin PG 64–22 bitumen. In another
study, Azahar et al. [41] presented results of reduced G* and increased δwith the use
of WCO of higher acidity and water content, consequently decreasing the general
resistance to rutting and raises the fatigue resistance of WCO-rejuvenated binder.

Succinctly, conducted studies and established that fatigue cracking resistance of
asphalt binder can be enhanced by increasing the concentration of WCO. With the
increase in WCO concentration in aged asphalt binder, the deformation resistivity
and recovery efficiency of the control and aged binders decreases because of the
increased phase angle and reduced complex shear modulus. Consequently, there is a
reduction of the G*/sinδ value leading to a decline of the rutting failure temperature
whereas the general fatigue resistivity of the binder increases [3, 10, 12, 23, 32, 35,
37, 47–49].

Multiple Stress Creep Recovery (MSCR)
Contemporarily, Multiple Stress Creep Recovery (MSCR) test has been adopted
to test the rutting potential and fatigue characteristics of the binder [11, 54, 55].
The test is accepted in determination of permanent deformation potential of the
binder at extreme temperatures. Two crucial parameters i.e. the percentage recovery
(%) and non-recoverable creep compliance (Jnr) were addressed by the MSCR test
in the outcome of modified asphalt binder under tension. Rutting resistance was
clearly represented by the non-recoverable creep compliance (Jnr); a high Jnr value
is equivalent to decreased rutting resistance and enhanced thermal resistance of the
binder [54]. With an increase in the WCO dosage with the binder, it is expected
that the Jnr value would increase, consequently decreasing the rutting resistance and
improving the thermal resistance [11].

MSCR test results during the study of cumulative strain curve of time strain
responses at various tensions (0.1 kPa and 3.2 kPa), exhibited higher cumulative
deformation by virgin binders compared to aged binders, however the cumulative
deformation of aged asphalt binders can be increased with the inclusion ofWCO. As
more WCO is added, a greater cumulative deformation is experienced [26]. Analo-
gous to a study by Wang et al. [56] on the Jnr value of the binders under two creep
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tension levels, the results proved that the Jnr value increases by two-folds with the
addition of 5 wt.%WCO. Additionally, examination of the time-strain curves depict
the detrimental consequences of bio-oil inclusion on the permanent deformation
resistance.

Briefly, addingWCO to the binder causes an increase in the softness of the binder
and a hike in the non-recoverable creep compliance but a decline in the permanent
deformation resistance. In consequence, as a matter of precaution, rutting resistance
should be considered based on climatic conditions of the site before addition ofWCO
into the binder.

Linear Amplitude Sweep (LAS)
Presently novel tests such as the Linear Amplitude Sweep (LAS) has been favoured
to study the rutting potential and fatigue characteristics of the binder [11, 26, 54,
55] The LAS test is carried out at moderate temperatures to evaluate the level of
binder resistance to the damage sustained as a consequence of cyclic load with a
linear intensification of strain at a constant frequency [57]. The test comprised of
two stages which are the (1) frequency sweep test intended to determine the alpha
“α” parameter for damage analysis and the (2) amplitude sweep test for examination
of the damage accumulated in samples against the loading cycles.

Literature on LAS tests on binders containing WCO are somewhat scarce. The
fatigue life extrapolation as logarithmic LAS cycles to failure vs. strain (%) was
studied in Zaumanis et al. [55]. The results revealed that the virgin binder exhibited
poor response and low fatigue life at 2.5% strain. However, as the percentage was
increased i.e. at about 10%, the response improved and exhibited better fatigue life
than RAP and rejuvenated binders. That said, at meagre strain %, RAP binders have
high fatigue life which declines to the minimum level at 10% strain. Contrastingly,
waste vegetable oil-rejuvenated binder possess excellent fatigue life at both lower
and higher strain %, which is on par with virgin binders. Studies by Wang et al. [56]
explored the ramifications of WCO inclusion on the fatigue life and discovered that
addition of WCO to the binder promotes its aversion to fatigue against the loading
cycles. Inevitably, it can be inferred that WCO inclusion to the binder grants fatigue
improvements on the basis of rheological test results.

4.3 Thermal Cracking Resistance

Some parameters affiliated with the cracking resistance of asphalt pavement are the
m-value and creep stiffness, which often describe the binder’s performance at low
temperature. These parameters are usually measured by a bending beam rheometer
(BBR) (ASTMD6648) and carried out on a PAV-aged binder. Creep stiffness defines
the estimated levels of stress as a consequence of thermal contraction and them-value
describes the creep rate or simply the capability to relax stresses.With comparison to
virgin binders, creep stiffness improves at low temperature in contrast to the m-value
which declines; the latter also increases the susceptibility of thermal cracking.
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The results of BBR of the aged, rejuvenated and virgin binders at −18 °C were
examined by Yu et al. [58]. In comparison with the virgin binder, the outcome of
mixing rejuvenated asphalt with waste vegetable oil (WVO) produced a tenfold
reduction in creep stiffness and more than double the increment of the m-value.
Further to that, Ji et al. [31] examined the impact on creep stiffness in relation to
the dosage of WCVO rejuvenator to the asphalt binder. The outcome indicated that
at low temperatures, the stiffness of the rejuvenated binder constantly declined with
the increase in WCVO concentrations; implying that the thermal cracking aversion
levels had been improved and the risk of thermal cracking had been lowered.

The relationship between the quality of WCO and thermal cracking was exam-
ined by Zhang et al. [59]. It was deduced that as the WCO keeps getting cyclically
reheated, the value of stiffness rose while the m-value declined. Other comparable
studies [25, 26, 60] proved that inclusion ofWCOwas advantageous in conditions of
low-temperature characteristics. In brief, it can be observed that WCO dosing gives
better thermal cracking aversion to the asphalt binder; albeit both creep stiffness and
m-values are dependent on the quality and kind ofWCOused as asphalt rejuvenators.
Zhang et al. [59] examined different aged, virgin and WCO rejuvenated asphalts to
draw an analogy between the stiffness and the m-value. The results exemplify that
from− 12 to− 18 °C, the stiffness increases while them-value declines regardless of
the type of binders which increases the susceptibility of thermal cracking. Contrast-
ingly, other studies [61, 62] have revealed an enhancement in thermal cracking
aversion with the use of WCO rejuvenators.

Since low temperatures result in stiffer binders, inclusion of WCO rejuvenators
could soften the binder and promote a decline of the G* value. With the decline
of the G* factor, the binder would be able to attain improved cracking resistance.
Succinctly, it can be inferred that the effect on thermal cracking aversion at critically
low temperatures of rejuvenated asphalt would be reliant on the type and properties
of the WCO used for asphalt rejuvenation.

5 Conclusions

This review scrutinizes the numerous aspects of rejuvenating aged asphalt withWCO
to revive its initial characteristics. Of late, various experiments have been performed
to assess the relevancy of adoptingWCO as an asphalt rejuvenator and the feasibility
of using it with asphalt mixes. With reference to the present available literature. The
physical characteristics ofWCOrejuvenated bitumen are tremendously influencedby
the composition of the oil. (a) A reduction in overall viscosity of the bitumen brings
about higher ductility, penetration value and lower specific gravity and softening
point. (b) Greater thermal resistance as a result of improved flexibility at lower
temperatures. (c) Binders are more prone to permanent deformation. Rheological
assessment of WCO-based rejuvenated bitumen features. (a) a decline of stiffness
and rutting resistance during addition of WCO in the binder. (b) enhanced resistance
to thermal cracking and greater bitumen fatigue.
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This review paper underlines the efficacy improvements on asphalt binders using
WCO as a rejuvenator. Several literatures had featured reassuring outcomes with
enhancements in terms of rheological and physical characteristics of asphalt binders.
Nevertheless, there exists numerous constrains in adoption of WCO in asphalt
pavements; summarised hereunder:

• Establishment of optimal application rates of WCO rejuvenators are still incon-
clusive.

• Data on rutting and cracking resistance is yet to be comprehensive especially since
literature for cold climate is still lacking.

• Another aspect that deserves more scrutiny is the consequence of mixing WCO
with other modifiers to achieve enhanced pavement performance.
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Waste Clay Brick Binders for Rigid
Pavement Subbase and Base Concretes

Janitha Migunthanna, Pathmanathan Rajeev, and Jay Sanjayan

Abstract Both base and subbase layers of rigid pavements are currently constructed
with concrete based on ordinary Portland cement (OPC). The OPC manufacturing
process is heavily carbon intensive and has severe negative impacts towards the
environment and sustainability. Geopolymer as an alternative is promising, in terms
of both performance and sustainability. This study used waste clay bricks (WCB)
blendedwith fly ash and slag precursors to produce one-part geopolymer binderswith
the aim of replacing OPC in pavement concrete. One-part binders were prepared by
combining activators and the precursor at a 1:9 ratio by weight. Within the precursor,
fly ash content was varied at 0%, 10%, 20% and 30% by weight. In the remaining
precursor, WCB was replaced with slag at 20%, 40%, 60% and 80% replacements.
All blends of WCB with fly ash and slag showed significantly higher strengths than
their unblended counterparts. The highest 28-day compressive strength of 92 MPa
was recorded for the sample with 30% fly ash and with 80% replacement of WCB
with slag on the remaining precursor. Additionally, the WCB based geopolymer
binders showed a high early strength development, achieving more than 50% of its
28-day compressive strength within 72 h. Aggregates were then introduced to the
selected binders to prepare geopolymer concrete (GPC). The compressive strength
of GPC samples was recorded after 28 days of aging. Initial GPC trial mixes were
able to achieve compressive strengths up to 41 MPa, demonstrating the feasibility of
using WCB based binders for developing pavement concretes.
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1 Introduction

Typical rigid pavement structure consists of base and subbase layers, usually
constructed with ordinary Portland cement (OPC) concrete [1, 2]. In the Australian
context, OPC concrete with 28-day compressive strength of not less than 32 MPa is
required as the design strength for base applications, while lean-mixed concrete with
28-day compressive strength of not less than 5 MPa is used for subbase applications
[1, 3]. However, the manufacturing process of OPC binder used in these concretes is
highly carbon intensive and has severe negative environmental impacts [4–7]. There-
fore, it is vitally important to search for suitable alternate binder materials to fully
or partially replace OPC in concrete.

Geopolymer binders are widely regarded as a promising alternative for OPC in
terms of performance and durability [5, 8, 9]. These binders are synthesized by
combining aluminosilicate source materials (i.e., precursors) with strong alkaline
solutions (i.e., activators) [8, 10]. A wide range of aluminosilicate materials are
available as industrial by-products and waste, agricultural by-products and as natural
minerals [11]. Fly ash, slag,metakaolin and rice husk ash are some common examples
for such materials [11, 12]. The mechanical and durability properties of these low
carbon binders require to be comprehensively investigated and optimized based on
the intended field application. The present work therefore investigates the suitability
of using geopolymer binders to fully replace OPC in concrete used in rigid pavement
construction.

Recent studies show the feasibility of using waste clay bricks (WCB) as an
aluminosilicate precursor for geopolymer production [11, 13–16]. The most reactive
sources of geopolymer precursors are calcined aluminosilicate materials [17]. For
example fly ash is a by-product generated through combustion of coal and slag is
a by-product in pig iron manufacturing produced at 1500ºC [18, 19]. When using
natural clay minerals as precursors, they are required to calcine at high temperatures
prior to activation [20, 21]. Clay bricks are calcined at 850–950 °C during its manu-
facturing process. Hence WCB also consists of forms of calcined clays which have
a high possibility of undergoing geopolymerisation [16].

A large quantity of WCB are generated in worldwide annually from construction
and demotion waste [15, 22] and majority of these are going to landfills without
any recycling or reuse [23]. Therefore, productive use of this unutilized and avail-
able waste in construction industry will support better waste management while
reducing carbon footprint in construction industry. So far in pavement industry,
application of WCB are discussed as only as aggregates. However, a comprehensive
analysis of WCB based binders and development of WCB binder based geopolymer
concrete (GPC) is still lacking. Therefore, this study investigates WCB recovered
from construction and demolition waste as an aluminosilicate source material to first
produce geopolymer binders and GPC thereafter.

Considering the practical situation when constructing rigid pavements in the field,
the current work deals with producing geopolymer binders at ambient curing condi-
tions. Previous studies show the incapability of achieving satisfactory strength at
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ambient curing usingWCBalone as the precursor [11, 13, 15].However, the strengths
can be significantly improved by blendingWCBwith other aluminosilicate materials
such as slag, fly ash and metakaolin. For example, the study by Zawrah et al. 2016
[13] showed a 7-day compressive strength improvement from 5 MPa to 64 MPa
under ambient curing conditions when 60% of WCB in the precursor was replaced
by slag. Similarly, an improvement of 7-day compressive strength from around 8
MPa to 20 MPa was observed by Rovnanik et al. 2016 after replacing 50% of WCB
with fly ash.

Therefore, this study investigates the development of geopolymer binders through
blends of WCB with fly ash and slag. Further, with the aim of developing more OPC
like alternatives and improving occupational safety, the current work focuses on
synthesising one-part geopolymer binders, where solid activators are used instead of
liquid activators.

2 Material and Methods

2.1 Raw Materials

WCB powder of size 150 µm sieve passing, fly ash and slag were used as
the aluminosilicate precursors for producing the geopolymer binders. WCB was
extracted from construction and demolition waste and was supplied by EcoGroup
Pty. Ltd, Melbourne, Australia. Anhydrous sodium metasilicate (Na2SiO3) powder
(SiO2/Na2O= 1.0) was used as the sole activator. Figure 1 shows the physical nature

Fig. 1 Physical view and microstructure of raw precursors. a, b WCB powder. c, d Fly ash. e, f
Slag
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Table 1 Chemical composition of raw materials

Oxide WCB
(Wt.%)

Slag
(Wt.%)

Fly ash
(Wt.%)

Oxide WCB
(Wt.%)

Slag
(Wt.%)

Fly ash
(Wt.%)

SiO2 68.97 27.54 57.13 Cr2O3 0.06 – 0.02

CaO 3.35 61.13 8.67 ZnO 0.05 – –

Fe2O3 12.07 0.76 12.79 V2O5 0.03 – 0.04

Al2O3 8.71 2.84 16.67 Rb2O 0.05 – 0.01

K2O 4.48 0.60 1.13 PbO2 0.01 0.02 0.01

TiO2 1.68 1.05 2.74 Y2O3 0.01 0.01 0.03

SO4 0.23 5.13 0.29 NiO – – 0.03

MnO 0.10 0.24 0.18 Ag2O 0.01 0.01 0.01

P2O5 – 0.44 – Ta2O5 – – 0.00

ZrO2 0.16 0.09 0.15 Ga2O3 – – 0.02

SrO 0.02 0.14 0.10

and microstructure of raw materials. Table 1 shows the chemical composition of
precursors obtained through x-ray fluorescence (XRF) analysis.

2.2 Preparation of Geopolymer Binders

From initial trials, an activator content of 10% by weight of the total binder was
identified as suitable for WCB based binders. In the remaining 90% of the binder,
WCB blended with fly ash and slag at different replacement ratios were used. First,
0%, 10%, 20% and 30% of the total weight of the precursor was filled with fly
ash. The remainder of each group was filled with WCB and slag at 20–80%, 40–
60%, 60–40% and 80–20% ratios by weight. For the comparison, binder samples
consisting only WCB in the precursor were also prepared. Figure 2 summarizes all
these mix proportions of the geopolymer binders with different WCB, slag and fly
ash compositions. Samples were named after the amount of fly ash content in the
precursor and amount of slag in the remaining. For example, “FA10-S40” refers to
the sample consist of 10% of fly ash in the total precursor and, 40% replacement of
WCB with slag in the remaining content. Here, FA refers to fly ash and S refers to
slag.

To obtain a homogeneousmixture, all the dry ingredients were drymixed for three
minutes. Then water was added to the mixture according to a pre-determined water-
to-binder (w/b) ratio of 0.32 and mixing was continued for another eight minutes.
Fresh pastes were then placed in 25 mm cubic moulds in two layers and each layer
was subjected to a mechanical vibration for 30 s. Cast samples were covered with
a thin polythene film and stored in an environmental chamber at 25 ± 2 °C. After



Waste Clay Brick Binders for Rigid Pavement Subbase and Base … 907

Fig. 2 Mix proportions and categories of different geopolymer binders

24 h all the samples were demoulded and stored in the same environmental chamber
until the test date.

To evaluate the timeline of strength development for the different geopolymer
formulations, their compressive strengths were recorded at 72 h, 7 days and 28 days
of aging. X-ray diffraction analysis (XRD), Fourier transform infrared (FTIR) anal-
ysis and scanning electron microscopic (SEM) analysis were conducted for selected
samples with high compressive strength development.

2.3 Preparation of GPC

Based on compressive strength, one binder composition from each category (Fig. 2)
was selected to develop initial GPC trial mixes. A binder content of 400 kg/m3

was used for all mixes. First, geopolymer binders were prepared by mixing all dry
ingredients corresponding to the selected binder type. Subsequently, coarse and fine
aggregates were added to the dry binders and all materials were mixed further for
about five minutes. Finally, water was added, and the mixing was continued for
another fifteen minutes.

Three different aggregate combinations were used with each selected binder,
namely, 30%, 35% and 40% of fine aggregates from the total aggregates. Coarse
aggregates of nominal size 14 mm and 7 mm was used in weight ratio of 3:2 for all
mixes. GPC samples were named using the corresponding binder category which is
shown in Fig. 2 and the percentage of fine aggregates in the total aggregate content.
For example, GPC mix “C3-fine30” refers to the concrete mix prepared by using
Category 3 binder (i.e., FA20-S60) and with 30% fine aggregates in total aggregates.
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Table 2 Mix proportions and recorded slump of initial GPC trial mixes

Mix ID Binder type %Fine agg.
From total
agg

Fine agg.
(kg/m3)

Coarse agg.
(kg/m3)

w/b ratio Slump (mm)

14 mm 7 mm

C1-fine30 FA0-S60 30 567.0 793.8 529.2 0.49 65

C1-fine35 FA0-S60 35 661.5 737.1 491.4 0.49 70

C1-fine40 FA0-S60 40 756.0 680.4 453.6 0.49 55

C2-fine30 FA10-S60 30 567.0 793.8 529.2 0.47 65

C2-fine35 FA10-S60 35 661.5 737.1 491.4 0.47 60

C2-fine40 FA10-S60 40 756.0 680.4 453.6 0.47 55

C3-fine30 FA20-S60 30 567.0 793.8 529.2 0.45 60

C3-fine35 FA20-S60 35 661.5 737.1 491.4 0.45 65

C3-fine40 FA20-S60 40 756.0 680.4 453.6 0.46 55

C4-fine30 FA30-S80 30 567.0 793.8 529.2 0.45 60

C4-fine35 FA30-S80 35 661.5 737.1 491.4 0.45 70

C4-fine40 FA30-S80 40 756.0 680.4 453.6 0.46 50

In order to evaluate the workability of different GPCs, slump tests were conducted
in accordance with AS 1012.3.1 standards [24]. To satisfy the Australian rigid pave-
ment specifications [1, 3, 25], different w/b ratios were attempted until the mixture
displayed a slump around 50-70mm.Test cylinderswith diameter 100mmand height
200 mm was casted with each successful trial (Table 2). Similar to the binders, GPC
samples were also subjected to ambient curing. Compressive strengthswere recorded
after 28 days of aging.

3 Results and Discussion

3.1 Geopolymer Binders

Compressive strength. Figure 3 shows the compressive strength development of
different WCB based geopolymer binders. All WCB blends with fly ash and slag
showed significantly higher compressive strengths than the sample with WCB alone
in the precursor. SinceWCB is a low reactive and low amorphous material, it is diffi-
cult to gain notable strengths at ambient temperatures [11, 14]. Previous studies have
experimentally shown the inability ofWCBalone to achieve satisfactory compressive
strength at ambient curing conditions. For example, Tuyan et al. 2018 [11] recorded
compressive strengths of 0 MPa, 0 MPa and 5.3 MPa at 3, 7 and 28 days respective
for WCB geopolymer binders cured at ambient conditions.

Compared to fly ash, varying the slag content in the precursor showed a greater
impact on compressive strengths. This is due to the abundant presence of calcium
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Fig. 3 Compressive strength development of different geopolymer binders

oxide in slag which forms calcium aluminosilicate hydrate (CSH) gels along with
the geopolymer gels [13, 26]. In general, WCB-to-slag weight ratio of 2:3 gave the
best compressive strengths. For mixes with higher fly ash content (i.e., 30% of the
total precursor), the highest compressive strength of 92.3 MPa was recorded for the
mixture with the highest slag content.

For pavement concretes, achieving high early strength is a crucial consideration,
since pavements usually have to be opened to traffic within a few days. According
to the AASHTO rigid pavement guidelines, all pavement concrete should achieve
a compressive strength of at least 15 MPa before opening to the traffic [27, 28].
Fortuitously, the geopolymer binders developed in this study showed higher early
strength gain, achieving more than 50% of its 28-day strength before 72 h. This early
strength gain can be attributed to the formation of CSH gel due to the presence of
slag in the precursor [16, 29, 30].

Sample FA0-S60 showed the highest 28-day compressive strength (81.8 MPa)
in Category 1 while achieving around 52% of that strength within 72 h. Sample
FA30-S80 gave the highest compressive strength among the all developed mixes and
showed 49.8 MPa at 72 h, which was almost 53% of its 28-day strength. Samples
FA10-S60 and FA20-S60 achieved 84% and 58% of its 28-day strength within 72 h.
Therefore, considering both early strength gain and 28-day compressive strength
samples FA0-S60, FA10-S60, FA20-S60 and FA30-S80 were selected for further
investigations.

XRD analysis. Figure 4 shows the XRD analysis results for raw precursor and
selected geopolymer binders, namely, FA0-S60, FA10-S60, FA20-S60 and FA30-
S80. Quartz was found to be the major mineralogical phase in raw WCB and the
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Fig. 4 XRD analysis for raw precursors and selected geopolymer binder samples. (Q-Quartz, H-
Hematite, G-Gypsum, Me-Merwinite, M-mullite, CSH-Calcium silicate hydrate, NCASH-Sodium
calcium aluminosilicate hydrate)

intense peaks show its crystalline nature [31]. In addition, hematite and albite was
identified as other mineralogical phases present inWCB. The computed amorphous-
ness forWCBwas only 33.5%. In contrast, fly ash and slag showed higher amorphous
contents, around 54.5% and 67.5% respectively.

The binder samples developed with partial replacement of WCB with fly ash and
slag showed formation of new hydration products such as CSH and sodium calcium
aluminosilicate hydrate (NCASH). CSH peak around 2-theta 29.2º [13] was clearly
visible in all binders. These results correlated with the highest recorded compressive
strengths. This was because, the coexistence of CSH gel in the matrix reinforced
the geopolymer gels and increased its strength. However, quartz was identified as
the dominant mineralogical phase in developed binder samples, indicating partial
geopolymerisation and presence of unreacted particles [13, 32].

Fourier transform infrared (FTIR) analysis. Figure 5 shows the FTIR spectra
obtained for selected geopolymer samples. The spectra of all samples exhibited peaks
around 3450 and 1650 cm−1 corresponding to the bending and stretching vibrations
of O–H bonds [11, 13, 33]. Compared to WCB-only samples, the intensity of these
O–Hbondswas enhanced in blendedmixes, indicating presence of hydrated products
such as CSH and NCASH [13]. The vibration modes corresponding to O-C-O bonds
were visible in all samples at wavelength 1450 to 1473 cm−1 [11, 34, 35]. This can
be attributed to the presence of carbonates from atmospheric carbonation [11, 33].
The strong peaks present at around 1010 cm−1 and 964 cm−1 are caused by the
asymmetric stretching vibrations of Si–O and Al-O [11, 13, 33, 34]. Further, clear
peaks around 451 cm−1 indicate the vibrations corresponding to Si–O-Si andO-Si–O
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Fig. 5 FTIR spectra of the selected geopolymer samples WCB-only, FA0-S60, FA10-S60, FA20-
S60 and FA30-S80
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bonds [35, 36]. Existence of these O-T, T-O-T and O-T-O (T= Si or Al) points to the
formation of geopolymer gels and the occurrence of geopolymerisation process. The
peak around 786 cm−1 inWCB-only samples can be attributed to the unreacted SiO2

indicating the presence of unreacted WCB particles in the end product [13]. This
peak is attenuated in other blended mixes, indicating formation of better reaction
products causing their higher strengths values.

SEM analysis. The microstructural features of selected geopolymer samples,
namely, WCB-only, FA0-S60 and FA30-S80 are given in Fig. 6. All the images were
obtained after 28 days of curing. Figure 6a shows the microstructure of geopolymer
sample which consists WCB as the only precursor. Abundant presence of unreacted
particles and thedisturbedmicrostructurewell explains the poor compressive strength
of WCB-only geopolymer. In contrast, a dense and compacted microstructure could
be observed whenWCBwas partially replaced with fly ash and slag (Fig. 6b and 6c).
However, it was difficult to identify a significant difference in the microstructure of
the different categories of geopolymer blends. Microcracks were clearly visible in
all samples as result of high water absorption by both WCB and slag.

Fig. 6 Microstructure of selected geopolymer samples a WCB-only, b FA0-S60 and c FA30-S60
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(a) (b)

Fig. 7 a Slump test for fresh GPC. b Hardened GPC with light reddish-brown colour

3.2 Geopolymer Concrete

WCB based one-part geopolymer binders from each category, namely, FA0-S60,
FA10-S60, FA20-S60 and FA30-S80 were selected to develop initial GPC trials. Use
of binders containing WCB imparted a unique reddish-brown texture to the fresh
and hardened concrete (Fig. 7). All four binder samples gave dense and healthy
fresh concrete mixtures without any segregation. The fresh GPC mixtures recorded
a slump range in between 50 and 70 mm (Table 2).

Figure 8 indicates 28-day compressive strength recorded for differentWCB based
GPC samples. The strength of GPC was significantly less than the strength of the
corresponding paste samples. This can be attributed to the higher w/b ratio in GPC
compared to paste samples. Highest compressive strength of 41 MPa was recorded
for the GPC developed using FA30-S80 binder with 35% of fine aggregates in
the total aggregate content. Irrespective of the binder type and aggregate combi-
nations, all GPC trials gave a compressive strength significantly higher than 5 MPa
at 28 days, which is the minimum acceptable compressive strength for concrete
subbase construction. Except for samples C1-fine40, C3-fine35 and C3-fine40, all
other GPC samples showed compressive strength higher than 32 MPa at 28 days,
indicating their feasibility to use in rigid pavement base applications.

The initial GPC trial mixes developed in this study demonstrates the potential
of using WCB based geopolymer binders to produce pavement concretes with the
minimum strength requirements (i.e., 5 MPa for subbase concrete, 32 MPa for base
concrete).However, for the successful field applications of these lowcarbonconcretes
in pavement industry more research is necessary evaluating other parameters such
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Fig. 8 28-day compressive strength of WCB based GPC

as flexural strength, creep, shrinkage, stress strain behavior, abrasion and cracking
tendency.

Further investigations are recommended to optimize fresh and hardened concrete
properties. In addition, comprehensive studies on the durability of WCB based GPC
are essential before using as pavement constructionmaterial. For example, compared
to OPC based concrete, GPC consists of slag show a higher carbonation rate [37].
This can be attributed to the rapid absorption of carbon dioxide by highly soluble
alkalis present in GPC [37]. However, compared to the natural level of carbonation,
accelerated carbonation test overestimates the carbonation of slag blendedGPCcured
at ambient conditions [38]. The laboratory tests methods to evaluate durability of
conventional OPC based concrete cannot be directly applied to GPC [39]. Therefore,
to evaluate the durability of GPC, newer test methods are needed by modifying
existing tests methods for conventional concrete [40].

4 Conclusion

Different WCB based one-part geopolymer binders were developed by partially
replacing WCB with fly ash and slag, and using anhydrous sodium metasilicate
as the only activator. Based on the experimental results, following conclusion were
made.

• WCB alone in the precursor cannot develop geopolymer binders with notable
compressive strengths under ambient curing conditions.
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• BlendingWCBwith slag and fly ash lead to a significant improvement in strength,
recording compressive strengths up to 92 MPa.

• All blended binders showed a higher early strength gain, recording more than
50% of its 28-day compressive strength within first 72 h.

• Formation of new phases such as CSH and NCASH were visible in geopolymer
samples with WCB, fly ash and slag in the precursor.

• Blended samples showed dense and compacted microstructure compared to the
sample with WCB alone in the precursor.

• Preliminary GPC mixes developed using these newly synthesized one-part
geopolymer binders showed acceptable fresh and hardened concrete properties,
indicating the possibility of engineering new pavement construction materials.

• All the concrete mixes were able to gain 28-day strength more than 5 MPa which
is the minimum strength requirement for rigid pavement subbase concrete.

• The GPCmixes, except C1-fine30, C3-fine35 and C3-fine40, were able to achieve
strengths exceeding 32 MPa at 28 days, which is the minimum design strength
for pavement base concrete.

WCB based GPC is a new and innovative concept introduced and investigated
in this study with the aim of developing low carbon and sustainable rigid pavement
constructionmaterials. The preliminary investigations ofGPC trials showed the feasi-
bility of using WCB based binders to produce concrete with acceptable strength for
rigid pavement applications. Therefore, further studies are recommended to optimize
fresh and hardened properties and durability of WCB based GPC.
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