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EXECUTIVE SUMMARY 

Permanent deformation or rutting has long been a major mode of failure of the 

flexible pavements. While researchers have developed multiple tests like the Wheel 

Tracking Device (WTD), Repeated Load Permanent Deformation (RLPD) test, the 

Dynamic Modulus test, to characterise this phenomenon in asphalt concrete 

pavements, little information is available on how the factors affecting permanent 

deformations interact with each other when it comes to predict mix behaviour or the 

actual field performance. Moreover, it has been shown that the current design of the 

Wheel Tracking Device is less useful in providing accurate measurements; the 

unrealistic confining condition is creating unrealistic boundary condition, which 

makes it a hindrance to capturing the true permanent deformation behaviour. Hence, 

the primary objective of this research is to carry out comprehensive investigation on 

the effect of different confinement conditions on permanent deformation 

characteristics utilising a newly modified wheel tracker.  

In this study, the relationship of the asphalt mixture rutting parameters with 

the binder rheological characteristics was investigated. While the Superpave high-

temperature parameter has been extensively used for binder characterisation, its 

ability of being a sufficient measure is questionable in particular for polymer modified 

binder and numerous researches suggest that this parameter solely cannot rank the 

asphalt binders, when permanent deformation is of concern. Therefore, the Multiple 

Stress Creep Recovery (MSCR) test was recommended as a more reliable test to 

characterise the high temperature behaviour of asphalt binder, thus, was performed 

in this research. Additionally, a combination of both elastic and plastic behaviours in 

a single parameter designated as the Combined Elastic Plastic (CEP) parameter was 

investigated in this study. The study shows that CEP parameter is much more reliable 

than the traditional Performance Grade (PG) high-temperature rutting parameter 

(G*/sin (δ)) and non-recoverable creep compliance (Jnr) parameters for evaluating the 

rutting behaviour of asphalt binders, evident from the higher correlations with the 
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asphalt mix mechanical properties such as dynamic modulus, flow number and 

modified wheel tracker (MWT) test parameters. The CEP parameter revealed a wider 

range of values, and the distinction between the softer and stiffer binders based on 

this parameter is much clearer and comparable with asphalt mixture test results. 

This study also aims to establish the direct relationship between the MWT and 

the dynamic creep test to investigate if the mechanisms of rutting (densification and 

shear deformation) of the MWT and dynamic creep are comparable or equivalent in 

both tests. Previous studies could only correlate the rutting parameters from 

conventional wheel trackers with the Simple Performance Test (SPT) measurements. 

Therefore, this study aims to investigate if the MWT test and the SPT methods, and 

thereby the parameters from these tests are correlated with each other in the matter of 

ranking and screening asphalt concrete mixtures for rutting resistance potential. The 

study showed that the permanent deformation parameters derived from the MWT 

were well correlated with the dynamic modulus and dynamic creep test. The MWT 

showed promising repeatability for the Flow Numbers (FNs). 

While several research have been conducted to develop multiple tests for the 

characterisation of permanent deformation, little information is obtainable from the 

existing literature on how the factors or the interaction of the factors from these tests 

affect the permanent deformation behaviour in the field. Therefore, this study also 

focuses on the ruggedness testing of the factors affecting the permanent deformation 

behaviour utilising the Modified Wheel Tracker (MWT). The analysis involved five 

factors, each at two levels. These factors are binder type, voids in total mix (VTM %), 

nominal maximum aggregate size (NMAS), temperature, and confining pressure. The 

study utilised half-factorial design in accordance with ASTM E1169 - 20. Experiment 

with controlled confinement and unconfined mixes shows that “confining pressure” 

is the most significant factor for all the rutting parameters, with its distinction being 

the greatest for the creep slope, followed by horizontal deformation, and vertical 

deformation. The sensitivity analysis points out that minimal change in temperature, 



 

v 
 

VTM, and the confining pressure can considerably increase the variability among the 

mix replicates. For both FNV and FNH to be within ±25% from the model, the change 

in VTM (%) and temperature should be controlled within ±10% and ±3% respectively 

from the target values. The vertical deformation at 2000 cycles to be in the range ±25% 

from the model, the confining pressure and temperature should be controlled within 

the range ±25% and ±5%. 

The subsequent part of this research aims to establish the relationship between 

the triaxial test and the Modified Wheel Tracker (MWT) to investigate if the rutting 

mechanism in these tests with variable confinement are equivalent or comparable to 

each other. This chapter focuses on the study of the effect of different levels of 

confinement on the rutting of asphalt mixtures tested in the triaxial setup and the 

MWT.  The lateral confining pressure played an important role in contributing 

towards the permanent deformation resistance of the mixes, within each mix. The 

higher confining pressure increased the permanent deformation resistance. The 

results and analysis provide a reasonable confirmation that the MWT is in agreement 

with the triaxial test, and can be used for a thorough and routine investigation of the 

permanent deformation behaviour in asphalt concrete mixtures under different 

confinement conditions, as observed in-situ. 

The final chapter aims at simulating the permanent deformation (rutting) 

behaviour of asphalt mixtures in both triaxial and the modified wheel tracker (MWT) 

utilising the Finite Element (FE) modelling, using the general-purpose finite elements 

software ABAQUS. Additionally, the differences between the laboratory rutting 

characteristics of HMA using pneumatic and solid wheel tyre in the wheel tracker is 

explored. The effect of confining pressures on the permanent deformation behaviour 

was investigated in both the triaxial test and the modified wheel tracker. The triaxial 

test was conducted with controlled confinement of 15 and 30 kPa, while, the MWT test 

was conducted on unconfined samples and with a confining pressure of 1.35 kPa 

along the lateral sides, for each wheel type. As expected, the sample with 30 kPa lateral 
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pressure in triaxial endured a higher cycle number to reach test termination strain of 

54000 με or about 8 mm of vertical deformation. This indicates that confinement level 

has a direct relationship with the permanent deformation behaviour of asphalt mixes, 

with increase in confinement minimises shear deformation. A better match between 

the measured and the predicted data was observed for lower confinement level, than 

higher level of confinement. The MWT results showed that the fully-confined or the 

conventional setup of the wheel tracker produced lower vertical deformation than that 

with the unconfined condition and 1.35 kPa lateral pressure, indicating an increased 

stiffness of the asphalt mix under full confinement conditions and therefore less 

permanent deformation. Strong correlations were observed for the experimental rut 

depth at specific cycles between solid and pneumatic wheel for unconfined setup and 

with lateral pressure. This agreement and the linear regression models should in turn 

help estimate in-situ rutting in road pavements, where, generally pneumatic wheel 

tyre is used in the vehicles. Strong correlations were also observed between the 

experimental and the predicted rut depths at different cycles for individual wheel type 

and confinement.
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Chapter 1. INTRODUCTION 

1.1. PROBLEM STATEMENT 

It is clear from the numerous literatures studied, that there exist three phases 

of the permanent deformation phenomenon in asphalt concrete pavements, namely – 

the primary, secondary and tertiary zone of the deformation. The Wheel Tracking Test 

(AASHTO T 324) is a commonly used test method for laboratory characterisation of 

rutting in asphalt mixtures because of its simplicity. However, Saleh (2018) concluded 

that the fully-confined assembly or the conventional system of the wheel tracker 

creates unrealistic boundary conditions around the asphalt specimen, and thereby 

immobilises the lateral deformation. Additionally, Saleh (2018), and Azari (2014) 

indicated that the primary phase and only a part of the secondary phase of the 

permanent deformation curve could be observed in the data produced by the fully-

confined setup of the wheel tracker. Therefore, it was concluded that the tertiary stage 

of rutting (where shear deformation is dominant) is unlikely to be manifested in the 

samples tested in the conventional system of the device. This indicates that mostly 

densification occurs in the mixes tested in the fully-confined setup of the device. 

To sum up, it could be said it is evident from the research done by Ebrahimi 

(2015) and Saleh (2018), that the widely-used conventional setup of the wheel tracker 

is inadequate, and therefore the problem reflects on the quality assurance (QA) and 

quality control (QC) purposes. Therefore, the situation demands to build, experiment 

with, and validate a new setup of the device for more accurate and reliable 

characterisation of rutting in the asphalt mixtures in laboratory, thereby extending its 

advantage to in-situ performance. 
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1.2. OBJECTIVES AND SCOPE 

This research aims to characterise the permanent deformation behaviour of hot 

mix asphalts using the modified wheel tracker (MWT) through various experimental, 

statistical and numerical modelling approaches. The effect of realistic confinement on 

rutting of asphalt mixtures in the MWT is simulated in Finite Element (FE) software 

ABAQUS. 

In order to develop better understanding of the permanent deformation 

behaviour of dense graded hot mix asphalts, the following objectives will be covered: 

1. Conducting binder rheological tests, thereby comparing and correlating the 

obtained binder rheological parameters with the MWT and Simple performance 

Test (SPT) procedures. The following rutting performance indicators will be used: 

i. Dynamic Modulus |E*| , determined from the Dynamic modulus test, 

ii. Flow Number (FN) from the dynamic creep test 

iii. Flow Number (FN) from the MWT test 

2. The relationship between the MWT and the dynamic creep test will be investigated 

to observe if the mechanisms of rutting (densification and shear deformation) of 

the MWT and dynamic creep are comparable or equivalent to each other. The 

precisions of the two tests will be compared and this will enable the establishment 

of a precision statement of the modified wheel tracker. Comparing the results of 

the MWT with dynamic creep will be helpful for researchers, practitioners  and 

highway agencies to investigate if the mechanisms of rutting (densification and 

shear deformation) of the MWT and dynamic creep are comparable or equivalent 

in both tests.    

3. This study will also focus on the ruggedness testing of the factors that affect 

permanent deformation to investigate the significance of each factor and their 

interactions when studied under the MWT. The analysis will involve five factors 

in total, each at two levels. These factors are binder type, voids in total mix (VTM 
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%), nominal maximum aggregate size (NMAS), temperature, and confining 

pressure. The study will utilise half-fractional factorial design in accordance with 

ASTM E1169 - 20. Moreover, it is also important to rank and distinguish these 

factors in terms of their significance on the permanent deformation behaviour of 

the asphalt mixes. This statistical analysis is expected to help in controlling and 

adjusting of the factors in the test method to evaluate the permanent deformation 

behaviour. 

4. The subsequent part of this research aims to simulate the permanent deformation 

(rutting) behaviour of asphalt mixtures in the modified wheel tracker (MWT) 

utilising Finite Element (FE) modelling. The general-purpose finite element 

software ABAQUS will be used in this simulation. This part will focus on the effect 

of lateral confinement on specimens in dynamic triaxial testing and the modified 

wheel tracker (MWT).  The triaxial test will be conducted with controlled 

confinement of 15 and 30 kPa, while the MWT test will be conducted on totally 

unconfined samples, and with a controlled confinement of 1.35 kPa along the 

lateral sides.  

5.  Additionally, the differences between the laboratory rutting characteristics of 

HMA using pneumatic and solid wheel tyre in the wheel tracker is explored.  

1.3. RESEARCH METHODOLOGY 

The research will primarily be divided into following parts – Binder 

Characterisation, Material Characterisation, and analytical work with the Modified 

Wheel Tracker (MWT) test. Overall, the experimental part will consist of the Dynamic 

Shear Rheometer (DSR), Repeated or dynamic and Static Creep Tests, Dynamic 

Modulus Test, Dynamic Triaxial test and the Modified Wheel Tracker Test. Each test 

will have well-defined parameters – temperature, volumetric properties, binder 

properties, aggregate gradation, and confinement level. Different combinations of the 

parameters will be taken into account for each test set, and the effect of those will be 

studied in this research. The research also focuses on the interaction of the factors with 
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each other and how they contribute to the permanent deformation behaviour of the 

asphalt mixtures studied in the MWT. 

1.3.1. Experimental Work 

Binder characterisation will be conducted through two laboratory tests, namely 

the PG High-temperature test and the Multiple Stress Creep Recovery (MSCR) test. 

Results from these tests will then be correlated with the asphalt mix rutting 

performance. 

Simple Performance Tests (SPT) will be conducted in this research, which 

include: 

1. Dynamic Modulus test 

2. Repeated or dynamic creep test 

3. Dynamic triaxial test 

For the dynamic modulus test to be conducted, AASHTO specifies a set of six 

frequencies: 0.1, 0.5, 1, 5, 10, 20 Hz, and five temperatures:  4.4, 21.1, 37.8 and 54.4 °C 

for the plotting of the master curve. But, Ebrahimi (2015) modified the test protocol in 

his research so as to budget time and cost and found that the test could be run at 4, 21, 

and 40°C, and 0.01, 0.1, 1 and 10 Hz. However, for this study, the test will be 

performed at five different frequencies (10, 5, 1, 0.1, and 0.01) and four temperatures 

(4, 21.1, 37.8, and 54.4°C), so as to generate a feasible master curve from the obtained 

data, securing sufficient overlap. 

As this research focuses on the investigation of the tertiary zone of the 

permanent deformation or rutting, the repeated or dynamic creep test (SPT) is 

considered because of its better ability to characterise this shear related tertiary phase 

of rutting.  

As for the Dynamic Creep test, AASHTO T 378 recommends using a deviatoric 

stress of 600 kPa for the unconfined setup, which will be used in this research. The test 
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will be performed and analysed considering other factors like voids in total mix 

(VTM), temperature, gradation and binder grade. The temperatures 50 °C and 60 °C 

are to be considered to compare the results from the dynamic creep test with that from 

the MWT. This comprehensive investigation will lead to a beneficial conclusion and 

would form a prominent part of permanent deformation characterisation of asphalt 

concrete mixes and its relationship with the MWT.  

Dynamic triaxial testing will also be conducted on different asphalt mixes with 

different levels of confinement (5, 15, and 30 kPa).  

Complementing the fact that the Wheel Tracking Test is the most common 

standardised laboratory test for the prediction of rutting or permanent deformation in 

hot mix asphalt (HMA) mixtures, it will be conducted in this research on slab 

specimens of asphalt concrete. The parameters are as follows: 

1. Bitumen binders: PG 64-16, PG 70-16, PG 76-16, PMB 4% SBS, and PMB 6% SBS 

2. Aggregate gradation: AC 14 and AC 20, and 

3. Voids in Total Mix (VTM): 4% and 7%. 

4. Test temperature: 50 and 60 °C. 

5. Tyre types: solid rubber and pneumatic 

6. Fully unconfined, and variable confinement. 

The results of the dynamic creep test and triaxial test will be correlated with 

the results from the Wheel Tracking Device to see how the factors from each test link 

with each other. 

1.3.2. Analytical Work 

For the analytical part, the general-purpose finite element software ABAQUS 

will be used for the finite element simulations of the material behaviour under wheel 

load for the modified wheel tracker and the triaxial test with variable confinement. 

The data from the MWT will be used considering the modified setup with controlled 

confining pressure conditions. The viscoelastic properties of the mixes will be derived 
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from the dynamic modulus and static creep tests. Overall, material behaviour will be 

simulated through finite element modelling, taking various parameters into 

consideration. 

1.4. THESIS OUTLINE 

This thesis is divided into 8 chapters. Chapter 1 provides an introduction along 

with the research methodology, while Chapter 2 covers the background and relevant 

literature review. Chapters 3 to 7 cover the main work done in this research – both 

experimental and numerical investigations.  

In Chapter 3, the relationship of the asphalt mixture rutting parameters with 

the binder rheological characteristics is presented.  The Dynamic Modulus, dynamic 

creep and the MWT are taken into consideration.  

Chapter 4 will investigate the correlations of the dynamic creep and the MWT 

to observe if the mechanisms of rutting (densification and shear deformation) of the 

two test methods are comparable or equivalent to each other. Precision analysis of the 

two tests was conducted and compared using statistical methods.  

Chapter 5 examines the ruggedness testing of the factors that affect permanent 

deformation to investigate the significance of each factor and their interactions when 

studied under the MWT. The analysis will involve five factors in total, each at two 

levels. As a result of the statistical analysis, the factors can be ranked and 

distinguished in terms of their significance on the permanent deformation behaviour 

of the asphalt mixes. This statistical analysis is expected to help in controlling and 

adjusting of the factors in the test method to evaluate the actual material behaviour 

and therefore better predict field performance. 

Chapter 6 provides the triaxial and MWT test data with different confinement 

conditions, based on which the Finite Element (FE) simulation is undertaken, and 

presented in Chapter 7. Additionally, the differences between the laboratory rutting 

characteristics of HMA using pneumatic and solid wheel tyres in the wheel tracker 
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are explored. This could help understand the effect of pneumatic tyre on the measured 

permanent deformation of asphalt mixtures in laboratory.  

Finally, Chapter 8 includes a summary, along with the main conclusions of this 

research and recommendations for further research. 
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Chapter 2. LITERATURE REVIEW 

Asphalt mixtures comprise of coarse aggregates, fine aggregates, filler, binder 

(bitumen) and air voids, whose content depend on type and purpose of the asphalt 

mixtures. Asphalt Mixtures can be categorised as follows:  

1. Hot-mix Asphalts (HMA): HMA is composed of fine and coarse aggregates, filler 

materials and bitumen (Zhang et al., 2015). In this kind, both the aggregates and 

bitumen are heated before they are mixed. This is done so as to get rid of the 

moisture from the particles and to make the bitumen sufficiently fluid. In this case, 

the paving and compaction must be done when the asphalt is sufficiently hot. The 

mixing is done with the aggregate at about 180 °C and the binder at about 150 °C. 

One of the greatest advantages of using HMA is that stripping of asphalt does not 

take place as the aggregates are dried thoroughly before mixing. This remains as 

the most widely used asphalt mixture kind, used on heavy traffic highways and 

airfields (Thom, 2008). 

2. Warm-mix Asphalts (WMA): While the production temperature for HMA ranges 

between 150-170°C, WMA usually utilises a temperature range of 100 to 140 °C. The 

production of WMA involves addition of waxes, zeolites and bitumen emulsions to 

the binder before mixing, which leads to ease of compaction and allows paving in 

cold weather.  The Warm-mix Asphalt concept is relatively new but has proven to 

be significantly promising. The main advantages of using WMA are: about 30% less 

consumption of energy, 30% reduction in Carbon dioxide emission, and about 60% 

reduction in dust emission compared to HMA. Further research is still needed for 

the validation of the field performance of WMA in light of curing, compactibility, 

moisture susceptibility and rutting potential. 

3. Cold-mix Asphalt: Thom (2008) reported that bitumen emulsion, foamed bitumen or 

cut-back bitumen is the principal form of binder for cold mix asphalt. In this type 

of mix design, the binder is dispersed throughout the mixture in the form of small 

droplets, which leads to the adherence of these to the aggregate particles. The key 
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difference in cold mix designs is that water has to be allowed for as another 

component.  

    

Asphalt mixtures based on aggregate gradations can be categorised as follows: 

 

1. Continuously-graded mixtures: The aggregate packing along with the cohesion 

provided by the binder is the main source of stability of this kind of mixture. These 

mixes contain low air voids. An example of this kind of mixture is Dense Asphalt 

Concrete (DAC). 

2. Gap-graded mixtures: These kinds of mixes rely mostly on high binder content and 

the aggregate fraction; the coarse aggregate providing a stable skeleton of stone, 

and a rich mixture of binder, filler and stabilising agent holding them all together 

(Brown and Cooley 1999). An example of this kind is Porous Asphalt concrete 

(PAC), which usually has high voids in total mix (VTM) and the mortar coats the 

aggregates sufficiently.  

2.1  PERMANENT DEFORMATION BEHAVIOUR 

Permanent deformation or rutting is a critical distress in flexible pavements 

which occurs at the surface of the pavements, along the wheel tracks. While the stress 

conditions and the pavement layer properties are the primary factors that influence 

this kind of distress, the stress conditions in various layers of pavements are in turn 

influenced by the thickness and stiffness of the layers, and the contact stress 

distribution. Various literature sources suggest that the degree of compaction, mixture 

composition, loading rate and temperature affect the stiffness and rutting resistance 

of asphalt mixtures (Garba, 2022). 

In New Zealand and Australia, the current mechanistic-empirical pavement 

design procedure is based on models which rely only on the subgrade compressive 

strain (Austroads 2017). This current investigation aims to characterise the rutting 

characteristics of asphalt concrete. To do so, a variety of laboratory tests will be 
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conducted to find a more accurate and clearer idea of the actual field performance of 

asphalt concrete pavements. These tests include the Dynamic Modulus (DM) Test, 

Repeated Creep Test, which are collectively called Simple Performance Test (SPT). The 

study aims for a thorough investigation of the effect of temperature, deviatoric stress, 

mix gradation, type of binder, and voids in total mix (VTM) on the asphalt concrete 

mix performance related to permanent deformation. As far as the analytical part or 

the modelling is concerned, it would also be noteworthy to say that the study by 

Ebrahimi (2015) proved that models proposed or developed in other countries cannot 

be adopted readily in countries like New Zealand where the material properties and 

practice of mix design is significantly different, in terms of conditioning and 

compaction temperatures, duration of conditioning, and compaction protocols. 

Saleh (2018) concluded that both shear deformation and densification cause 

permanent deformation in asphalt concrete. Ebrahimi (2015) concluded that shear 

deformation causes severe permanent deformation in asphalt concrete pavements. 

Therefore, it is of utmost importance that the susceptibility of the mixtures to shear 

deformation be evaluated. The shear deformation manifests itself in the form of large 

lateral deformation coupled with vertical deformation. It has been found that 

undertaking analysis involving only densification is not accurate enough, and the 

results may be misleading regarding the permanent deformation resistance of 

mixtures as it does not consider the lateral deformation. As a result, for evaluating the 

mixtures, parameters which include both lateral and vertical strains in addition to the 

volumetric properties are proposed for use. 

Primarily, the permanent deformation or rutting is categorised as follows: 

1. Vertical compression or one-dimensional densification: This kind of deformation 

happens when the Hot Mix Asphalt (HMA) layer or the layers underneath are not 

adequately compacted, i.e., when there is high air void. This kind of deformation 

generally shows itself as a depression near the centre of the wheel path. 
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2. Lateral flow or plastic movement: This kind of deformation takes place when the 

mixture lacks adequate shearing strength or the total air void content in the hot mix 

asphalt layer is not sufficient.  

3. Mechanical deformation: Also referred to as consolidation, the unbound material 

moves laterally, associated with longitudinal cracks along the centre of the ruts and 

their outside edges. 

2.2 PERMANENT DEFORMATION CHARECTERISATION 

As mentioned previously, the plastic or the inelastic deformation leads to 

rutting or permanent deformation under the applied traffic loads. The whole 

mechanism is that, the material initially goes through elastic deformation and then the 

plastic or the inelastic deformation takes place with the increase of load. This plastic 

deformation leads to unrecoverable deformation in the pavement layers. 

The tests for characterising and better understanding of the permanent 

deformation behaviour were published in the NCHRP 465 (Witczack et al., 2002) and 

are summarised as follows: 

1. Dynamic Modulus Test to determine dynamic modulus, E* 

2. Repeated Creep Test to determine flow number (FN) 

3. Static Creep Test to determine flow time (FT) 

The Dynamic Modulus is also used as an input for in the flexible pavement M-

E design method of new and rehabilitated Pavement Structures. 

2.3 LITERATURE REVIEW AND BACKGROUND 

Rutting or permanent deformation has a strong correlation with aggregate, and 

binder properties. Therefore, to address and fully characterise the permanent 

deformation behaviour, tests are classified into tests for binder and tests for asphalt 

mixtures. 
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2.3.1 Tests for Binder 

2.3.1.1 Performance Grade (PG) High Temperature test 

The Dynamic Shear Rheometer (DSR) is a commonly used device to 

characterise bitumen elasticity and viscosity at intermediate and high temperatures. 

The factors measured through this test device are: 

1. G* or the Complex Shear Modulus of bitumen. This is the measure of the total 

deformation resistance of the bitumen under repeated shear. 

2. The Phase angle, δ, is defined as the time lag between the shear stress applied and 

the shear strain that results from it. 

G* or the complex modulus can be further categorised into: 

1. G’, the storage modulus which represents the recoverable or the elastic part.  

2. G”, the loss modulus which represents the non-recoverable or the viscous part.  

Despite G* being a proper parameter for binder characterisation, its ability of 

being itself a sufficient measure is questionable. This argument could clearly be 

addressed through an example (Figure 2.1) of two different binders with two different 

phase angles but identical G* or complex shear modulus. One binder could reveal 

recoverable or elastic deformation and the other, non-recoverable or viscous 

deformation.  

 

Figure 2.1. Component of Complex Modulus, G* (Ebrahimi, 2015) 
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This example clearly demonstrates that complex modulus, solely, cannot rank 

the asphalt binders. As a fact, low phase angle and high value of G* indicate a stiffer 

binder, which makes it perform better in terms of its resistance to rutting. Phase angle 

δ = 0° indicates that the binder is completely elastic, while δ = 90° implies purely 

viscous behaviour. It is also worth bearing in mind that a true visco-elastic material 

does exhibit a considerable delayed elastic response which is supposed to be 

completely recovered after unloading. As reported by Mark et al. (2002), both the loss 

and storage moduli happen to contain a part of the aforementioned delayed elastic 

response – the reason why neither the loss nor the storage modulus can be considered 

purely viscous or elastic. 

When it actually comes to flexible pavements, each loading cycle contributes to 

the deformation. Some parts of this dissipate as permanent deformation and heat, 

while some rebounds elastically and recovers. The mathematical equation for the 

dissipation energy or the work done per loading cycle under a constant stress is 

presented in Equation 2.1: 

𝑊𝑐 = 𝜋𝜎0
2 (

1
𝐺∗

𝑆𝑖𝑛𝛿

)                                                                                                     (2.1) 

The amount of dissipated work is inversely proportional to 
𝐺∗

𝑆𝑖𝑛𝛿
, and in this 

case, 
𝐺∗

𝑆𝑖𝑛𝛿
 is called the rutting factor. It is an established fact that higher 𝐺∗and lower δ 

results in better binder performance in light of permanent deformation. The basic 

understanding of a DSR is presented in Figure 2.2. 
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Figure 2.2. Basic understanding of the Dynamic Shear Rheometer (Ebrahimi, 2015) 

The permanent deformation resistance of bitumen increases with the increase 

in rutting factor. In light of this, Superpave specifies minimum values for G*/sin() as 

shown in Table 2.1:   

Table 2.1. Superpave specification of target value for Permanent Deformation 

Binder aging  kPa Target Value Stress Range (kPa) 

Original Binder 1.0 0.12 0.090 - 0.150 

RTFO Residue 2.2 0.22 0.180 – 0.260 

 

Despite ground-breaking research, the rutting parameter has some limitations 

in particular for polymer modified binders. Only unmodified binders were used in 

SHRP research, and while most modified binders contain an elastomeric polymer, the 

current test does not measure the benefits of elastomeric polymers. This situation 

leads to the additional testing and the introduction of MSCR. Thus, researchers have 

been looking for another material property to better correlate pavement rutting. This 

new factor is Jnr – the non-recoverable compliance. 

2.3.1.2 Multiple Stress Creep Recovery (MSCR) 

This test is the latest addition to the Superpave specification for Performance 

Graded (PG) asphalt binders. ASTM D7405-15 standardises the MSCR test which 
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indicates the high temperature permanent deformation characteristics of the bitumen 

more accurately than ever, independent of the binder modification. A major 

advantage of this test is the elimination of the need of performing the tests which are 

specifically designed to indicate polymer modification of bitumen. Some of the tests 

which are no longer needed in the MSCR procedure are: elastic recovery, tenacity and 

toughness, force ductility tests. This robust test, MSCR, can itself reveal information 

on both formulation and the performance of bitumen. 

This test uses the well-known creep and recovery concept to characterise the 

bitumen’s rutting potential, where the bitumen is subjected to a one-second creep 

loading. After the removal of the load, the bitumen sample is given a time of 9 seconds 

to recover. The test initially applies a low stress of 0.1 kPa for 10 creep/recovery cycles, 

after which a stress of 3.2 kPa is applied for 10 additional cycles (Zhang et al., 2015). 

Figure 2.3 below shows typical results for a polymer modified asphalt binder in the 

MSCR regime. 

 

Figure 2.3. Typical response of the modified asphalt binder to repeated loading (after Zhang et al., 

2015) 
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The MSCR test significantly differs from the existing performance-graded tests 

in the sense that low strain levels of the applied oscillating load are used to measure 

rutting parameter, G*/sin (δ) in the existing performance-grade tests. The immediate 

shortcoming is that, the existing performance-grad high temperature parameter lacks 

the ability to accurately represent the rutting resistance of the bitumen due the 

aforementioned low strain level. As a result, the material response in the MSCR differs 

significantly.  

While G*, the complex shear modulus together with sin(δ) in the form of 

G*/sin(δ) gives a measure of stiffness and somewhat correlates to the rutting resistance 

of the binder, the non-recoverable compliance, Jnr (presented in Equation 2.2.) gives a 

significantly better correlation to the actual rutting resistance by addressing the high 

temperature rutting. Figure 2.4 shows a typical MSCR measurement. 

Numerically,  

Jnr =  
unrecovered shear strain

Applied shear stress
                                                                                    (2.2) 

 

 

Figure 2.4. A typical MSCR measurement (Corun, 2015) 
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The MSCR test will be used in this research and the Jnr will be compared with 

mix behaviour in the modified wheel tracker and the SPT tests. 

2.4 RELATIONSHIP BETWEEN BINDER RHEOLOGY AND PERMANENT 

DEFORMATION BEHAVIOUR OF ASPHALT MIXTURE  

Aggregates and binder are the primary components of asphalt pavements, and 

along with the aggregate gradation, degree of compaction, temperature and loading 

rate, the binder plays a crucial role in the rutting resistance and stiffness of asphalt 

mixtures used in the pavements (Polaczyk et al. 2021). Therefore, it is important to 

verify and correlate the binder rheological results with the asphalt mixture 

performance results. 

The correct selection of binder plays an important role in the asphalt mixture 

rutting performance (Ishaq et al. 2021). For the characterisation of the asphalt binder 

properties related to permanent deformation or rutting, the high-temperature grade 

is used by the Superpave performance grading system. The determination of high-

temperature grade is based on the parameter G*/sin (δ), where (G*) is the complex 

shear modulus and (δ) is the phase angle, which are measured in the Dynamic Shear 

Rheometer (DSR) test. However, this parameter has shown insufficiency for both 

unmodified and modified binders, and often shows poor correlation with field 

performance (Zhang et al. 2015). To address this shortcoming, Shenoy (2001) 

introduced a new parameter: G*/(1-(1/tan(δ)*sin(δ)), which considers the elastic 

component of binder and hence can be beneficial in determining the rutting resistance 

of both unmodified and modified binders (Shenoy 2001; Shenoy 2004). However, none 

of the parameters, G*/sin (δ), and G*/(1-(1/tan(δ)*sin(δ)) is able to simulate the 

behaviour of binders under high stress conditions such as those in the field (Singh and 

Kataware, 2016). Therefore, the Federal Highway Administration (FHWA) developed 

a new PG binder test called the Multiple Stress Creep and Recovery (MSCR) test to 

characterise the asphalt binder properties related to HMA rutting (Javilla et al. 2017). 

While several studies (D’Angelo 2009; Zhang et al. 2015; Radhakrishnan et al. 2018) 
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have shown that the MSCR test has a better correlation with HMA rutting 

performance, the parameters G* and δ measured by the DSR still form the basis of 

current specifications. In light of this, G*/sin (δ) leads to overdesign (which indicates 

that it underestimates rutting resistance, especially of the polymer modified binders), 

resulting in higher material costs (Ameli et al. 2020). However, it is still possible to 

obtain excellent correlations between G*/sin(δ) of a group of similar asphalt binders 

and asphalt mixes (i.e., comparing the asphalt binders within same polymer family 

and the corresponding asphalt mixtures) within a wide range of temperatures. It is 

also feasible to predict the rutting resistance of asphalt mixtures (tested at 50°C) from 

G*/sin(δ) of a mixed set of unmodified and polymer modified binders when tested at 

a slightly lower temperature, such as 40°C (Ishaq et al. 2021). On the other hand, 

despite the MSCR test being a significant step towards the improvement of laboratory 

evaluation of asphalt binder field performance, some concerns related to the test were 

identified during the literature search. Several researchers observed that the standard 

MSCR results (Jnr3.2 and percent recovery R3.2) did not correlate well with asphalt mix 

rutting parameters from the Repeated Load Permanent Deformation (RLPD) and 

Hamburg Wheel Tracker Test (HWTT) (White, 2017; Bastos et al. 2017; Salim et al. 

2019). Furthermore, some research showed that for the Polymer Modified Bitumen 

(PMB), G*/sin(δ) provides better correlation with corresponding asphalt mixture 

results than Jnr (Ishaq et al. 2021). Additionally, it can be said that, although several 

researchers did successfully prove that Jnr correlates better with the HMA rutting 

performance than G*/sin (δ), a considerable overlapping or near-identical values can 

be observed in the Jnr values of the asphalt binders, despite the binders being vastly 

different from each other (Zhang et al. 2015; Behnood et al. 2016). This can often be 

confusing and hinder true distinction of asphalt binders from one another. 
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2.5 ASPHALT MIXTURE TESTS 

2.5.1 Dynamic Modulus Test 

The dynamic Modulus test is standardised as ASTM D3497. Witczak (2002) 

believed that the dynamic modulus has been the best documented and the oldest of 

all the compression tests. The test consists of such a setup where a compressive stress 

of sinusoidal form is applied uniaxially to confined or unconfined cylindrical samples 

with 100 mm diameter and 150 mm high. The complex dynamic modulus E* is 

calculated through this method, and as for the Hot Mix Asphalt which is a linear visco-

elastic material, the E* equates to the ratio of the sinusoidal stress amplitude (at an 

angular load frequency, ω, and given time, t) to the sinusoidal strain amplitude at the 

same frequency and time. 

Dynamic modulus in exponential form is presented in Equation 2.3: 

𝐸∗ =
𝜎𝑚𝑎𝑥

𝑚𝑎𝑥
=

𝜎0𝑒𝑖𝜔𝑡

0𝑒𝑖(𝜔𝑡−Φ) =
𝜎0 sin(𝜔𝑡)

0 sin(𝜔𝑡−Φ)
                                                                      (2.3) 

where, 

σmax = peak stress; 

 εmax = peak strain; 

Φ = phase angle;  

ω = angular velocity;  

and t = time 

The complex modulus is generally classified into two parts – the elastic 

component or the storage modulus, called the real part, and the viscous component 

or the loss modulus, called the imaginary part. 

Mathematically, this is presented in Equation 2.4: 

 𝐸∗ = 𝐸′ + 𝑖𝐸′′                                                                                                                           (2.4) 

where, 

E∗  = Complex modulus 
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E′  = Storage modulus (Elastic component) 

E′′ = Loss modulus (Viscous component) 

𝑖   = √−1 

As can be seen in Figure 2.5, the lag between the stress applied and the resulting 

strain is termed as the phase angle, denoted by′𝛷′. The phase angle is an indicative 

aspect as to finding out of the material’s viscous properties. 

Mathematically, this is expressed in Equation 2.5 as: 

𝐸∗ = |𝐸∗|𝑐𝑜𝑠𝛷 + 𝑖|𝐸∗|𝑠𝑖𝑛𝛷                                                                                      (2.5) 

 

Figure 2.5. Dynamic Modulus Test and the sinusoidal loading pattern (Yao et al, 2013) 

Witczak et al. (2002) observes that Φ = 0° indicates that the material is purely 

elastic, and the complex value is equal to the absolute value. When Φ = 90°, the 

material is purely viscous. Figure 2.6 shows the dynamic modulus setup. 

Four different temperatures of 4.4, 21.1, 37.8, and 54.4 °C and five different 

frequencies of 10, 5, 1, 0.5, and 0.1 Hz are utilised. To avoid damaging specimens 

during the test, they are tested from the highest frequency to the lowest frequency and 



 

22 
 

the lowest temperature to the highest temperature. The typical parameter that results 

from the DM test is the (|E*|), which is calculated as shown by the following Equation 

2.6: 

|E*| = 
𝜎0

0
                                                                                                                                        (2.6) 

where, 𝜎0 is the compressive axial stress and 휀0is the corresponding axial resilient 

strain. |E*| master-curves were also generated as a function of the loading frequency 

using the Pellinen and Witczak (Pellinen and Witczak, 2002) time–temperature 

superposition sigmoidal model shown by the following Equation 2.7: 

Log|E∗| = 𝛿 +
𝛼

1+𝑒𝛽−𝛾log (𝜉)
                                                                                                    (2.7)  

where, 𝜉 is the reduced frequency (Hz), 𝛿 is the minimum |E*| value (MPa), 𝛼 is the 

span of |E*| values, and β and γ are shape parameters. Usually, 21.1 °C is used as the 

reference temperature.       

The dynamic modulus setup is presented in Figure 2.6.      

                     

Figure 2.6. Dynamic modulus setup 
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2.5.2 Static Creep Test 

The relationship between time and total strain is obtained through the static 

creep test, where the stress is kept constant. Here, the inverse of the modulus is 

referred to as the “compliance” or D (t), which, according to many established 

researchers, has been helpful in separating the time-strain components. This is 

presented in Equation 2.8. 

𝐷(𝑡) =  𝑡

𝜎
                                                                                                                               (2.8) 

The test uses either a single loading-unloading cycle or incremental loading-

unloading cycles. It is conducted with or without confinement and along with visco-

plastic and viscoelastic components, provides information on elastic and plastic 

components of the material response. To be noted, the elastic component is 

recoverable, while the plastic component is unrecoverable, both being time 

independent. On the other hand, the viscoelastic and visco-plastic components are 

time dependent. As depicted in Figure 2.7, the combination of all the components 

equates to the total strain. 

 

Figure 2.7. Creep compliance phenomenon – strain response curve  
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The cumulative strain curve obtained from this test exhibits three major zones; 

primary, secondary and tertiary. The accumulation of permanent strain initiates in the 

primary zone, however, it results in a constant rate called the secondary zone. The 

point at which the curve shows a sharp increase in the strain rate, marks the beginning 

of the tertiary zone, and the start of this tertiary deformation is termed as the Flow 

Time (FT), which is a deformation where the volume is constant. This flow point has 

a strong correlation with the permanent deformation or rutting. Performance of the 

asphalt mixtures is indicated by the flow time – the longer the flow time, the better is 

the mixture. Generally, the analysis of the test results is done with the help of a power-

law model, to fit the data in its linear secondary phase. 

Nyamuhokya (2015) suggests that the Creep compliance can be determined 

through the relationship presented in Equation 2.9: 

𝐷(𝑡) =
1

𝐸0
(1 +

𝑡

𝑇0
) + ∑

1

𝐸𝑖
{1 − 𝑒

(
−𝑡

𝑇𝑖
)𝑛

𝑖=1 }                                                                                  (2.9) 

where, t is time, n is the number of Kelvin models (discussed later), Eo, To, Ei and Ti are 

viscoelastic constants. 

2.5.3 Repeated Creep Test 

Research by Zhang et al. (2015) showed that rutting has long been a problem in 

hot-mix asphalt (HMA) pavements, and that, through the years, researchers have used 

various kinds of fundamental tests and simulative methods to estimate the rutting 

performance of HMA. It has been concluded that most of the fundamental tests are 

generally very complex in nature, whereas the simulative tests are quite easy to 

perform. 

Primarily, the vertical compression or one-dimensional densification, and 

plastic movement are the two major mechanisms associated with permanent 

deformation or rutting. While the densification happens as a result of having high 
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voids in total mix (VTM), the plastic movement is due to lack of adequate shearing 

strength. The plastic movement results in a more severe kind of rutting compared to 

densification or voids change mechanism. 

The repeated creep test is a laboratory test which has the ability to characterise 

permanent deformation or rutting considering the shear behaviour. A total of 10,000 

cycles of the repeated creep test is employed, and being a function of the number of 

repetitions (cycles), the cumulative permanent strain is recorded. Figure 2.8 shows 

how the cumulative strain curve is divided into the primary, secondary, and tertiary 

zones. 

 

Figure 2.8. Repeated Creep Test representative data (zones) 

In the primary zone, the permanent strain accumulates rapidly, however, with 

a rather decreasing rate, and as the loading continues, it results in a constant strain 

rate called the secondary zone. The point of the curve where the strain rate increases 

sharply, marks the beginning of the tertiary zone, and the cycle number giving rise to 

this tertiary zone is termed as the Flow Number (FN). The fact that distinguishes the 

tertiary zone from the other two zones is that, the deformation of material in this 

region is purely shear-based, and no volume change takes place in here. Thus, this test 
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can accurately detect the cycle number resulting in shear-related permanent 

deformation. 

The test results are analysed with the help of the Francken model (Biligiri et al. 

2007) presented in Equation 2.10: 

휀𝑝 = 𝐴𝑁𝐵 + 𝐶(𝑒𝐷𝑁 − 1)                                                                                                       (2.10) 

where, 

휀𝑝 = permanent strain 

N = cycle number  

A, B, C, and D are regression constants. 

2.5.4 Triaxial Testing 

The most common way of studying asphalt mixtures in terms of their 

rheological behaviour is by testing them in temperature-controlled uniaxial tests. 

However, several authors emphasised the importance of confining pressure to study 

rutting in asphalt mixtures (De Visscher et al., 2006; Ebels and Jenkins, 2006; 

Taherkhani and Collop, 2006; Taherkhani et al., 2007). The key point for studying the 

rutting behaviour of asphalt mixtures is the determination of the representative 

triaxial stress paths. To overcome the difficulty of accurately simulating the three-

dimensional loading paths and stress rotations with the triaxial apparatus, the wheel 

tracker tests are preferred for use. However, one drawback of wheel tracker tests is 

the inability of determining the rheological properties of the material, due to non-

homogeneous and complex stress conditions in the sample. Therefore, for the 

determination of the rheological characteristics, triaxial tests on homogeneous asphalt 

mix samples are more suitable. The study by Sohm et al. (2010) has shown that the 

level of confinement has a very significant effect on the response of asphalt concrete. 

The findings of that study suggest that the strain rate increases with the decrease in 

confinement and increase in temperature, as may be expected in the viscoelastic 

domain. 
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Through the dynamic triaxial test, the total recoverable or resilient axial 

deformation response is measured and thus the resilient modulus of the specimen is 

calculated using Equation 2.11: 

𝑀𝑅 =
𝜎𝑑

𝛾
                                                                                                                                (2.11) 

where,  

𝑀𝑅 = Resilient modulus 

𝜎𝑑 = Deviatoric stress 

휀𝛾 = Resilient or recoverable strain  

The research by Muraya (2007) focused on individual characterisation of each 

component of asphalt concrete mixtures and evaluated their contribution toward 

permanent deformation resistance. The researcher applied a plasticity model to 

manifest the roles played individually by each component. For example, the triaxial 

compression and triaxial permanent-resilient deformation tests were used to 

characterise the aggregate skeleton of the mixes, and the binder was characterised by 

Dynamic Shear Rheometer (DSR). Tests like Indirect Tension Test, Tension and 

Compression failure tests were used to characterise the total asphalt mixture. The 

research yielded a much clearer idea of the contribution and effect of various 

components of an asphalt mixture on the permanent deformation resistance. The 

research also emphasised the importance of the degree of compaction and the 

aggregate skeleton on the permanent deformation resistance of Porous Asphalt 

Concrete (PAC) and Stone Mastic Asphalt (SMA) mixtures. 

In spite of advanced research on this, no one supplied the correct information 

on how the results from the triaxial test could be correlated to other tests for rutting 

characterisation like Wheel Tracking test. Furthermore, there is no comprehensive 

information on how the parameters of the triaxial test could be linked to the 

parameters of Wheel Tracking Test.  
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2.5.5 The Wheel Tracking Test 

2.5.5.1 Conventional wheel trackers or fully-confined setup 

The Wheel Tracking Test is a common and simple test method for rutting 

characterisation of asphalt mixtures in the laboratory. Some examples of such tests 

are: The Asphalt Pavement Analyzer (APA), the Hamburg Wheel Tracking Device 

(HWTD), the French Laboratoire Central des Ponts et Chaussées (LCPC) Wheel 

Tracker. 

The first step in this test involves the placing of the prepared slab specimen in 

the testing mould and conditioning it at a desired temperature. The test utilises a 

wheel load assembly which is brought down on the slab specimen confined in a steel 

mould. The rut depth is recorded with the progression of the test. The Wheel Tracker 

Test indicates the cumulative deformation in the asphalt concrete mixes (Figure 2.9). 

 

Figure 2.9. Permanent Deformation versus Cycle Number in Wheel Tracking Test (Ebrahimi, 2015) 
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The conventional setup of the wheel tracker (such as HWTD) utilises a fully 

confined steel mould at all four sides. This causes the build-up of a reactive pressure 

at the sides of the test sample while the sample itself experiences lateral flow when 

loaded (Saleh, 2018). Research by Saleh (2018) showed that the build-up of lateral 

reactive forces reaches a maximum value during the test. This itself proves that there 

exist variable states of stress in the conventional setup of the Wheel Tracker Test. The 

result is that, the build-up of this lateral confining stress, which is considerably high, 

will make the mixes unrealistically boost up their resistance to permanent 

deformation and thus deviate from producing the true behaviour of the mixes. This in 

turn becomes a hindrance in producing any information about the effect of binder or 

VTM on rutting resistance. 

Overall, it could be inferred that the full confinement of the specimen at all four 

sides will invariably cause the build-up of large reactive pressure due to the steel 

mould, hindering the test specimen from any lateral (shear) deformation, which, in a 

semi unconfined setup would have occurred. Thus, in the conventional setup of the 

Wheel Tracking Device, the measurements of the deformation would mostly indicate 

the measurement of rutting due to densification (i.e., compaction) resulting from 

change in air voids. 

Romero and Stuart (1998) conducted a study to determine which rutting test is 

the most accurate in predicting pavement rutting resistance. These rutting tests were 

namely, the Hamburg Wheel-Tracking Device, the Georgia Loaded-Wheel Tester, the 

French Pavement Rutting Tester, and the Superpave Shear Tester, all utilizing the 

confined setup. The authors concluded that the devices could only distinguish well-

performing and poor-performing mixtures when these were made with the same 

aggregate and different binders. However, no device was able to distinguish the 

mixtures when these were made with different aggregate gradations. Walubita et al. 

(2012) noted that the high sample confinement in the wheel tracking test can 

negatively affect the test results and the rutting performance of the mixes. In addition 
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to this, Saleh (2018), and Azari and Mohseni (2015) indicated that the inflection point 

(i.e., the beginning of the tertiary zone) was absent for all of the samples tested under 

the conventional or fully confined setup. This is presented in Figure 2.10. 

Saleh (2018) concluded that the fully confined assembly or the conventional 

wheel tracker creates unrealistic boundary conditions around the asphalt specimen, 

thereby minimising the shear deformation. The research showed that despite using 

vastly different mixes, the fully confined test data revealed no significant difference in 

rut depth in the samples, as also discussed by Shami et al. (1997), and Yildirim et al. 

(2007).  

 

Figure 2.10. Conventional wheel tracker test (fully confined) for AC20, 60/70 binder and 4.3% VTM 

(Saleh, 2018) 

Although the rutting curves of the asphalt mixes studied by Al-Khateeb and 

Basheer (2009) did reveal three zones when tested in the fully confined setup, it was 

also noted by the authors that most of the models developed to predict rutting in 

asphalt mixes are for characterising the primary phase. While Chaturabong and Bahia 

(2017) concluded that the dry Hamburg Wheel Tracker (HWT) could be used as an 

alternative to the wet HWT test, the asphalt mixes tested in the dry HWT did not result 

in an inflection point. The authors further reported that rutting curves of the mixes 

tested even in the wet HWT do not always tend to reveal the tertiary zone. This 
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indicates that a vast majority of researchers are still able to record only the primary 

and at most a fraction of the secondary phase of the rutting curve using the fully 

confined setup of the wheel tracker. It is also interesting to note that despite utilising 

a high temperature of 60°C and a high cycle number of 75000, Ebrahimi (2015) 

observed considerably smaller permanent deformation in the confined setup of the 

wheel tracker than what a realistic confinement would cause. 

The research concluded that no matter how variable the mix parameters or 

testing conditions are, there would hardly be any significant effect on the response of 

the mixtures regarding rutting resistance when tested in the conventional setup, i.e., 

under full-confinement. It is primarily because of the unrealistic confining stresses 

that is generated in the confined setup, causing the final permanent deformations to 

be much smaller than what a realistic confinement would result in. 

2.5.5.2 The Modified Wheel Tracker (MWT) Test 

A major change in the design of the conventional test setup was carried out by 

Saleh (2018) and the magnitude of the lateral stresses exerted on the test specimens 

was quantified. The modified setup of the Wheel Tracker utilises a mould designed to 

allow measurement of the lateral forces. The advantageous aspect is that, the lateral 

permanent deformation can be recorded with the number of cycles and a semi-

unconfined setup can be used to run the test. The Modified Wheel Tracker (MWT) 

setup is presented in Figure 2.11, which shows the Digital Transducer Interface (DTIs) 

used for recording the horizontal or lateral deformation. The figure also shows the 

pneumatic ram which is used to control the confining stresses on the face of the asphalt 

mix slabs tested. The confining stresses are used to simulate the realistic confinement 

observed in-situ, such as in shoulder applications. For example, as stated in ASTM 

D8292-20, the asphalt mixture used in the outer lanes with narrow shoulders of width 

1.2m or less experiences less confining pressure than that used in the inner or outer 

lanes with wider shoulders of width greater than 1.2m (ASTM D8292-20).   
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The removal of four sides and incorporating controlled confining pressure on 

all four sides should be even more representative of the actual in-situ conditions, 

where the states of stresses and strains will be different for every confinement 

condition. With lower confining pressure, there will be lower reactive stress and the 

lateral deformation will be higher, and vice-versa for the higher lateral stress 

conditions. Also, the stress-strain conditions will be different for different confining 

pressures on different sides of the slab tested, thereby, simulating a wide range of in-

situ conditions. 

 

Figure 2.11. Modified setup of the wheel tracker  

This modified assembly of the wheel tracker was subsequently standardised 

under ASTM D8292-20. The advantage of using the modified assembly of the wheel 

tracker lies in the distinct revelation of the primary, secondary, and tertiary zones of 

the permanent deformation curve, which can be utilised to quantify the flow number 

and the creep and tertiary slopes.  

The produced data from the test utilising this modified setup (Figure 2.12) 

prominently reveals all three deformation zones (primary, secondary and tertiary).  
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Figure 2.12. Modified wheel tracker test in an unconfined setup for AC20, 60/70 binder and 4.3% 

VTM. (Saleh, 2018) 

Thus, the excessive confinement in the confined setup, exerted by the steel 

mould on the asphalt mix does indeed prevent the test to determine true material 

behaviour, which consequently makes it clear that the modified test setup is more 

capable of capturing the effect of the most prominent factors – binder type, percentage 

of air voids in the compacted mix and gradations of aggregates on the pavement 

response in light of rutting characteristics. 

It was established that the newly modified setup has many advantages over the 

conventional setup. In the conventional setup, ranking of specimens was a challenge 

as rather identical rut-depth would be recorded for every mix. With the newly 

modified setup of the test, it would be easier to rank various asphalt mixtures, as now 

there exists clear distinction of results from one another. Additionally, the results from 

the modified setup are more compatible with the true mix behaviour. 

2.6 FACTORS AFFECTING PERMANENT DEFORMATION BEHAVIOUR OF 

ASPHALT  

As pointed out by Tarefder et al. (2003), the individual effect of aggregate and 

asphalt binder, along with their interaction with each other in a mixture have 
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significant contribution on the rutting characteristics of Hot Mix Asphalt (HMA). 

There can be occasions when the asphalt pavements with very stiff binder and 

adequate aggregates may still fail to exhibit low rutting, which is mainly due to other 

properties, such as incorrect volumetric properties. It can also be said that the mixture 

properties solely may not be sufficient for the purpose of ensuring low rutting, but 

external factors such as temperature should also be considered (Tarefder et al. 2003).  

Temperature is one of the main factors that affects the rutting resistance of 

asphalt pavements. The change of temperature in the pavement changes the 

viscoelastic properties of the asphalt mix, which in turn affects permanent 

deformation (rutting) in the pavement (Ji et al. 2019). Souza and Castro (2012) 

concluded that the deformation in asphalt concrete is the result of the individual and 

combined effect of temperature, and the susceptibility of the asphalt mix to 

temperature. The mix later undergoes shear flow when the material reaches the 

densest state in which the materials flow with no volume change. 

The study by Rahmani et 0al. (2013) indicated that the level of confinement has 

a significant effect on the nonlinear viscoelastic characteristics of asphaltic materials. 

Roy et al. (2013) reported that the effect of confinement on the variation in rutting is 

more for mixes with high air voids content than for mixes with lower air voids content. 

It can be noted that NCHRP Report 465 involves the option of altering confinement 

only for the Simple Performance Tests (SPTs), such as the dynamic modulus test. 

However, no research until now addressed or analysed the effect of confinement in a 

simulative test such as the wheel tracker. 

Ebrahimi (2015) performed the repeated creep test to find out the most 

important factors contributing to the shear-based deformation or the tertiary zone. 

The results from that research showed that the use of softer binder, increase in test 

temperature, high air void content, and increase in pressure result in higher 

deformation. Although the raw data was sufficient to get a clear picture, the researcher 

also investigated the interaction of each factor with each other and their combined 
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effect on the performance of the mixtures in light of permanent deformation. It could 

be concluded from this research that the asphalt mixture behaviour significantly 

depends on the binder type, air void content, pressure, and temperature, and any 

alterations of those would bring a change in material response, when viewed in light 

of permanent deformation under applied load. However, in that research, the 

temperature affected the permanent deformation more than any other factors directly 

did. This is because the temperature itself can influence other parameters like the 

viscosity of the binder, which in turn affects the stiffness and strength of the asphalt 

mixture leading to an overall effect on the deformation. Increase of applied pressure 

causes more damage to the material faster, and high air void content weakens the 

structure of the mixture by reducing and diminishing its stiffness and strength. 

2.7 RELATIONSHIP OF THE WHEEL TRACKER TESTS AND THE SIMPLE 

PERFORMANCE TESTS (SPT) 

Various laboratory tests are used to evaluate and analyse the rutting resistance 

of asphalt mixtures in the laboratory, which may help predict field performance of 

asphalt concrete pavements. These tests include dynamic modulus (DM), static creep 

(SC), dynamic creep (DC) tests, dynamic triaxial test and wheel trackers ((Ishaq et al. 

2021). The National Cooperative Highway Research Program (NCHRP) Project 9–12 

recommends DM, Flow Time (FT) and Flow Number (FN) tests, collectively called 

simple performance tests (SPT) for evaluating the rutting resistance of asphalt 

mixtures (Witczack et al. 2002). Dynamic modulus has been long used for laboratory 

characterisation of HMA mixtures in terms of their stiffness and rutting resistance 

(Javilla et al. 2017). Flow number from the dynamic creep test, which considers the 

shear behaviour of asphalt mixtures, has also been widely used for laboratory 

evaluation of rutting resistance, considering the shear behaviour of the mixes (Ali et 

al. 2017). 

Zhang et al. (2015) and Walubita et al. (2012) suggested that both wheel tracker 

and dynamic creep have been used in conjunction to characterise permanent 
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deformation behaviour in HMA, and the ranking from the two tests was compared. 

However, few studies have investigated the direct correlation between the flow 

numbers and creep and tertiary slopes resulting from the respective tests. Mohammad 

et al. (2002) investigated the relationship between Hamburg rut depth and flow 

number from the dynamic creep test, but the research lacked the calculation of flow 

number from the wheel tracker test data. Witczak et al. (2002) and Apeagyei (2011) 

observed that the FN test results showed a fairly good correlation with the rut depths 

from the Hamburg Wheel Tracker. However, decisive evidence on the correlation 

between FN and wheel tracking test results still remains limited as no research utilised 

a controlled confining lateral pressure setup of the wheel tracker which could yield a 

clear tertiary zone, and thereby FN. It should be noted that, the cumulative 

deformation of asphaltic materials under traffic loads is a complex problem. Most 

importantly, rutting is a function of Principal Stress Axis Rotation (PSAR), and the 

permanent axial strain is a key contributing factor for such distress (Inam et al. 2012).  

The uniaxial or even triaxial cyclic loading in the dynamic creep test cannot account 

for the PSAR. Therefore, the wheel tracking test is important because it takes into 

account the rotation of the principal stresses behaviour, thereby replicating the actual 

field response. In general, the dynamic triaxial test is not a simple test that can be used 

regularly for quality control and quality assurance and therefore it is unlikely that 

practitioners will be able to adopt such a test. On the other hand, a wheel tracker is a 

very common and simple tool and the test is simple and familiar to highway agencies 

and practitioners.   

2.8 THEORY OF LINEAR VISCOELASTICITY 

Although it is true that asphalt materials possess viscoelastic behaviour, they 

are conventionally designed as elastic materials. These materials behave differently at 

different loading frequencies and temperatures, unlike the purely elastic material. 

According to Liao (2007), the material response not only depends on the current 
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condition but also the loading history, indicated by its dependency on the frequency 

of loading. 

It is evident from the literature, that at high loading frequency and low 

temperature, these materials behave like elastic solids, and at either lower frequency 

of loading or higher temperature, act as viscous materials. Through the service life of 

flexible pavements, a good deal of elastic stiffness is exhibited by these materials, 

while the viscous part results in the dissipation of energy by frictional loss and flow, 

as observed by Elseifi et al. (2006). It may seem that under repeated load, viscoelastic 

materials like asphalt mixtures lose their stiffness, but when investigated deeper, the 

true phenomenon comes up as the fact that a portion of the energy is spent on 

overcoming the material’s viscous resistance and contributes nothing to the damage 

in the material. Thus, this situation demands to accurately obtain a relation between 

the real and the apparent relaxation moduli, for which there is a need of the proper 

estimation of the amount of the dissipated energy of viscoelastic materials. 

Therefore, the concept of Pseudostrain energy was introduced which equates 

to the difference in the energy lost in material loading and unloading, and the energy 

spent to overcome the viscous resistance, which is basically the amount left that could 

possibly bring damage to the material. According to Schapery (1984) the change in 

area and shape of a dissipated Pseudostrain energy loop indicates that the material 

has been damaged. 

2.9 VISCOELASTIC SOLUTIONS AND MODELLING 

HMA is a viscoelastic material, which exhibits both viscous and elastic 

properties. Its behaviour is dependent on the loading time; hence, viscoelastic theory 

comes into play for analysing the behaviour of asphalt pavement layers. Primarily, 

there are two techniques of characterising these materials: creep compliance curves 

and mechanical models. These techniques are dependent on some basic assumptions 

(Huang, 2004): 
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1. For a constant strain, stress decreases with time (relaxation); 

2. For a constant stress, strain increases with time (creep); 

3. The rate of loading influences the modulus of the material. 

The basic mechanical model of viscoelastic materials is usually presented as a 

simple combination of springs and dashpots either in series (Maxwell model) or in 

parallel (Kelvin model). Although easy to work with, these simple models are not 

always able to simulate some properties of the viscoelastic materials. For example, the 

Maxwell model cannot simulate creep behaviour accurately, while the Kelvin model 

cannot simulate relaxation behaviour. Because of these drawbacks associated with 

simple mechanical models, more complex models, which are a combination of the 

simple models, are used to characterise the viscoelastic nature more accurately.  

2.9.1 Maxwell Model 

As depicted in Figure 2.13, the Maxwell model consists of springs and dashpots 

combined in series.  

 

Figure 2.13. Maxwell Model 

Under a known constant stress and loading time, this model can estimate the 

total strain using the following Equation 2.12 (Huang, 2004). 
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Strain, 휀 =  
𝜎

𝐸
+

𝜎×𝑡

𝜆
=

𝜎

𝐸
(1 +

𝑡

𝑇
)                                                                                        (2.12) 

where, 

𝜎 = Stress 

𝐸 = Elastic modulus 

𝜆 = Viscosity 

𝑡 = Time 

𝑇 =
𝜆

𝐸
= Relaxation time 

In the equation, the strain is directly proportional to the loading time, i.e., it 

increases linearly with the increase in time of loading. However, in reality, the rate of 

change of strain for viscoelastic materials decreases with time. Therefore, for creep 

modelling of a material using this model, it can only be assumed, that the model can 

estimate strains at low stresses. 

2.9.2 Kelvin or Kelvin-Voigt model 

This model, presented in Figure 2.14 is the combination of a Hookean elastic 

spring and a Newtonian damper (dashpot) connected in parallel.  

 

Figure 2.14. Kelvin or Kelvin-Voigt model 

The total stress in the system is calculated by the combination of the stresses of 

the spring and the dashpot. Therefore, the equation of the derived stress can be 

presented as following (Huang, 2004): 

𝜎(𝑡) = 𝐸휀(𝑡) + 𝜆
𝑑 (𝑡)

𝑑(𝑡)
                                                                                                        (2.13) 
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When a constant stress is applied and integrated over 0 to ε and 0 to t, it changes 

to: 

휀 =
𝜎

𝐸
[1 − 𝑒

−𝑡

𝑇 ]                                                                                                                       (2.14)                                                          

2.9.3 Burgers Model 

This model (Figure 2.15) is the result of a combination of Maxwell and Kelvin 

Model. 

 

Figure 2.15. Burgers Model  

According to Huang (2004), while the Kelvin models have limitations to as to 

the situations involving retarded strains, the mathematical equation of the Burgers 

model presented in Equation 2.15 compensates those deficiencies. 

휀 =
𝜎

𝐸0
(1 +

𝑡

𝑇0
) +

𝜎

𝐸1
[1 − 𝑒

−𝑡

𝑇1]                                                                                                         (2.15) 

In the right-hand side of the expression, the first term represents the Maxwell 

model, and the second one, the Kelvin model. 

Research by Blab and Harvey (2002) aimed at utilising dynamic frequency 

sweep shear (FS-S) tests on laboratory specimens to come up with viscoelastic 

properties of asphalt concrete mixes, so that these could be used in finite element (FE) 

modelling to obtain true material behaviour of the asphalt concrete mixture. The 

researchers emphasise that the mechanistic-empirical (M-E) designs must specify the 
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material properties of each layer of HMA pavement, so that the pavement’s response 

to stress, strain and displacement can be truly determined. It is because the 

combination of these responses and the failure criteria lead to the prediction of 

probable pavement failures. Because HMA is rather a highly complex viscoelastic 

material, it is sensitive to both loading rate and temperature. The true behaviour of 

asphalt mixtures can, therefore, be determined by static or dynamic material testing 

under a specified loading regime and temperature control. The researchers suggest 

that the volume change (time-dependent) is much smaller than the shear stress- 

induced visco-elastic distortion, under tyre contact stresses in both field and 

laboratory tests. Therefore, the stress tensor σij is divided into two components: the 

deviatoric stress tensor σdev corresponding to the shear component and the hydrostatic 

(mean) stress σv corresponding to the volumetric component. Likewise, the volumetric 

strain εν and deviatoric strain εdev are the two components of the strain tensor. A linear 

elastic model presented in Equation 2.16 governs the pressure volume part of the 

material behaviour:  

𝜎𝜈 = 𝐾휀𝜈                                                                                                                                    (2.16) 

where K =
E

3(1−2ν)
                                                                                  

where, 

𝜈 = Poisson’s ratio 

K = Bulk elastic modulus 

E = Young’s modulus 

 

This model exhibits phases like instantaneous elasticity, delayed elasticity, 

stress relaxation and viscous flow. 

2.10 FINITE ELEMENT (FE) ANALYSIS 

In the study by Al-Khateeb et al. (2011), the effect of wheel load on pavement 

response and permanent deformation characteristics was investigated, in which 
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ABAQUS was used to develop a 2D FE model. In that model, the pavement materials 

were assigned linear-elastic–plastic properties. Moreover, NCHRP Project 1-37A used 

the Pellinen and Witczak model, which assumed the asphalt layer to follow a 

viscoelastic behaviour (Al-Khateeb et al., 2011). After validating the model, the 

authors investigated the effect of subgrade strength, tyre pressure, and temperature 

on the rutting depth. The analysis revealed that the rutting depth is directly 

proportional to the tyre pressure and temperature and inversely proportional to the 

subgrade strength. Although it was a comprehensive study, the relationship or 

interaction of the parameters (temperature, tyre pressure, subgrade strength) with 

each other was not thoroughly investigated in terms of their contribution towards 

permanent deformation. 

The research by Garba (2002) focused on the permanent deformation 

characterisation of asphalt concrete mixtures where tests like repeated load triaxial 

and triaxial creep and recovery tests at two temperature levels were conducted on the 

specimens. The study investigated the effect of temperature, loading and volumetric 

composition on permanent deformation characteristics of asphalt mixtures. The 

development of permanent deformation under repeated loading was also looked into 

through FE modelling techniques. The researcher used the triaxial test and focused on 

the volumetric properties. However, the study did not address the comparison or 

correlation of the test data from Tri-axial test with any other permanent deformation 

tests. Moreover, the determination of appropriate confining stress levels in triaxial test 

was something that the research lacked. Furthermore, the effect of confinement 

through establishing a relationship between a fundamental test, such as the triaxial 

test and a simulative test, such as the wheel tracker using FE analysis was absent in 

the research. 

Research by Saleh and Ebrahimi (2017) showed that both the Burgers and the 

creep model can be used in finite element modelling of the rutting behaviour under 

wheel tracker loading as can be seen in Figure 2.16. The creep model estimates the 
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deformation as a function of time for a constant stress level. The model is based on a 

strain-failure concept, in which the time required to reach the failure strain is defined 

as the failure time (Bi et al., 2019). The researchers used the uniaxial creep test data for 

determining the necessary viscoelastic parameters for the Burgers and creep models. 

After conducting the wheel tracking test on the modelled mix, the validation of the 

finite element model was done using the experimental test data. While the Burgers 

model was able to model the rutting behaviour quite reasonably, none of the models 

could perfectly predict the measured data.  

 

Figure 2.16. Experiment versus ABAQUS simulation (Burger’s model) (Saleh and Ebrahimi, 2017) 

2.11 APPLICATION OF VISCOELASTIC THEORIES IN FE MODELLING 

Applying the viscoelasticity theory to the FE model is not an easy task, but the 

researchers who applied it concluded that it yielded better results than the linear 

elastic theory. Results of FE analysis reported by Elseifi et al. (2006) indicate that the 

elastic FE model significantly underestimated pavement stresses and strains at 

medium and high temperatures. However, when the linear viscoelastic FE model was 

used, the predicted results better matched with the field performance. The study by 

Loulizi et al. (2006) also assumed linear elastic behaviour, where, axisymmetric and 

3D FE analysis were used to determine the response of a pavement section. The results 

of the study suggested that the linear elastic behaviour overestimates stresses and 

strains at lower temperatures. An overestimation of the response was also observed 
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by Portillio (2008), when comparing field results of a road section of the US75 

Highway in Kansas. In that study, the strain response at the bottom of the HMA layer 

was calculated using the EVERSTRESS program, which shows the behaviour of linear 

elastic materials at 20 °C. In general, these two researchers show that the linear elastic 

model does not adequately represent the field behaviour of asphalt concrete. Yoo et 

al. (2006) used the finite element software ABAQUS to study the asphalt pavement 

response under continuous and moving trapezoidal loading. After a series of tests and 

analyses, it was concluded that modelling asphalt pavements with viscoelastic 

properties and continuous loading yields better results than analysis using 

trapezoidal load amplitudes. FE viscoelastic analysis was also used by Wang and Al-

Qadi (2009) to compare the effects of uniform contact stress with 3D contact stress 

measured in-situ. After performing FE analysis at various stress levels, it was 

concluded that 3D tyre contact stress results in higher compressive and shear strain 

near the surface than under uniform contact stress.  

An elastic-viscoplastic model was used in a 3D FE analysis by Park et al. (2005) 

to determine the effect of tyre pressure distribution on rutting of the pavement section. 

In this study, the permanent deformation (rutting) obtained from the 3D FE analysis 

was compared to that measured directly from the WesTrack test section. The research 

concluded that the non-uniformity of tyre pressure affects the response of the 

pavement and the elastic-viscoplastic material model can be used to estimate the 

permanent deformation of the asphalt pavement. Panneerselvam (2005) used a 

multidimensional hyperelastic-viscoelasticviscoplastic-damage model to capture the 

rutting behaviour of asphalt concrete. Each component of the model was developed 

to capture different behaviours of asphalt concrete during finite element modelling. A 

second-order hyper-elastic model was used to define the elastic behaviour of asphalt 

concrete, and a viscoelastic component was used to understand the time and 

temperature dependence of the material. The viscoplastic component was included to 

capture load rate dependent behaviour of the asphalt pavement. The constitutive 
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model was compared with the laboratory experiments and was used in ABAQUS to 

compute strain responses of the pavement structure under repeated wheel loading. 

There was a fairly good agreement between the lab experiments and FE modelling, 

especially at low strain levels. 

Huang et al. (2011) studied a pavement structure of three layers and presented 

a 3-D finite element model of its viscoelastic and viscoplastic strain response under 

repeated loading, and it was identified that permanent deformation is nothing but the 

accumulation of viscoplastic strain which is unrecoverable. Non-linear viscoelasticity 

and viscoplasticity was incorporated in a unified constitutive model, which was used 

for a better representation of the behaviour of asphalt mixture in finite element 

modelling (FEM). The results from the creep-recovery tests at different temperatures 

and stress levels were used to assign the material properties in the constitutive 

equations of the viscoelastic and viscoplastic strains. As per their finding, the model 

does possess the capability of exhibiting that the increase in cycle number and 

temperature lead to the increase in both viscoelastic and viscoplastic strain magnitude. 

Furthermore, the result revealed that at 40°C temperature, the tensile viscoplastic 

strain that develops at the asphalt layer surface is associated with heaves (due to shear 

movement in the aggregate layers) giving rise to high temperature permanent 

deformation. It was also found that with the increase in temperature, the material 

(asphalt) achieves the secondary creep stage much earlier. 
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Chapter 3. RELATIONSHIP OF PERMANENT DEFORMATION 

BEHAVIOUR OF ASPHALT MIXTURE AND BINDER RHEOLOGY 

3.1 INTRODUCTION AND BACKGROUND 

Aggregates and binder are the primary components of asphalt pavements, and 

along with the aggregate gradation, degree of compaction, temperature and loading 

rate, the binder plays a crucial role in the rutting resistance and stiffness of asphalt 

mixtures used in pavements (Polaczyk et al. 2021). Therefore, it is important to verify 

and correlate binder rheological results with asphalt mixture performance results. 

In light of this, previous studies (Zhang et al. 2015; D’Angelo, 2009; 

Radhakrishnan et al. 2018; Ameli et al. 2020; Salim et al. 2019) could only correlate the 

binder test (DSR high-temperature test and MSCR test) results with the conventional 

or fully-confined setup of the wheel tracker measurements, in which only 

densification mechanism occurs, as previously discussed. However, no studies until 

now addressed the relationship between the wheel trackers which can capture the 

shear deformation and the rheological characteristics of the asphalt binders. Hence, 

this research, which utilises the MWT that is capable of capturing the tertiary zone 

(where shear deformation occurs) and also measures the horizontal deformation, aims 

to investigate the relationship of the device with the rheological properties of the 

commonly used unmodified and polymer modified asphalt binders. 

This chapter aims to correlate the binder rheological parameters with asphalt 

mixture parameters produced by the SPTs (Dynamic Modulus and Dynamic Creep), 

and the Modified Wheel Tracker (MWT) test. This chapter leads to the introduction of 

the Combined Elastic Plastic (CEP) parameter as one of the binder rheological rutting 

parameters. This chapter also aims to investigate the applicability and potential of this 

parameter to supplement the existing binder rheological parameters to characterise 

the properties of asphalt binder related to HMA rutting performance. To accomplish 

the aforementioned objectives, the permanent deformation behaviour of the asphalt 
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mixtures measured by Dynamic Modulus (DM), Dynamic Creep (DC), and the 

Modified Wheel Tracker (MWT) tests was correlated with different binder rheological 

parameters, namely the non-recoverable creep compliance (Jnr), and CEP parameter. 

Additionally, the correlation of the DM and the MWT was investigated as the 

first step towards the investigation of the similarity of the MWT test with the SPT test 

candidates. 

3.2 RHEOLOGICAL PROPERTIES MEASURED BY THE DYNAMIC SHEAR 

RHEOMETER (DSR) 

The complex shear modulus of asphalt binder G*, and the phase angle δ are 

measured by the DSR device at high temperature to determine the viscoelastic 

behaviour of the asphalt binder and therefore, its contribution to the permanent 

deformation of the asphalt mix. It is evident from past research that higher G* and 

lower δ indicate better binder performance in light of permanent deformation (Zhang 

et al. 2015). The MSCR test uses the well-known creep and recovery concept to 

characterise the rutting potential of the asphalt binder, where the binder is subjected 

to a one-second creep loading. After the removal of the load, the binder sample is 

allowed to recover for 9 seconds. The test initially applies 0.1 kPa (lower stress) for 10 

cycles of creep/recovery, after which a stress of 3.2 kPa is applied for 10 additional 

cycles (Zhang et al., 2015). A typical output of the MSCR test is non-recoverable creep 

compliance (Jnr). The high temperature parameter test and the MSCR test were 

conducted according to ASTM D7175-15 and ASTM D7405-15 respectively.  This 

research considered the results of both the DSR and MSCR to determine a combined 

elastic-plastic (CEP) parameter as shown by Equation 3.1: 

CEP parameter =  
𝐺∗/sin (𝛿)

𝐽𝑛𝑟
                                                                                    (3.1) 

The higher the CEP, the better the binder permanent deformation resistance. 

The parameter combines both the elastic component represented by G*/sin δ which 

needs to be maximised and the plastic component Jnr which needs to be minimised.  
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3.3 ASPHALT MIXTURE TESTS 

3.3.1 Dynamic Modulus (DM) test 

Dynamic modulus (|E*|) is a non-destructive test that involves the application 

of uniaxial repeated loading at various temperatures and frequencies, and the resilient 

strain of the specimens is measured. The dynamic modulus test in this chapter was 

based on the procedure in the NCHRP Report 614 (Bonaquist, 2008). Two replicates 

for each mixture were prepared and tested. The cylindrical samples were 150 mm high 

and 100 mm in diameter with target air voids content of 4 ± 1%.  

3.4 MATERIALS AND EXPERIMENTAL PROGRAM 

3.4.1 Asphalt Binders 

A total of five types of asphalt binders were utilised. Three grades of 

unmodified asphalt binders were used: PG 64-16, PG 70-16 and PG 76-16. The polymer 

modified binders were designated as PMB 4% SBS and PMB 6% SBS. The polymer 

modification was conducted utilising the base binder PG 70-16 modified by Styrene-

Butadiene-Styrene (SBS) at 4% and 6% by mass of the pure binder. SBS concentrations 

of 3–6% are common in New Zealand, and are used in very heavily trafficked areas. 

Additionally, several studies have been conducted with 3–7% of SBS added to the 

control binder (Ameli et al. 2020; Salim et al. 2019; Airey, 2003; Alnaqbi et al. 2021). 

Therefore, the SBS concentrations used in this research (4% and 6% by weight) fall 

within this range. As reported in the literature, 5% SBS by weight of bitumen is the 

optimum percent of SBS that is used to modify binder and has the best influence on 

performance properties of mixture (Ameli et al. 2020). In addition, it was important 

for the purpose of investigating the current rheological parameters and their ability to 

characterise polymer modified binders, considering different modification 

percentages.  

The SBS used in this research is Styrene, 1, 3- butadiene polymer (radial); and 

its properties are shown in Table 3.1. 
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Table 3.1. Properties of SBS. 

Appearance Molecular Weight 
Relative Density 

(g/cm3) at 25 °C 
Melting Point (°C) 

White; solid >10,000 0.91–0.97 160–200 

 

3.4.2 Asphalt Mixtures 

A dense graded HMA AC 14 with nominal maximum aggregate size (NMAS) 

of 14 mm and target voids in total mix (VTM) of 4.0 ± 1.0% was tested at temperatures 

4.4, 21.1, 37.8, and 54.4 °C in the DM test and at 60 °C in the DC test. For both cases, 

the asphalt mix cylindrical samples were conditioned at respective temperatures 

according to the NCHRP report 614 (Bonaquist, 2008) and AASHTO T 378-17 

standard. A total of 10 cylindrical samples (five mixes with two replicates each) of 150 

mm in height and 100 mm in diameter were compacted and tested. The mixing and 

compaction temperatures for different binders were chosen according to Australian 

and New Zealand standards (AS/NZS 2891.2.1 and AS/NZS 2891.2.2). The asphalt 

mixtures were short-term aged for one hour before compaction. The aggregate 

gradation of the AC 14 mix is shown in Figure 3.1. The details of mix design and 

aggregate properties are presented in Appendix A. 
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Figure 3.1 Gradation curve for AC 14 

Figure 3.2 shows specimen preparations and 25-mm parallel plate geometry for 

the DSR and MSCR tests of the asphalt binder. The binder rheological test conditions 

and specifications used in this research are summarised in Table 3.2. 

 

 

(a)                                                               (b) 

Figure 3.2. (a) Specimen preparations, and (b) 25-mm parallel plate geometry for the DSR and 

MSCR tests  
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Table 3.2. Test description and specifications 

Test 
DSR High-Temperature 

Test 
MSCR 

Size of specimen 
25-mm ϕ with 1-mm gap, 

asphalt binder specimen 

25-mm ϕ with 1-mm gap, 

asphalt binder specimen 

Mode of loading Oscillation at 1.59 Hz 1 s. loading; 9 s. rest 

Temperature 64, 70, 76 °C 64, 70, 76 °C 

Output 
High temperature grading, 

G*/Sin(δ) 

Jnr (non-recoverable creep 

compliance) 

Standard ASTM D7175-15 ASTM D7405-15 

 

3.5 ASPHALT BINDER RHEOLOGICAL TEST RESULTS 

3.5.1 Binder Rheology 

Table 3.3 and Table 3.4 show the G*/sin (δ) for the unaged and RTFO or short-

term aged binders at different temperatures. It can be observed from the data 

presented, G*/sin (δ) decreased with the increase in temperature for all the binders. 

The high-temperature test results for the unaged modified binders revealed that 4% 

SBS achieved a high-performance grade of PG 76, while PMB 6% SBS achieved a grade 

of PG 88. It can be noted from the results that the addition of SBS to the control binder 

PG 70-16 generally increased the stiffness of the binder. Moreover, G*/sin (δ) values 

after RTFO-aging were found to be higher than those before RTFO-aging, as may be 

expected. The ranking based on G*/sin(δ) (unaged) and G*/sin(δ) (RTFO-aged) at         

64 °C were found to be in the order PMB 6% SBS > PG 76-16 > PMB 4% SBS > PG 70-

16 > PG 64-16 and PG 76-16 > PMB 6% SBS > PMB 4% SBS > PG 70-16 > PG 64-16, 

respectively. The ranking reveals inconsistency and conflict, which may be attributed 

to the non-linear characteristics of the polymer modified binders and their different 

aging properties. This essentially indicates that G*/sin(δ) itself cannot characterise 

polymer modified binders. The graphical representations of the rheological 

parameters are presented in Appendix B. 
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Table 3.3. DSR high-temperature test results of unaged binders 

Binder Temperature G*/sin(δ) (kPa) of Unaged Binders 

 64 °C 1.05 

PG 64-16 70 °C 0.54 

 76 °C 0.30 

 64 °C 2.20 

PG 70-16 70 °C 1.09 

 76 °C 0.57 

 64 °C 4.46 

PG 76-16 70 °C 2.15 

 76 °C 1.10 

 64 °C 3.93 

PMB 4% SBS 70 °C 2.06 

 76 °C 1.14 

 64 °C 7.22 

PMB 6% SBS 70 °C 4.73 

 76 °C 3.40 

 

Table 3.4. DSR high-temperature test results of RTFO-aged binders 

Binder Temperature G*/sin(δ) (kPa) of RTFO-aged binders 

 64 °C 2.80 

PG 64-16 70 °C 1.30 

 76 °C 0.60 

 64 °C 5.29 

PG 70-16 70 °C 2.50 

 76 °C 1.25 

 64 °C 12.10 

PG 76-16 70 °C 5.69 

 76 °C 2.76 

 64 °C 9.30 

PMB 4% SBS 70 °C 4.81 

 76 °C 2.54 

 64 °C 11.35 

PMB 6% SBS 70 °C 6.24 

 76 °C 3.75 

 

The MSCR test results of the short-term aged binders at 64, 70 and 76 °C, and 

conducted at 0.1 kPa and 3.2 kPa stress levels respectively are presented in Table 3.5. 

It can be clearly seen that for the polymer modified binders, PMB 6% SBS binder 

performed better than PMB 4% SBS at every temperature for both lower and higher 
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stress levels, as expected. The ranking based on both Jnr at 0.1 kPa and 3.2 kPa at 64 °C 

was found to be in the order PMB 6% SBS > PMB 4% SBS > PG 76-16 > PG 70-16 > PG 

64-16. However, while it is expected that Jnr is capable of characterising polymer 

modified binders correctly, it can be seen that the difference in Jnr values of PMB 4% 

SBS and 6% SBS at 64 °C at 3.2 kPa and at higher temperatures is marginal. Therefore, 

to address this, the ratio of G*/sin (δ) to Jnr, termed as Combined Elastic Plastic 

parameter (CEP), was calculated for the RTFO-aged binders at different temperatures 

and stress levels. The CEP results are presented in Table 3.6. The calculations for the 

polymer modified binders suggested that the said ratio is greatest for PMB 6% SBS 

binder, followed by PMB 4% SBS. Furthermore, a decrease in trend is observed with 

an increase in stress level from 0.1 kPa to 3.2 kPa. It can be clearly observed that CEP 

could capture the polymer modification, evident from the clear distinction in the CEP 

values especially between PMB 4% and 6% SBS. As discussed earlier, this was not 

evident with Jnr, which showed no clear difference between PMB 4% SBS and PMB 6% 

SBS respectively, which can be confusing. This indicates that the CEP parameter could 

serve as an additional rheological parameter to rank and distinguish unmodified and 

polymer modified binders. The graphical representations of the rheological 

parameters are presented in Appendix B. 
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Table 3.5. Jnr results of the asphalt binders 

 Jnr (kPa−1) from MSCR Test 

Binder Temperature Stress  

  0.1 kPa 3.2 kPa 

 64 °C 3.37 4.00 

PG 64-16 70 °C 7.32 8.62 

 76 °C 15.94 18.77 

 64 °C 1.56 1.99 

PG 70-16 70 °C 3.42 4.33 

 76 °C 7.18 9.00 

 64 °C 0.61 0.76 

PG 76-16 70 °C 1.44 1.82 

 76 °C 3.22 4.18 

 64 °C 0.33 0.54 

PMB 4% SBS 70 °C 0.64 1.52 

 76 °C 1.92 3.68 

 64 °C 0.17 0.40 

PMB 6% SBS 70 °C 0.52 1.03 

 76 °C 1.34 2.55 

 

Table 3.6. CEP parameter results of the asphalt binders 

Combined Elastic-Plastic Parameter (with G*/sin(δ) of RTFO-aged binder) 

Binder Temperature Stress  

  0.1 kPa 3.2 kPa 

 64 °C 0.83 0.70 

PG 64-16 70 °C 0.18 0.15 

 76 °C 0.04 0.03 

 64 °C 3.39 2.66 

PG 70-16 70 °C 0.73 0.58 

 76 °C 0.17 0.14 

 64 °C 19.81 15.90 

PG 76-16 70 °C 3.95 3.13 

 76 °C 0.86 0.66 

 64 °C 28.48 17.34 

PMB 4% SBS 70 °C 7.51 3.17 

 76 °C 1.32 0.69 

 64 °C 67.00 28.13 

PMB 6% SBS 70 °C 11.93 6.05 

 76 °C 2.80 1.47 
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For the purpose of observing this more vividly, discussion on the percentage 

change in the parametric values of different rheological parameters as a sign of 

improvement due to polymer modification is presented later in the following section. 

While the DSR high temperature grade test is a strain-controlled test that 

measures the linear viscoelastic response of the asphalt binder, the MSCR test is a 

stress-controlled test that measures both the viscoelastic and visco-plastic behaviours. 

The coefficients of variation (%COV) for the DSR high temperature grade test 

parameter (G*/sin(δ)), MSCR test parameter (Jnr), and subsequently the CEP parameter 

performed on two replicates for each binder are presented in Table 3.7. As can be 

clearly seen from the table, the COVs for G*/sin(δ) of every binder at every 

temperature, and aging protocol are less than 20%, ranging from 2.53% to 19.19% for 

unaged binders, and 0.62% to 15.71% for RTFO-aged binders, while a few of COVs for 

Jnr and consequently the CEP parameter are greater than 20%. The ranges of COV (%) 

for Jnr at 0.1 kPa and 3.2 kPa stresses are 4.16% to 29% and 4.82% to 25.85%, while 

those for CEP Parameter are 0.36% to 26.79%, and 0.34% to 26.87% respectively. The 

differences are attributed to the different modes of loading, resulting in different 

modes of deformation, as also reported by Zhang et al. (2015).  
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Table 3.7. Coefficient of variation values (% COV) of different binder rheological parameters 

 

G*/sinδ (kPa) 

[Unaged 

Binders] 

G*/sinδ (kPa) 

[RTFO-Aged 

Binders] 

Jnr 

at 0.1 kPa 

Jnr 

at 3.2 kPa 

CEP Parameter 

at 0.1 kPa 

CEP Parameter 

at 3.2 kPa 

Binder T (°C) COV (%) COV (%) COV (%) COV (%) COV (%) COV (%) 

 64  10.60 6.96 6.60 9.87 0.36 2.91 

PG 64-16 70  7.44 8.68 17.6 17.16 8.98 8.54 

 76  12.86 15.71 12.2 11.2 3.55 4.55 

 64  3.29 6.75 6.10 7.10 0.67 0.34 

PG 70-16 70  2.64 8.76 19.3 20.52 10.62 11.87 

 76  3.82 10.00 22.52 23.02 12.68 13.18 

 64  19.19 1.10 20.00 25.85 20.96 26.87 

PG 76-16 70  18.82 0.62 26.37 22.26 25.77 21.66 

 76  16.47 1.77 24.95 21.76 23.24 20.02 

 64  13.61 8.17 4.16 25.71 4.01 17.73 

PMB 4% SBS 70  9.92 4.14 29.00 15.71 25.00 11.61 

 76  2.53 1.65 23.88 11.00 22.27 9.35 

 64 7.69 2.73 24.15 5.11 26.79 7.84 

PMB 6% SBS 70  8.96 15.53 25.61 5.29 10.28 10.29 

 76  8.60 2.89 20.33 4.82 23.15 7.70 

 

3.5.2 Percentage Change (Improvement Due to Polymer Modification) 

A comparison of the percentage increase or decrease (negative which means 

decrease in the Jnr) as a sign of improvement due to polymer modification at 70 °C is 

presented in Figure 3.3. Based on CEP (with G*/sin(δ) of RTFO-aged binders) at           

0.1 kPa, the percentage differences between PG 70-16 and PMB 4% SBS, PG 70-16 and 

6% SBS, and PMB 4% SBS and PMB 6% SBS were found to be 928%, 1532% and 59%, 

respectively. The same at 3.2 kPa were found to be 450%, 949% and 91%, respectively. 

Generally, these values are much higher than the corresponding percentage change 

values based on other parameters, such as G*/sin (δ) and Jnr. This points out that the 

percentage change values as a sign of improvement due to polymer modification are 

more pronounced when the high-temperature parameter and non-recoverable creep 

compliance are combined in one single term, designated as CEP. Therefore, CEP is 

recommended for observing the true distinction of one binder from another. Given 

the sensitivity of the CEP parameter to the changes of polymer modification, this 
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might prove particularly helpful when the difference in polymer percentages between 

two binders is small. To verify this conclusion, the rutting susceptibility of asphalt 

mixtures made with the same binders was evaluated in the SPTs (dynamic modulus 

and dynamic creep) and the MWT. The relationship between the CEP parameter with 

asphalt mixture rutting parameters are discussed in the following sections. 

 

 

Figure 3.3. Percentage change of rheological parameters 

3.6 ASPHALT MIXTURE TEST RESULTS 

As mentioned earlier, three unmodified and two polymer modified asphalt 

binders were used, and these are PG 64-16, PG 70-16, and PG 76-16., PMB 4% SBS, and 

PMB 6% SBS. A dense-graded HMA AC 14 with nominal maximum aggregate size 

(NMAS) of 14 mm was utilised for the production of the cylindrical cores, made with 

each of the aforementioned binders (two replicates each). The mixes were designated 

as Mix 1 (PG 64-16), Mix 2 (PG 70-16), Mix 3 (PG 76-16), Mix 4 (PMB 4% SBS) and Mix 

5 (PMB 6% SBS), and were tested at temperatures 4.4, 21.1, 37.8 and 54.4 °C in the DM 
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test and at 60 °C in the DC test. The volumetric data of the mixture are summarised in 

Table 3.8.  

Table 3.8. Asphalt mix volumetric data 

Aggregate 

Content (%) 
Binder Content (%) Target VTM (%) 

Maximum SG  

(Gmm) 

Bulk SG  

(Gmb) 

VMA 

(%) 

94.9 5.1 4 ± 1 2.47 2.36 14.8 

Note. VTM: Voids in Total Mix; SG: Specific Gravity; VMA: Voids in Mineral 

Aggregate. 

3.6.1 Dynamic Modulus (DM) Test Results 

The data obtained from DM testing were utilised to construct the master curves 

for each mixture, which are shown in Figure 3.4. Higher values of |E*| correspond to 

higher stiffness of asphalt mixture, thereby better rut-resistant and vice versa (Witczak 

et al. 2002; Hu et al. 2011; Goh et al. 2011). The DM test results revealed that the 

coefficient of variation (COV %) across the temperatures and loading frequency 

ranged from 3–24%.  

 

Figure 3.4. Dynamic Modulus master curves for the five mixes 

|E*| at higher 

temperatures 
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From Figure 3.4, at low frequency, it can be perceived that the sample with PMB 

6% SBS binder exhibits higher |E*| values at higher temperatures followed by those 

made with PMB 4% SBS, PG 76-16, PG 70-16 and PG 64-16, as may be expected. 

3.6.2 Dynamic Creep Test Results 

The result of the Dynamic Creep test is presented in Table 3.9, which shows 

that the overall ranking based on the said parameters exhibited a ranking of Mix 5 > 

Mix 4 > Mix 3 > Mix 2 > Mix 1. The SD and the COV (%) values for the performance of 

each mix were calculated based on two replicates.  

Table 3.9. FN results of the five mixes from Dynamic Creep test 

Mix ID with Binder Average FN from the Dynamic Creep Test SD COV (%) 

Mix 1 (PG 64-16) 104 10.71 10.30 

Mix 2 (PG 70-16) 241 34.00 14.10 

Mix 3 (PG 76-16) 321 34.28 10.68 

Mix 4 (PMB 4% SBS) 1083 33.17 3.06 

Mix 5 (PMB 6% SBS) 7332 1550.00 21.12 

Note. FN: Flow Number; SD: Standard Deviation; COV: Coefficient of Variation. 

Amongst the asphalt mixes made with unmodified binders, Mix 3 is expected 

to be the most rut resistant, followed by Mix 2 and Mix 1, due to the use of PG 76-16, 

PG 70-16 and PG 64-16, respectively, with all other factors being the same for the three 

mixes. Likewise, amongst the asphalt mixes made with polymer modified binders, 

Mix 5 is expected to be most rut resistant, followed by Mix 4, due to the use of 6%, and 

4% SBS, respectively. Representative permanent strain curves of the five mixtures 

tested in Dynamic Creep tests are presented in Figure 3.5. The results clearly 

demonstrate that there is a considerable difference between the Flow Number (FN) 

values of Mix 4 (PMB 4% SBS) and Mix 5 (PMB 6% SBS), which should in fact reflect 

the binder rheological results. The ranking indicates that G*/sin (δ) could not capture 

the polymer modification, and that, it seems to have underestimated the rut resistance 
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of PMB 4% SBS and PMB 6% SBS for unaged and short-term aged binders respectively. 

In light of this, it can be seen that unlike G*/sin (δ), the ranking of binders based on Jnr 

and the CEP bears an exact match with the dynamic creep ranking of the asphalt 

mixtures based on FN. However, Jnr produced results that could not clearly 

distinguish PMB 4% SBS and PMB 6% SBS binders. Therefore, as discussed earlier, 

due to the insufficiency of Jnr as to making a true distinction between the binders, the 

correlations of Jnr and CEP with asphalt mixture rutting parameters were explored in 

the following section. 

 

 

Figure 3.5. Representative permanent strain curves of the five mixtures tested in Dynamic Creep test 

3.6.3 MWT Test Results 

As discussed earlier, the vertical deformation along with the corresponding 

horizontal deformations were recorded. The test was stopped at 50,000 loading cycles 

or when the vertical deformation reached 15 mm, whichever occurred first. 

The Flow Number (FN) based on the vertical and horizontal deformations for 

each slab specimen were termed as FNV and FNH,, respectively, and were determined 
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by fitting the Francken model to the experimental data. The Francken model (Equation 

3.2) is a combination of a power law and an exponential component, which accurately 

fits the permanent deformation data. The FN is defined as the point or the cycle 

number at which the second derivative of the model (Equation 3.3) changes from a 

negative to a positive value (Biligiri et al. 2007):  

𝛿 = 𝐴𝑁𝐵 + 𝐶(𝑒𝐷𝑁 − 1)                                                                                                       (3.2) 

𝛿" = 𝐴𝐵(𝐵 − 1)𝑁𝐵−2 + 𝐶𝐷2𝑒𝐷𝑁                                                                                       (3.3) 

where, 𝛿= permanent deformation (in mm); N = cycle number; and A, B, C, and D = 

regression coefficients 

Amongst the asphalt mixes made with unmodified binders, Mix 3 is expected 

to be the most rut resistant, followed by Mix 2, and Mix 1, due to the use of PG 76-16, 

PG 70-16, and PG 64-16 respectively, with all other factors being the same for the three 

mixes. Likewise, amongst the asphalt mixes made with polymer modified binders, 

Mix 5 is expected to be the most rut resistant, followed by Mix 4, due to the use of 6%, 

and 4% SBS respectively. This should generally hold true for all the permanent 

deformation parameters discussed in this chapter. The values of all the rutting 

parameters of the mixes are summarised in Table 3.10. Based on FNV and FNH, the 

individual set of asphalt mixes made with unmodified and modified binders revealed 

an expected trend of Mix 3>Mix 2>Mix 1 and Mix 5>Mix 4 respectively. The overall 

ranking based on the said parameters exhibited a ranking of Mix 5>Mix 4>Mix 3>Mix 

2>Mix 1.  
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Table 3.10. Rutting parameters obtained from the MWT 

Mix ID with Binder 
Average Rutting properties from the MWT 

FNV FNH 

Mix 1 (PG 64-16) 1676 804 

Mix 2 (PG 70-16) 3751 1762 

Mix 3 (PG 76-16) 30466 18899 

Mix 4 (PMB 4% SBS) 48796 47919 

Mix 5 (PMB 6% SBS) 49451 49105 

 

3.7 RELATIONSHIP BETWEEN BINDER RHEOLOGICAL PARAMETERS 

AND PERMANENT DEFORMATION BEHAVIOUR OF THE MIXES 

3.7.1 Relationship between FN, |E*| and binder rheology 

Figure 3.6a and b depict the relationship of Flow Number (FN) from the 

dynamic creep test with Jnr and CEP parameters at two stress levels 0.1 kPa and 3.2 

kPa. It can be clearly observed that although Jnr of the asphalt binders revealed an 

expected trend that matches with the FN values of the asphalt mixtures, it offers a 

narrow range of values. As discussed earlier, based on Jnr results, the graphical 

representation in this section points out that the difference in PMB 4% SBS and PMB 

6% SBS binders is marginal and is not comparable with asphalt mixture test results. 

On the other hand, the CEP parameter revealed a wider range of values, and the 

distinction between PMB 4% SBS and PMB 6% SBS binders is more pronounced and 

comparable with asphalt mixture test results. 
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(a) 

 

(b) 

Figure 3.6. Relationship of Flow Number (FN) with (a) Jnr and (b) CEP parameter at 64 °C 

As it has been shown earlier that G*/sin (δ) is insufficient in characterising the 

rutting susceptibility of polymer modified binders (Zhang et al. 2015; Witczack et al. 

2002; D’Angelo, 2009), and that, Jnr is preferred over G*/sin(δ) for rutting 

characterisation of asphalt binders, this research mainly focuses on the investigation 

of the relationship of Jnr and CEP with asphalt mix rutting parameters. The analysis 

presented in this section covers only the correlations of Jnr and CEP parameters with 
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DM test results, and the correlations of all three rheological parameters, i.e., G*/sin(δ), 

Jnr and CEP parameter with FN values from the dynamic creep test. 

The graphical correlations between DM (|E*|) of the asphalt mixtures and the 

binder rheological rutting parameters are presented in Figure 3.7 (a–d). The binder 

rheological parameters utilised are Jnr and CEP at both 0.1 kPa and 3.2 kPa. The 

rheological parameters at 64 °C and dynamic modulus values at 54.4 °C were utilised 

for the purpose of the correlations. The average values of the respective rutting 

parameters of each mix were considered. Figure 3.7 as a whole demonstrates that the 

correlations of CEP at two stress levels 0.1 kPa and 3.2 kPa with |E*| at different 

temperatures and loading frequencies are higher than those for Jnr at 0.1 kPa and 3.2 

kPa with |E*| at the corresponding temperature and frequencies.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 3.7. Correlations of asphalt mix rutting parameters from the Dynamic Modulus test with      

(a) Jnr at 0.1 kPa, (b) Jnr at 3.2 kPa, (c) CEP parameter at 0.1 kPa, and (d) CEP parameter at 3.2 kPa. 

As the Dynamic Creep test was performed at 60 °C, FN values at 60 °C and 

rheological parameters at 64 and 70 °C were considered for the correlations. Figure 3.8 

(a–c) shows that the correlations of FN from the dynamic creep test with CEP were 

found better than those with individual parameters, i.e., G*/sin (δ) and Jnr. This can be 

attributed to the fact, that the combination of the two parameters which represent the 

elastic and plastic behaviours of the asphalt binders gives a greater confidence and 
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shows better relationship with the asphalt mixture rutting characteristics. In this 

regard, it can be said that the incorporation of more binders, especially the binders 

modified with different types of additive should reveal a more pronounced contrast 

in the relationship of Jnr and CEP with asphalt mixture rutting parameters.  

 

 

(a) 

 

(b) 
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(c) 

Figure 3.8. Correlations of Flow Number (FN) from the Dynamic Creep test with (a) G*/sin(δ), (b) 

Jnr, and (c) CEP parameter 

3.7.2 Relationship of MWT results and binder rheology 

The graphical correlations between the MWT parameters and the binder 

rheological rutting parameters are presented in Figure 3.9a and b. The MWT 

parameters utilised for the correlations are Log (FNV), and Log (FNH). The binder 

rheological parameters utilised are Jnr at both 0.1 kPa and 3.2 kPa, and CEP at both 0.1 

kPa and 3.2 kPa.  The rheological parameters at 64°C were utilised for the purpose of 

all the correlations. The average values of the MWT parameters of each mix were 

considered for the correlations. Figure 3.9a shows that the correlations between the 

MWT parameters and Jnr at 3.2 kPa were found higher than that at 0.1 kPa, with all 

values higher than 0.90. This is due to the obvious reason that the asphalt mixes in the 

wheel tracker are subjected to high stresses and high temperature, making them 

undergo plastic behaviour. It can also be noted from Figure 3.9b that correlations of 
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Log (FNV) with CEP at 0.1 kPa and 3.2 kPa were higher than those with Jnr, indicating 

that it can potentially supplement G*/sin (δ) and Jnr at 0.1 kPa. The correlations of 

binder rheological parameters with Log (FNH) followed the same trend (not shown in 

figure). 

Results from this chapter show that the CEP parameter can be considered for 

true characterisation of asphalt binder because of its ability to distinguish the binders 

more markedly than any other rheological parameters. This can possibly address and 

eliminate overdesigning issues, thereby reducing the material costs. Overall, the 

results demonstrate the applicability of CEP as a potential supplementary parameter 

to the existing Superpave high-temperature (G*/sin(δ)) and MSCR test parameter (Jnr), 

in particular for modified binders. 

 

(a) 
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(b) 

Figure 3.9. Correlations of Log (FNV) from the MWT test with (a) Jnr at 0.1 and 3.2 kPa, and (b) CEP 

parameter at 0.1 kPa and 3.2 kPa 

3.8 CORRELATION OF DM AND MWT TEST 

The correlation of the DM and the MWT was investigated as the first step to 

study the similarity of the MWT test with the SPT test candidates. The |E*| values at 

54.4°C at 0.1, 5, and 10 HZ were utilised for obtaining the correlations with FNV and 

FNH obtained from the MWT. The correlations are presented in Figure 3.10. As can be 

clearly observed, there exist fair correlations between the two test methods, with all 

the R2 values well above 0.60. For the correlation of |E*| values with FNV and FNH, 

the highest correlation was observed at 10 Hz. This complements and is in agreement 

with previous investigations that reported that |E*| at 54.4°C and 10 Hz had the best 

correlation with FN from the dynamic creep test (Witczack 2005; Zhang et al. 2013).  
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(a) 

 

(b) 

Figure 3.10. Correlations of DM (|E*|) at 54.4 °C at different frequencies with (a) FNV, and (b) FNH 
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3.9 SUMMARY AND CONCLUSIONS 

The following can be concluded based on the results and discussion presented 

in this chapter: 

1. The percentage change values in rheological parameters as a sign of improvement 

due to the increase in SBS polymer content are more pronounced when the high-

temperature parameter and non-recoverable creep compliance are combined in one 

single term, designated as CEP parameter. 

2. The Jnr parameter is less sensitive compared to the CEP parameter and it was 

observed that the Jnr parameter alone could not clearly distinguish between PMB 

4% SBS and PMB 6% SBS binders, and the distinction is not comparable with the 

asphalt mixture tests results. On the other hand, the CEP parameter revealed a 

wider range of values, and the distinction between PMB 4% SBS and PMB 6% SBS 

binders based on this parameter is much clearer and comparable with asphalt 

mixture test results. 

3. For the mix gradation and binders utilised in this research, the CEP was found to 

be more reliable than the Jnr parameter for evaluating the rutting 

performance/resistance of asphalt binders, as better correlations of CEP were found 

with the asphalt mix performance evaluated in the DM, DC, and MWT tests. 

4. The incorporation of more modified binders in future studies should help further 

evaluation of the relationship of Jnr and CEP with asphalt mixture rutting 

parameters.  

5. This research is limited to the use of only one dense-graded HMA. Therefore, it is 

recommended that additional mix gradations should be studied in the future to 

further supplement the findings reported herein. 

6. Good correlation was observed between the DM and the MWT test. For the 

correlation of |E*| values with FNV and FNH, the highest correlation was observed 

at 10 Hz. 
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Chapter 4. RELATIONSHIP OF THE MODIFIED WHEEL TRACKER 

(MWT) AND THE DYNAMIC CREEP TEST FOR EVALUATING THE 

PERMANENT DEFORMATION OF HMA 

4.1 INTRODUCTION  

As discussed earlier, permanent deformation in the form of rutting is a 

common mode of failure in flexible pavements (Abed and Al-Azzawi, 2012). While 

the stress conditions and the pavement layer properties are the primary factors that 

influence this kind of distress, the stress conditions in various layers of pavements are 

in turn influenced by the thickness and stiffness of the pavement layers, and the 

contact stress distribution. As discussed earlier, the shear deformation causes severe 

permanent deformation in flexible pavements. Hence, it is important to investigate 

and evaluate the susceptibility of the asphalt mixtures to shear deformation. It has also 

been found that permanent deformation analysis that utilises only mix densification 

or rut depth under fully confined conditions similar to the conventional wheel 

trackers is not accurate enough (Saleh, 2018). These results can often be misleading for 

evaluating the true permanent deformation behaviour of the asphalt mixtures, as they 

do not consider the lateral deformation. For this reason, analysis that includes both 

lateral and the vertical deformation would be appropriate for evaluating the 

permanent deformation resistance of asphalt concrete mixtures.  

4.2 BACKGROUND 

As recommended by Walubita et al. (2012), depending on structural design 

type of pavements (conventional, overlay or perpetual), the Wheel Tracking Device 

and either the Dynamic Modulus or the Repeated Load Permanent Deformation test 

should be conducted when both mix-design and structural design are taken into 

consideration. However, few studies have investigated the direct correlation between 

the flow numbers and creep and tertiary slopes resulting from the respective tests. 

Mohammad et al. (2002) investigated the relationship between Hamburg rut depth 
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and flow number from the dynamic creep test, but the research lacked in the 

calculation of flow number from the wheel tracker test data. 

As reported in the previous chapter, this modified assembly of the wheel 

tracker was subsequently standardised under ASTM D8292-20. The advantage of 

using the unconfined or the modified assembly of the wheel tracker lies in the distinct 

revelation of the primary, secondary, and tertiary zones of the permanent deformation 

curve, which can be utilised to quantify the flow number and the creep and tertiary 

slopes. Yildirim et al. (2007), and Izzo and Tahmoressi (1999), defined the creep slope 

as the slope of the linear region of the curve after post-consolidation, which represents 

the rutting susceptibility due to plastic flow. They also defined the tertiary slope as 

the permanent deformation rate occurring within the linear region of the curve after 

the inflection point. The MWT utilised in this research, utilises the dry test condition 

or saturated surface dry condition, and the slope of the resulting tertiary zone is 

designated as tertiary slope.  

Locating the transition points for the onset of secondary and tertiary zones of 

the permanent deformation curve is an iterative task and indeed requires judgement 

as pointed out by West et al. (2004). Researchers such as Rushing et al. (2014) discussed 

how the Francken model could be used to determine the primary, secondary and 

tertiary zones of a static creep test data. The Francken model was chosen because it 

can model all three stages of the permanent deformation curve and thus can fit both 

the dynamic creep permanent microstrain and MWT permanent deformation data. 

Witczak et al. (2002) and Apeagyei (2011) observed that the FN test results bore 

a fairly good correlation with the rut depths from the Hamburg Wheel Tracker. 

However, decisive evidence on the correlation between FN and wheel tracking test 

results still remains limited as no research utilised the unconfined setup of the wheel 

tracker which could yield a clear tertiary zone, and thereby FN.  It should be noted 

that, the cumulative deformation of asphaltic materials under traffic loads is a 

complex problem. Most importantly, rutting is a function of Principal Stress Axis 
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Rotation (PSAR), and the permanent axial strain is a key contributing factor for such 

distress (Inam et al. 2012).  The uniaxial or even triaxial cyclic loading in the dynamic 

creep test cannot account for the PSAR. Therefore, the wheel tracking test is important 

because it takes into account the rotation of the principal stresses behaviour, thereby 

replicating the actual field response. In general, the dynamic triaxial test is not a 

simple test that can be used regularly for quality control and quality assurance and 

therefore it is unlikely that practitioners will be able to adopt such a test. On the other 

hand, the wheel tracker is a very common and simple tool and the test is simple and 

familiar to highway agencies and practitioners.   

This chapter aims to establish the direct relationship between the MWT and the 

dynamic creep test to investigate if the mechanisms of rutting (densification and shear 

deformation) of the MWT and dynamic creep are comparable or equivalent in both 

tests. As mentioned earlier, previous studies could only correlate the rut depth from 

the wheel tracker with the Simple Performance Test (SPT) measurements. Therefore, 

this chapter aims to investigate if the MWT test and the dynamic creep or FN test 

methods, and thereby the parameters from these tests are correlated with each other 

in the matter of ranking and screening asphalt concrete mixtures for rutting resistance 

potential. The dynamic creep test was chosen in this research because it is a 

fundamental test to characterise permanent deformation behaviour. In addition, this 

test is one of the simple performance tests that was recommended by NCHRP 465 to 

characterise permanent deformation behaviour. To fulfil the aforementioned 

objective, a total of four asphalt concrete mixes were tested and evaluated in each test 

method. 

In addition, the repeatability of the MWT was investigated for both the 

unconfined and confined setup. To fulfil this objective, three asphalt mixtures, in 

addition to the previous four, were tested in the MWT.  
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4.3 LABORATORY TEST METHODS 

4.3.1 Dynamic Creep Test 

The unconfined mode of the dynamic creep test was selected for this research, 

where the specimens were subjected to a repeated haversine axial compressive 

loading pulse of 0.1 s every 1 s with a deviatoric stress of 600 kPa as recommended by 

NCHRP Report 465, and Goh and You (2009). Another reason for choosing 600 kPa as 

the deviatoric stress was to simulate the stresses developed from the vertical loading 

of the 700 N loaded wheel in the wheel tracker. The footprint of the wheel tracker 

wheel has the approximate dimensions of a width of 50.0 mm, and a length of 22.5 

mm, which applies a 620 kPa stress on the surface of the asphalt specimens.  

As pointed out by Zhang et al. (2013) and Ali et al. (2017), although the FN has 

been widely accepted as an indicator for rutting performance, the FN Index is a more 

promising indicator for evaluating rutting susceptibility than the FN approach. This 

is because this parameter takes into account both FN and the deformation at FN. 

Hence, this relatively new concept of the FN index is explored in this chapter. The FN 

index is the ratio of the accumulated permanent strain and the FN or the 

corresponding number of loading cycles at the tertiary flow point. The FN Index is 

presented in Equation 4.1, where εp(F) represents accumulated permanent strain at 

the inflection point and FN is the flow number. 

FN index =  
εp(F)

FN
                                                                                                                     (4.1) 

4.3.2 Modified Wheel Tracking Test (MWT) 

A modified setup of the wheel tracker was used for rutting characterisation in 

the slab specimens of compacted asphalt concrete mix with dimensions                            

305 mm × 305 mm × 75 mm. The setup includes a single wheel made of solid rubber, 

with tyre width of approximately 50 mm. The parameters obtained from the MWT 

test and utilised are rut depth (cumulative permanent vertical deformation) up to 
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50,000 wheel cycles or until a maximum rut depth of 15 mm is reached, whichever 

occurred first, along with vertical and horizontal FN and corresponding FN Indices. 

4.4 MATERIALS AND EXPERIMENTAL PROGRAM 

This research utilised dense graded hot mix asphalt AC14 and AC20 with 14 

and 20 mm nominal maximum aggregate size (NMAS) respectively, as these are the 

common mix gradations for heavily trafficked flexible pavements in NZ. The 

optimum binder contents for the AC 14 and AC 20 mixes were determined as 4.7% 

and 5.1% respectively of the total mass of the mix. 

Design air voids for dense graded mixes are always between 3-5% with average 

4.0%, and 7.0% air voids represents the air voids in the field immediately after 

construction and before trafficking. For this reason, the asphalt concrete mixture slab 

samples were compacted at these two different air voids contents 4±1% and 7±1% 

(shown in Table 4.1). Both the dynamic creep test and the wheel tracker test were 

conducted at 50 and 60 °C. The research utilised a total of four combinations of mix 

types, binder, air voids and test temperatures with three replicates each (core and slab) 

for each test, as illustrated in Table 4.1.  

Although the standard ASTM D8292 states that the tests can be performed at 

60°C for a binder PG high temperature greater than 50 °C, the selection of 50 °C 

temperature for Mix 1 and Mix 3, and 60 °C for Mix 2 and Mix 4 was made to study 

the effect of high temperature on the permanent deformation behaviour of the asphalt 

mixes. This chapter utilised a test matrix of four factors; each at two levels were 

considered. These factors are: bitumen grade (PG 70-16 and PG 76-16), mix NMAS 

(AC 14 and AC 20), VTM (4% and 7%), and temperature (50 °C and 60 °C) as can be 

seen in Table 4.1. All slabs were 75 mm thick.  

The details of mix design and aggregate properties are presented in Appendix 

A. 
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Table 4.1. HMA test matrix for dynamic creep test and modified wheel  

 

To investigate the repeatability of the Modified Wheel Tracker (MWT), 

additionally, a separate matrix was used, as shown in Table 4.2. Both the unconfined 

and totally confined setups of the wheel tracker were used to evaluate the 

repeatability utilising this matrix.  

Table 4.2. Additional matrix for assessing the repeatability of the MWT 

Mix Binder Mix NMAS VTM (%) Temperature 
Slab thickness 

(mm) 

1 PG 76-16 AC 14 7±1 60 ⁰C 50 

2 PG 70-16 AC 14 7±1 60 ⁰C 75 

3 PG 76-16 AC 20 7±1 60 ⁰C 75 

  

4.5 ANALYSIS OF LABORATORY RESULTS 

4.5.1 Analysis of Dynamic Creep and MWT Test Results 

The unconfined dynamic creep test was conducted on cylindrical specimens at 

50 °C and 60 °C to evaluate the rutting resistance behaviour of mixtures. During the 

test, the permanent axial strains along with the corresponding number of load pulses 

were recorded. The FNs from the Dynamic Creep test for the different mixes and their 

replicates are shown in Table C.1 presented in Appendix C. The data suggests that 

Mix 1 (AC 20 with PG 76-16) has the highest rutting resistance, followed by Mix 2 (AC 

Mix Bitumen 
Mix 

NMAS 

VTM 

(%) 
Temperature 

MWT 

samples 

 Dynamic Creep 

cylinders 

     

Slab 

thickness 

(mm) 

 

Diameter (mm) 
Height 

(mm) 

1 PG 76-16 AC 20 7±1 50 ⁰C 75  100 150 

2 PG 76-16 AC 14 4±1 60 ⁰C 75  100 150 

3 PG 70-16 AC 20 7±1 50 ⁰C 75  100 150 

4 PG 70-16 AC 14 4±1 60 ⁰C 75  100 150 
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14 with PG76-16), Mix 3 (AC 20 with PG 70-16) and Mix 4 (AC 14 with PG 70-16), as 

may be expected. FN was calculated for each replicate of each mix. Figure 4.1a shows 

the representative permanent strain curves of the mixes used for the dynamic creep 

test. 

As far as the mix behaviour is concerned, the use of stiffer binder under the 

same testing conditions and air voids content, AC 20 with PG 76-16 outperformed AC 

20 with PG 70-16 as evidenced by both vertical and horizontal flow numbers. The very 

same can be concluded for AC 14 with PG 76-16, which produced much higher 

horizontal and vertical flow numbers compared to AC 14 with PG 70-16 binder. 

Moreover, the use of larger NMAS and lower temperature in AC 20 contributed 

towards the permanent deformation resistance more than what VTM did. This is 

evident from the higher FN of AC 20 with 7% VTM and testing temperature of 50 °C 

when compared to the lower FN of AC 14 with 4% VTM and testing temperature of 

60 °C.   

The MWT test was then carried out and subsequently, the voids calculation for 

all the cylindrical and slab samples was done. The %VTM achieved for all the 

replicates of four mixes was within the range of x±1%, where x is the target % VTM. 

Bulk specific gravity (Gmb) and theoretical maximum specific gravity (Gmm) of all the 

samples were calculated according to ASTM D2726 and ASTM D2041 respectively, 

and VTM calculations were subsequently done. 

Similar to the dynamic creep results, Mix 1 produced the highest flow number, 

followed by Mix 2, Mix 3, and Mix 4, when tested under the MWT. As can be observed 

in Figure 4.1b and 4.1c, the permanent deformation curves from the MWT show three 

distinct zones that correspond to the permanent strain curve that results from an 

unconfined dynamic creep test in Figure 4.1a.       

 



 

88 
 

 

(a) 

 

(b)  
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(c) 

Figure 4.1. (a) Permanent strain curves for the mixes, (b) Representative vertical and (c) horizontal 

deformation curves for the mixes 

For the MWT test results, prior to the main analyses, the correlation of the flow 

numbers based on the vertical and the horizontal permanent deformations was 

investigated to observe how well these relate with each other. The flow numbers based 

on horizontal permanent deformation showed excellent correlation with the flow 

numbers based on the vertical permanent deformation, with a coefficient of 

determination 0.98 (in log-log space), as can be seen in Figure 4.2a. The use of four 

different mixes and three replicates diminished the probability of random 

observations obtained by-chance. This fact agreed with the research by Saleh (2018), 

and hence, the establishment of the flow number based on horizontal permanent 

deformation could be validated. Figures 4.2b and 4.2c show that both horizontal and 

vertical permanent deformations developed in the asphalt concrete slabs after the 

wheel tracker test which resembles the actual field condition. The total deformation 

can vary depending on the chosen slab width, however, the strain that develops as a 

result of the wheel tracking is relative to the slab width. This research utilised a 

standard slab width of 305 mm. To limit friction, filter paper was used to envelope the 
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underside and the sides of asphalt specimen in the wheel tracker. Hence, a very 

minimal confinement was induced in the form of friction and did not necessarily 

contribute to limiting the horizontal deformation. 

 

(a) 

     

                        (b)                                                     (c) 

Figure 4.2. (a) Correlation of vertical and horizontal flow numbers, (b) Asphalt concrete slab vertical 

deformation of 15mm, and (c) development of 10mm horizontal deformation  
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The vertical and horizontal flow numbers of the four mixes and their replicates 

are presented in Table C.1 in Appendix C. It can be observed that the mean of the flow 

numbers confirm that Mix 1 has the best permanent deformation resistance, followed 

by Mix 2, 3, and 4. The same trend can also be observed from the dynamic creep test 

results, which indicates that the two tests are in-line with each other.  

In addition to the flow number determination, the creep slope, and tertiary 

slope from the MWT and the dynamic creep tests were determined. The definition of 

these parameters was discussed earlier. The creep and the tertiary slopes are also 

presented in Table C.1. The general trend that was observed suggests that Mix 1 

showed the greatest resistance to permanent deformation based on creep slope and 

tertiary slope, followed by Mix 2, Mix 3, and Mix 4. The smaller the creep and tertiary 

slopes, the higher is the permanent deformation resistance. Both the dynamic creep, 

and MWT provided a similar trend. This corresponds with the vertical flow numbers 

and corresponding FN Index obtained from the MWT and flow numbers and 

corresponding FN Index from the dynamic creep test.
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It can also be observed from Table C.1 that the FNH of most of the mixes and 

their replicates are quite distinguishably lower than the flow numbers derived from 

the corresponding vertical deformations. Therefore, the analysis validates the 

advantage of the unconfined or the modified setup of the wheel tracker, which yields 

the “horizontal flow number” that can in turn be used to potentially shorten the length 

of the test. Based on the average time difference between FNV and FNH of the four 

mixes, it was found that the use of FNH can reduce the total testing time by 25%. It 

should be noted that although the vertical and horizontal deformations are well-

correlated, the rate of the individual deformations is different, which subsequently 

influences the flow number values (lower horizontal than vertical). The vertical 

deformation begins at a higher rate than the horizontal deformation until a certain 

cycle number, after which the horizontal deformation overtakes the vertical 

deformation. As pointed out by Saleh (2018), before this particular cycle number, the 

mix will undergo densification with rapid change in air voids, thus moving faster 

downward than moving laterally. This makes the vertical deformation progress at a 

faster rate than the horizontal deformation. Beyond this cycle number, the mix will 

move laterally at a faster rate with more shear deformation induced until failure.  

As discussed earlier in Section 4.3.1, FN Index was determined by using 

Equation 4.1 for the mixes and replicates tested in the MWT and dynamic creep test. 

The FN Indices of all the mixes and the replicates are also tabulated in Table C.1. For 

the MWT samples, the vertical and horizontal FN Indices were calculated by dividing 

the deformation (in mm) at FN by the corresponding FN. The FN Index values of the 

dynamic creep samples were converted from microstrain/cycle to mm/cycle by 

multiplying the corresponding microstrain values with the gauge length. A lower 

value of FN Index corresponds to higher rutting resistance of asphalt concrete mixes 

and vice versa. This can be further supported by the graphical representation of the 

relationship of the FN and FN Index in Figure 4.3a to 4.3c. In addition, the vertical and 
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the horizontal FN Index from the MWT were found to be in agreement with each other 

(Figure 4.3d). 

 

(a) 

 

 

(b) 
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(c) 

 

 
(d) 

Figure 4.3. (a) Average FN and FN Index (deformation in mm/cycle) of dynamic creep samples, (b) 

Average FNV and vertical FN Index (deformation in mm/cycle) of MWT samples, (c) Average FNH 

and horizontal FN Index (deformation in mm/cycle) of MWT samples, and (d) correlation of vertical 

and horizontal FN Index of MWT samples 
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4.6 GRAPHICAL CORRELATIONS OF LABORATORY TEST RESULTS 

4.6.1 Correlation of Flow Numbers, FN Index and Associated Parameters from 

Corresponding Tests 

As all the mixes and their replicates revealed that the voids content was within 

the tolerable limit, and the COV (%) values of the flow numbers of almost all the mixes 

tested in MWT were found to be less than 20%, the flow numbers of the MWT slab 

mixes and their replicates were tabulated in such an order, which would best 

correspond with the dynamic creep mixes and their replicates. A denser scatter was 

aimed by utilising all the replicates of the mixes (twelve points in the graphs) rather 

than utilizing the average of the flow numbers from the corresponding tests and mixes 

(four points in the graph). 

The flow numbers based on the horizontal and the vertical permanent 

deformations derived from the MWT were correlated with the flow numbers from the 

dynamic creep test for all four types of mixes. As can be seen from Figures 4.4a and 

4.4b, the vertical (FNV) and horizontal flow numbers (FNH) from the MWT correlated 

very well with the dynamic creep flow numbers with R2 value of 0.95 and 0.90, 

respectively.  

In addition to the FNV, FNH, other correlations were obtained for the FN Index 

parameter from the corresponding tests, presented in Figures 4.4c and 4.4d. The 

correlations suggest that the MWT holds a fairly strong relationship with the 

fundamental dynamic creep test. The relationships of FN Index of dynamic creep 

samples and the vertical and horizontal FN Index of MWT samples (Figures 4.4c and 

4.4d) provide a reasonable indication that FN from the MWT and the FN Index from 

the corresponding tests can be useful and important in characterizing permanent 

deformation resistance of HMA. 
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(a) (b) 

  
(c) (d) 

Figure 4.4. Correlation of FN from dynamic creep with (a) the vertical FN (FNV) from MWT, (b) 

horizontal FN (FNH) from MWT, (c) FN Index from dynamic creep with vertical and (d) horizontal 

FN Index from MWT 

Like the correlations of the flow numbers between the dynamic creep and 

MWT test, the correlations of the cycle number to reach maximum deformation versus 

the vertical and horizontal FNs were determined between the two types of test to 

quantify the tertiary flow with respect to the cycle number to reach maximum 

deformation. In other words, the correlations were obtained to cross-check if there is 

any linearity in the prediction of the point of tertiary flow (FN) with respect to the 

cycle number across the mixes and their replicates (presented in Figure 4.5a-4.5d). 

Figure 4.5a shows the correlation of the maximum cycle number between the dynamic 

creep and MWT. It can be clearly observed that the correlations were found to be 

promising. However, MWT samples were able to maintain a better linearity in the 

prediction of the point of tertiary flow (for vertical deformation) with respect to the 
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maximum cycle number across the mixes and their replicates, observed from the 

higher R2 values of 0.95 compared to that of 0.92 for the dynamic creep samples. 

  
(a) (b) 

  
(c) (d) 

Figure 4.5. Correlation of (a) maximum cycle number of dynamic creep samples versus maximum 

cycle number of MWT samples, (b) maximum cycle number versus FN from dynamic creep (c) 

maximum cycle number versus vertical flow number (FNV), and (d) horizontal flow number (FNH) 

from MWT 

4.6.2 Correlation of Creep and Tertiary Slopes from Corresponding Tests 

The creep slopes from the mixes tested in the MWT correlated well with those 

from the dynamic creep with R2 of 0.93, as presented in Figure 4.6. It can also be 

observed that the tertiary slopes also reasonably correlated with R2 value of 0.87. A 

greater FN indicates greater permanent deformation resistance in asphalt concrete 

mixes, and thereby, lower creep and tertiary slopes. Both the tests confirmed this, 

except for a very few inconsistencies. For instance, the tertiary slope of the first 

replicate of Mix 3 tested in the dynamic creep test is greater than the third replicate of 

Mix 4, while the former is evidently more permanent deformation resistant compared 
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to the latter and should have a smaller tertiary slope than the latter. This could be 

attributed to the fact that when mixes tend to show an exceedingly small and less 

prominent inflection zone, the determination of the creep and the tertiary slope 

becomes increasingly difficult and subjective, as compared to the mixes which show 

a distinct and clear inflection point. Nevertheless, it can be said that the two tests are 

in-line with each other.  

 

Figure 4.6. Correlation of the creep and tertiary slopes from dynamic creep test and MWT 

4.7 RANKING OF THE PERMANENT DEFORMATION RESISTANCE OF THE 

MIXES 

Almost all the parameters studied and correlated in this research, such as the 

vertical and horizontal flow numbers and the corresponding FN Index from the MWT 

test, the flow numbers from the dynamic creep test and the corresponding FN Index, 

the creep and tertiary slopes from the corresponding test provided similar rankings, 

when averaged across the three replicates of the mixes. This ranking was found to be 

in the order Mix 1>Mix 2>Mix 3>Mix 4. The MWT Horizontal FN Index parameter, 

however, provided a minimally different ranking, which predicted Mix 2 to be better 
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than the other mixes. Nonetheless, it can be said that the ranking is uniform across the 

parameters. Although the two tests provided a very similar ranking, the use of the 

MWT is justified because it is a simple test and takes into account the Principal Stress 

Axis Rotation (PSAR). This can be further supported by the observations from the 

study by Chaturabong and Bahia (2017), where it was reported that the wheel tracker 

test can represent the cyclic loading using actual wheel loads, which can accurately 

simulate the in-field mechanism of rutting. On the other hand, the dynamic creep test 

is neither a simple test, nor does it take into account the PSAR (discussed earlier). The 

ranking presented in this section provides an indication that MWT is in general 

agreement with the dynamic creep test, while still possessing the advantage of its 

simplicity and consideration of the PSAR.  

4.8 REPEATABILITY OF THE MWT 

This chapter also attempts to investigate if the precision of the MWT rutting 

parameters is comparable with the dynamic creep test reported in AASHTO T378. 

This was done because ASTM D8292 does not have a precision statement yet, hence, 

it was important to investigate the precision of the two tests to compare the variability 

of the test results. This chapter preliminarily addresses that, which could be beneficial 

for future and ongoing research with the MWT. The overall repeatability was 

determined from the overall coefficient of variation (COV %) values for the various 

parameters from the corresponding tests studied in this chapter. These are presented 

in Tables 4.3 and 4.4. The parameters obtained from the MWT showed promising 

repeatability and are comparable to the dynamic creep test standard, in particular the 

flow numbers based on the vertical and horizontal deformations. However, the 

resulting vertical and horizontal FN Index showed higher variability than the other 

parameters. The COV (%) for FNV and FNH were found to be 17.1 and 12.0% 

respectively, while the vertical and horizontal FN Index had COV (%) of 29.2 and 

38.8% respectively. The COV (%) for the creep and tertiary slopes were found to be 

26.0 and 22.1% respectively.  Based on this research, it can be inferred that the most 
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susceptible parameters to the aforementioned reasons of variability are the vertical 

and horizontal FN Indices.  

For the second matrix of three mixes utilised, for the confined condition, the rut 

depths at 12000, 25000, and 50000 cycle numbers (or the final rut depth, in mm) were 

recorded and utilised for the precision estimates of the confined setup. The results are 

presented in Table 4.5.  This was done to ensure the identification of more variables 

for the purpose of precision estimates, and primarily acknowledged to the fact that 

the permanent deformation in a confined mode is principally due to the mix 

densification, and hence, the rate of deformation and the rut depth value at increasing 

cycle numbers with the progress of the test needs to be evaluated. 
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Table 4.3. Coefficient of variation (%COV) values of the FN and the FN-Indices obtained from the dynamic creep and the MWT tests 

 

Table 4.4. Coefficient of variation (%COV) values of the creep and tertiary slopes obtained from the dynamic creep and the MWT tests 

Dynamic creep samples   Wheel tracker samples 

 FN FN Index (10-4)   FNV FNH VL FN index (10-7) HL FN index (10-7) 

Mix Avg. SD COV (%) Avg. SD 
COV 

(%) 
 

 
Avg. SD 

COV 

(%) 
Avg. SD 

COV 

(%) 
Avg. SD 

COV 

(%) 
Avg. SD 

COV 

(%) 

1 211 38.43 18.21 220 90 41   34151 2332 6.8 26298 5038 19 1721 440 26 934 401 43 

                     

2 142 16.37 11.53 305 95 31   27644 5117 18.5 24875 2970 11.9 1757 439 25 723 359 50 

                     

3 62 10.58 17.07 757 181 24   4524 616 13.6 3033 191 6.3 10371 2445 24 5934 1374 23 

                     

4 53 10.0 18.87 786 136 17   3251 964 29.6 1813 190 10.5 12543 5255 42 7890 3063 39 

Dynamic creep samples  Wheel tracker samples 

 Creep slope Tertiary slope  Creep slope (10-5) Tertiary slope (10-5) 

Mix Avg. SD COV (%) Avg. SD COV (%)  Avg. SD COV (%) Avg. SD COV (%) 

1 109.4 32.4 29.6 106.6 18.7 17.6  6.7 2.1 31.2 8 1.7 21.7 

              

2 137.9 33.1 24.0 183.2 37.5 20.5  5.3 1.2 21.7 10.33 0.6 5.6 

              

3 347.8 58.3 16.8 594.8 177.7 29.9  47 15 33.0 197 70 36.0 

              

4 369.5 109.4 29.6 752.5 343.7 45.7  70 17.3 24.7 280 70 25.0 
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Table 4.5. Modified wheel tracker results for confined samples 

Mix Replicates 

RD at 

12000 

cycle 

numbers 

(in mm) 

Avg. SD 
COV 

(%) 

RD at 

25000 

cycle 

numbers 

(in mm) 

Avg. SD 
COV 

(%) 

RD at 50000 

cycle 

numbers 

(final rut 

depth, in 

mm) 

Avg. SD 
COV 

(%) 

 1 4.03    4.54    5.01    

1 2 4.68 4.35 0.33 7.47 5.2 4.85 0.33 6.84 6.23 5.51 0.64 11.6 

 3 4.35    4.81    5.29    

              

 1 5.08    5.68    6.37    

2 2 5.27 5.45 0.48 8.81 6.13 6.28 0.68 10.86 7.04 7.14 0.82 11.5 

 3 5.99    7.02    8.00    

              

 1 2.84    3.34    3.82    

3 2 2.64 2.69 0.13 4.92 3.08 3.13 0.19 6.21 3.52 3.55 0.26 7.36 

 3 2.59    2.96    3.3    

Note: RD = Rut depth, Avg. = Average, SD = Standard Deviation, COV = Coefficient of Variation 
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Figures 4.7b and c clearly show that both vertical and horizontal permanent 

deformation curves reveal three distinct zones—the primary, secondary and the 

tertiary zones, as can observed from other fundamental permanent deformation tests, 

such as the Flow Tests (Flow Time and Flow Number). On the other hand, none of the 

mixes revealed such a curve (or did not fail) when tested in the confined setup, 

observed from Figure 4.7a. In terms of the permanent deformation resistance of the 

mixes studied in this study, Mix 3 proved to be the best performing mix observed from 

the average Flow Numbers based on vertical and horizontal deformations. This is 

expected and convincing, as the mix utilised a bigger NMAS of 20-mm and stiffer 

binder of PG 76-16, when compared to Mix 2, which utilised 14-mm NMAS and a 

softer binder of PG 70-16. It was also noted that the performance of Mix 1 could not 

be compared with the other two, as the thickness of Mix 1 slabs was 50-mm; however, 

the rut that accumulated has been proportional to the slab thickness.  

 

 

(a) 
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(b) 

 

(c) 

Figure 4.7. Representative permanent deformation curves of the three mixes studied in (a) confined 

setup, (b) vertical deformation, and (c) horizontal deformation of three mixes studied in unconfined 

setup of the modified wheel tracker 

The results in Table 4.5 presented earlier indicate that the confined setup of the 

wheel tracker has a promising repeatability in terms of rut depth at 12000, 25000, and 
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the final rut depth at 50000 cycle numbers, as observed from the coefficient of variation 

(% COV) values. The results also show that the repeatability is comparable to the 

HWTT repeatability as reported by Azari (2014), and Cox et al. (2013) in their research. 

For the purpose of analysing the results of unconfined condition, the flow numbers 

(FN) were determined for the samples that were tested, and were used to determine 

the precision of the unconfined setup of the modified wheel tracker test. The results 

are presented in Table 4.6. 

Table 4.6. Modified wheel tracker results for the unconfined samples 

Mix Replicate FNV Avg. SD COV (%) FNH Avg. SD COV (%) 

 1 781    529    

1 2 851 888 129 15 803 645 142 22 

 3 1031    604    

          

 1 791    533    

2 2 1071 834 218 26 764 644 116 18 

 3 641    636    

          

 1 1321    775    

3 2 2031 1581 391 25 1251 977 246 25 

 3 1391    905    

 

The confined setup showed better repeatability compared to the unconfined 

setup possibly because none of the mixes and their replicates failed (i.e., did not 

exhibit tertiary flow or inflection point) in the confined setup. Thus, the mixes tended 

to behave more uniformly as the side barriers of the mould restrained the horizontal 

movement of the slabs, thereby leaving minimal room for variation. On the other 

hand, the unconfined setup is likely to experience more variation in Flow Numbers 

based on vertical and horizontal deformations, because the slab is free to move 
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laterally in this setup, and this open-ended condition does leave room for variability 

in mix performance. However, the mixes studied showed promising repeatability that 

can be compared with the COV (%) value of 23.9 % for the number of passes to 

inflection point, as summarised by Beercroft and Petho (2015) while referring to the 

findings of the research by Azari (2014) on AASHTO T-324 precision estimates. 

The variability of results across the replicates of the mixes can be attributed to 

several reasons, such as, the lack of homogeneity of the material used in each slab, the 

variability due to compaction and air voids, in addition to the variability due to the 

test itself. 

4.9 SUMMARY AND CONCLUSIONS 

The correlations between the MWT and the dynamic creep test were 

investigated in this chapter. The analysis involved the calculation and comparison of 

vertical, and horizontal flow numbers, the corresponding FN Indices, and the creep 

and tertiary slope of the samples tested in the MWT with those tested in the dynamic 

creep test. A total of four mixes with three replicates each were considered. The 

following conclusions are drawn based on this research: 

1. The vertical, and horizontal flow numbers (FN) from the wheel tracker correlated 

well with the flow numbers (FN) from the dynamic creep test, as did the 

corresponding FN Indices, and the creep and tertiary slopes that resulted from the 

corresponding tests. The highest correlation was found between the FN of 

dynamic creep and FNV of MWT samples.  

2. The recording of the horizontal or lateral deformation in the MWT test method 

can be considered realistic and important for a better characterisation of asphalt 

concrete mixtures, because it is representative of the actual in-field conditions.  

3. All the parameters utilised in this chapter, such as the flow numbers (FN), the 

corresponding FN indices, creep and tertiary slopes from the respective tests 

suggested very similar and uniform rankings of the permanent deformation 
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resistance of the asphalt mix samples tested in the dynamic creep test and the 

MWT test. Nonetheless, incorporation of more HMA mixtures in future studies is 

recommended. 

4. The MWT showed promising repeatability as is evident from the statistical 

measure of coefficient of variation (%COV) for the flow numbers, and was found 

within the tolerable limits for the Dynamic Creep or unconfined Flow Number 

test covered in AASHTO 378 (32.9 - 68.7% for NMAS 9.5 - 25mm). 

5. The results and analysis provide a reasonable confirmation that the MWT is in 

general agreement with the fundamental dynamic creep test, and can be used as 

an alternative or surrogate to the fully confined setup of the wheel tracker for the 

purpose of better characterisation of permanent deformation in asphalt concrete 

mixtures.  

It is envisaged that the findings of this chapter could considerably benefit the 

agencies and researchers who are currently using the MWT test standard, i.e., ASTM 

D8292. 
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Chapter 5. RUGGEDNESS ANALYSIS OF THE FACTORS 

INFLUENCING THE RUTTING CHARACTERISTICS OF HMA 

STUDIED UNDER THE MODIFIED WHEEL TRACKER (MWT) 

5.1 INTRODUCTION AND BACKGROUND 

The accurate and precise measurement of asphalt mixture properties is 

important for both selecting and designing appropriate mixtures for pavement 

projects, and Quality Assurance (QA) and Quality Control (QC) purposes. It has been 

discussed earlier how the MWT is helpful in complete characterisation of asphalt 

mixtures by taking into account the lateral flow or shear deformation, thereby 

producing the tertiary zone in the permanent deformation curve. While several 

research investigations have been conducted to develop multiple tests for the 

characterisation of permanent deformation, little information is obtainable from the 

existing literature on how the factors or the interaction of the factors from these tests 

affect the permanent deformation behaviour of the mix in the laboratory and the 

performance of these mixes in the field. This chapter deals with the ruggedness testing 

of the experimental factors affecting the permanent deformation behaviour of dense-

graded asphalt mixtures tested in the MWT.   

5.2 RUGGEDNESS TESTING AND FACTORIAL DESIGN APPROACH 

Ruggedness testing is a critical part of the development of a test method by 

designing robust and effective experimental designs. These designs are very efficient 

for evaluating the effect of changes in the factors on the chosen responses. For this 

type of statistical design, it is inherently assumed that each factor has an independent 

effect on the test results. Therefore, the observed effect resulting from simultaneous 

variation of several factors is essentially the sum of the individual effects. Since 

ruggedness testing is concerned with the evaluation of the effect of changes in testing 

conditions and not necessarily the form of the effect, each testing condition is usually 

evaluated at only two levels (NCHRP Report 629). 
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5.3 EXPERIMENTAL PLAN 

This chapter focuses on the ruggedness test of the factors that affect permanent 

deformation to investigate the significance of each factor and their interactions when 

studied under the MWT. Moreover, it is also important to rank and distinguish these 

factors in terms of their contribution towards the permanent deformation behaviour 

of asphalt mixes. This statistical analysis is expected to help in controlling and 

adjusting of the factors in the test method to evaluate the actual field response. The 

experimental design presented in this study was conducted in two phases; the factors 

and their levels which were included in this research for each phase of the 2k-p 

fractional factorial design ruggedness testing are presented in Table 5.1. 

Table 5.1. Two phases of half-fractional factorial experiments with four factors at two levels and two 

replicates 

Phase I 

Factors Levels Total combinations 

Binder 

PG 64-16 

16 runs 

Considering 1/2 factorial 

design, two replicates 

(unconfined for all runs) 

PG 70-16 

Voids in Total Mix (VTM %) 
4% 

7% 

Nominal Maximum Aggregate Size (NMAS) 
14 mm 

20 mm 

Temperature (°C) 
50°C 

60°C 

Phase II 

Factors Levels Total combinations 

Binder 
PG 64-16 

16 runs 

Considering 1/2 factorial 

design, two replicates 

(‘NMAS’ was replaced 

with ‘confining 

pressure’) 

PG 70-16 

Voids in Total Mix (VTM %) 
4% 

7% 

Temperature (°C) 
50°C 

60°C 

Confining pressure (kPa) 
0 (unconfined)  

1.31 kPa 
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The responses which were considered for each phase of experiments were 

fitted to a regression model and the factors were ranked. The statistical analysis was 

conducted according to ASTM E1169-20, and the statistical software Minitab 19.2020.1 

was used to design the experiments and run the analysis. 

For the selection of confining pressures, initially two unconfined (0 kPa lateral 

pressure), and lateral pressures of 0.9 kPa, and 1.31 kPa of lateral pressures were 

applied on AC 14 mixes with PG 70-16 binder, two air voids contents (4% and 7%) and 

one temperature 60⁰C. The vertical and horizontal permanent deformation results for 

these mixes were obtained and presented in Figure 5.1. As can be observed from the 

deformation curves, the AC 14 mix with 4% air voids and with lateral pressure of 1.31 

kPa behaved almost similarly to the AC 14 mix with 7% air voids and with lateral 

pressure of 0.9 kPa, while the mixes with zero confinement or lateral pressure behaved 

quite distinctly from each other and from the ones with confinement. It can be 

observed that the absence of confinement in the specimens resulted in higher vertical 

and horizontal deformations compared to others.  

Hence, the confining pressures for the subsequent work of ruggedness testing 

included 0 kPa (unconfined – lower end of the said pressures), and 1.31 kPa (upper 

end of the said pressures) to statistically investigate the effect of lateral pressures along 

with other factors on the permanent deformation characteristics of a series of asphalt 

mixtures with different combinations of mix and test conditions. 

Phase I will focus on the effect of test parameters on FN and FN Index values, 

while Phase II will focus on different measures of rutting, i.e., permanent deformation 

at 2000 cycles, and creep slope. 
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(a) 

    

(b) 

Figure 5.1. (a) Vertical, and (b) horizontal deformation curves for different confining pressures 

5.4 EXPERIMENTAL SETUP AND MIX PREPARATION 

The research utilised the modified wheel tracker, standardised under ASTM 

D8292, for the testing of 305 mm × 305 mm × 75 mm compacted HMA slab specimens. 
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A vertical load of 0.7 kN is applied on the specimens with a wheel tracking rate of 26 

cycles/min (52 passes per min). The test was conducted in dry condition, at specified 

temperatures. The test can be run in both unconfined and confined setups. The test is 

stopped at 50,000 cycles or when the total cumulative vertical permanent deformation 

(rut depth) reaches 15-mm, whichever occurs first.  

The mixing and compaction temperatures were chosen according to 

AS/NZS2891.2.1:2014 and AS/NZS 2891.2.2:2014. The compaction procedure was 

chosen according to the Australia and New Zealand standards. The gradation curves 

for AC 14 and AC 20 are shown in Figure 5.2. As can be observed, the gradations differ 

only in the coarse fractions while the middle and fine fractions are similar to each 

other. The details of mix design and aggregate properties are presented in Appendix 

A. 

 

Figure 5.2. Gradation curves of AC 14 and AC 20 



 

116 
 

5.5 PERMANENT DEFORMATION PARAMETERS 

5.5.1 Determination of FNV and FNH and the Vertical and Horizontal Indices 

The FNV and FNH for each specimen were determined by fitting the 

experimental vertical and horizontal deformation data to the Francken model, the 

details of which can be found in Chapters 3 and 4.  

Moreover, as discussed in Chapter 4, FN Index was found to be a promising 

indicator for evaluating rutting susceptibility, this was utilised as one of the responses 

in the analysis in this chapter.  

Vertical deformation at 2000 cycles and creep slope were also used as rutting 

parameters for analysis in Phase II. 

 

5.6 RESULTS AND ANALYSIS 

5.6.1 Phase - I 

Table 5.2 tabulates the vertical and the horizontal FN Indices of the asphalt 

concrete mixes tested under the MWT. The values were subsequently converted into 

the corresponding logarithmic values to address the skewness in the data, and also to 

reduce the wide range of values in the dataset to a more manageable size. Hence, the 

logarithmic values of the said parameters were considered as the responses for the 

statistical analysis.  
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Table 5.2. Rutting parameter results from MWT test 

Mix Binder 
VTM 

(%) 

T 

(°C) 

Mix 

NMAS 
FNV – R1* FNV – R2* FNH – R1* FNH – R2* 

1 PG 64-16 4 60 AC 14 1641 1711 611 996 

2 PG 64-16 7 50 AC 14 1691 2171 661 1726 

3 PG 70-16 7 50 AC 20 4561 3891 2978 3245 

4 PG 64-16 4 50 AC 20 6611 6711 5168 3851 

5 PG 70-16 4 60 AC 20 5101 6741 4952 7626 

6 PG 70-16 4 50 AC 14 49311 45181 49011 39052 

7 PG 70-16 7 60 AC 14 791 1081 533 764 

8 PG 64-16 7 60 AC 20 571 491 357 195 

 Corresponding vertical and horizontal Indices 

Mix Binder 
VTM 

(%) 

T 

(°C) 

Mix 

NMAS 

Vertical 

FN Index 

– R1* 

(10-6) 

Vertical 

FN Index 

– R2* 

(10-6) 

Horizontal 

FN Index – 

R1* 

(10-6) 

Horizontal 

FN Index – 

R2* 

(10-6) 

1 PG 64-16 4 60 AC 14 2961.609 3062.537 1423.895 1927.711 

2 PG 64-16 7 50 AC 14 2199.882 2040.534 1074.130 1407.879 

3 PG 70-16 7 50 AC 20 912.081 1315.857 594.359 699.538 

4 PG 64-16 4 50 AC 20 889.427 898.525 458.591 545.313 

5 PG 70-16 4 60 AC 20 1040.972 995.401 706.785 445.843 

6 PG 70-16 4 50 AC 14 87.202 110.223 33.870 28.4236 

7 PG 70-16 7 60 AC 14 3223.767 5513.414 2157.598 4123.037 

8 PG 64-16 7 60 AC 20 9264.448 11649.69 5882.353 6358.974 

T: Temperature, R1 and R2: Replicates 1 and 2 respectively 

Representative vertical and horizontal deformation curves with no 

confinement (0 kPa) are presented in Figure 5.3. As can be observed, almost all the 

mixes manifested three distinct permanent deformation zones while still being 
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distinctly different from each other. This renders them easy to distinguish and 

discriminate. It can also be seen that the higher FN produced lower FN Index and vice-

versa (Figure 5.4).  

 

(a) 

    

(b) 

Figure 5.3. Representative (a) vertical, and (b) horizontal deformation curves of the mixes with no 

confinement 
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(a) 

 

(b) 

Figure 5.4. Relationship of (a) FNV and Vertical FN Index, and (b) FNH and Horizontal FN Index 

5.6.2 Statistical Analysis 

The null hypothesis for this research is that, the response will not be affected 

by the change in test factors. The level of significance for this statistical analysis, "α", 

is equal to 0.05. Therefore, the acceptance or rejection of the null-hypothesis will 
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depend on the P-value, which is calculated and compared with "α". The P-value 

indicates the probability of getting a mean difference between the groups as high as 

what is observed by chance. A lower P-value indicates higher significance between 

the groups. In this research, a P-value lower than 0.05 indicates that a factor is 

significantly affecting the response. The Analysis of Variance (ANOVA) method was 

used in order to evaluate the statistical significance among the responses [Log 

(Vertical FN Index) and Log (Horizontal FN Index)]. The results are presented in Table 

5.3. 

Table 5.3. Analysis of Variance (ANOVA) for Flow Numbers and FN-Indices 

ANOVA for Log (FNV) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 5.16076 0.73725 211.99 0.000 

    Binder 1 0.97891 0.97891 281.48 0.000 

    VTM 1 2.09251 2.09251 601.68 0.000 

    Test Temperature 1 1.85259 1.85259 532.70 0.000 

    Mix NMAS 1 0.01064 0.01064 3.06 0.118 

  2-Way Interactions 3 0.22611 0.07537 21.67 0.000 

    Binder*VTM 1 0.16407 0.16407 47.18 0.000 

    Binder*Test Temperature 1 0.04129 0.04129 11.87 0.009 

    Binder*Mix NMAS 1 0.02075 0.02075 5.97 0.040 

Error 8 0.02782 0.00348     

Total 15 5.18858       

ANOVA for Log (FNH) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 7.09021 1.01289 49.12 0.000 

    Binder 1 2.01843 2.01843 97.88 0.000 

    VTM 1 2.42950 2.42950 117.82 0.000 

    Test Temperature 1 2.26597 2.26597 109.89 0.000 

    Mix NMAS 1 0.00210 0.00210 0.10 0.758 

  2-Way Interactions 3 0.37422 0.12474 6.05 0.019 

    Binder*VTM 1 0.32869 0.32869 15.94 0.004 

    Binder*Test Temperature 1 0.00121 0.00121 0.06 0.815 
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    Binder*Mix NMAS 1 0.04432 0.04432 2.15 0.181 

Error 8 0.16497 0.02062     

Total 15 7.25518       

ANOVA for Log (Vertical FN Index) (1E-06) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 5.04569 0.72081 113.54 0.000 

    Binder 1 1.11211 1.11211 175.17 0.000 

    VTM 1 1.66140 1.66140 261.69 0.000 

    Test Temperature 1 1.98749 1.98749 313.05 0.000 

    Mix NMAS 1 0.08823 0.08823 13.90 0.006 

  2-Way Interactions 3 0.19646 0.06549 10.31 0.004 

    Binder*VTM 1 0.14171 0.14171 22.32 0.001 

    Binder*Test Temperature 1 0.03679 0.03679 5.79 0.043 

    Binder*Mix NMAS 1 0.01796 0.01796 2.83 0.131 

Error 8 0.05079 0.00635     

Total  15 5.09648    

ANOVA for Log (Horizontal FN Index) (1E-06) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 6.61330 0.94476 90.05 0.000 

    Binder 1 1.28774 1.28774 122.74 0.000 

    VTM 1 2.25154 2.25154 214.60 0.000 

    Test Temperature 1 2.46417 2.46417 234.87 0.000 

    Mix NMAS 1 0.14775 0.14775 14.08 0.006 

  2-Way Interactions 3 0.46211 0.15404 14.68 0.001 

    Binder*VTM 1 0.29434 0.29434 28.05 0.001 

    Binder*Test Temperature 1 0.12453 0.12453 11.87 0.009 

    Binder*Mix NMAS 1 0.04324 0.04324 4.12 0.077 

Error 8 0.08393 0.01049     

Total 15 6.69723       

 

As shown in Table 5.3, for both Log (FNV) and Log (FNH), the main factors – 

binder type, VTM, and test temperature were found to be significant. As for the joint 

effects, all the two-way interactions, i.e., “Binder*VTM”, “Binder*Temperature”, and 

“Binder*Mix NMAS” were found to be significant for FNV. However, for Log (FNH), 
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only “Binder*VTM” was found to be significant amongst the combinations of the 

factors. The results indicate that the change in any of these factors would potentially 

alter the rutting or permanent deformation behaviour of the asphalt mixtures studied 

under the MWT. 

Although the NMAS factor did not seem to be significant in this analysis for 

either Log (FNV) or Log (FNH), its interaction with binder type proved to be significant 

for Log (FNV). This can be further supported by the fact that a significant interaction 

can often mask the significance of main effects (Montgomery, 2017). It indicates that 

the ultimate effect of Mix NMAS is evaluated as a result of its interaction with binder 

type. The reason why the combinations such as “VTM*Test Temperature” and 

“VTM*Mix NMAS” are absent in the analysis can be attributed to the fact that a 

fractional factorial design being a subset of a full-factorial design, confounds some of 

the 2-way interactions and main effects. These cannot be distinguished from the effects 

of other higher-order interactions (Minitab 2020). Hence, this research should serve as 

a screening study to find out the factors which are most significant, so that a full 

factorial design and analysis can be conducted in future research. A complete set of 

factors and their interactions can be generated through the full-factorial design and 

analysis.  

As also shown in Table 5.3, all the main factors – binder type, %VTM, test 

temperature, and mix NMAS were found to be significant for FN-Indices. Among the 

two-way interactions or joint-effects, “Binder*VTM”, “Binder*Temperature” were 

found to be significant, indicated by the F-values, which are much higher than the 

ones for the least significant factors. The results demonstrate that the change in these 

factors will significantly affect the permanent deformation behaviour of the asphalt 

mixtures. 

Half-normal probability plots are another approach to find the significant 

factors and interactions. The probability plot shows the effect of the factors against the 

percent probability of that effect (Montgomery, 2017). In this technique, the 
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significance of the factors is proportional to their distance from the probability line 

(red-dotted line in Figure 5.5). The factor which deviates the most is designated as the 

one with highest significance (i.e., % VTM, test temperature, binder type, in this phase 

of research).  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 5.5. Half-normal plot for (a) Log (FNV), (b) Log (FNH), (c) Log (Vertical FN Index), and (d) 

Log (Horizontal FN Index) 
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Based on the analysis for FN-Indices, temperature, amongst all other factors, 

was found to impose the greatest effect on the permanent deformation behaviour. It 

is primarily because an increase in test temperature reduces the binder viscosity, and 

as a result the binder softens and mix stiffness reduces which leads to higher 

permanent deformations, which is in line with the statistical analysis for dynamic 

creep test performed by Ebrahimi (2015). VTM was found to be the second most 

influencing factor contributing to permanent deformation of asphalt mixtures, 

however it was found to be the greatest influencing factor for the flow numbers. The 

reason is that, the presence of high air voids content due to lack of compaction reduces 

the mix strength and stiffness by weakening its structure, thereby making it more 

prone to permanent deformation. For the effect of binder, it is generally well-

established that softer binder induces more permanent deformation. In this study, the 

NMAS being the least significant individual factor for both vertical and horizontal 

indices can be attributed to the reason that, the gradations of AC 14 and AC 20 used 

in this research are not very different from each other, as mentioned earlier. However, 

it must be noted that the nominal maximum aggregate size and coarse aggregate 

dense gradations have a considerable effect on permanent deformation behaviour, 

however, the differences between the two gradations utilised in this study which are 

the most common mixes on the New Zealand heavily trafficked highways were not 

large enough to be detected in the statistical analysis.   

The regression models for the flow numbers and vertical and horizontal indices 

can be constructed as: 

Log (FNV) = 18.40 - 0.1382 Binder - 0.7136 VTM - 0.1392 Test Temperature 

- 0.0926 Mix NMAS + 0.006751 (Binder*VTM) + 0.001016 (Binder*Test Temperature) 

+ 0.001200 (Binder*Mix NMAS)………..(Adjusted R2 = 0.99)                                                 (5.1)  

Log (FNH) = 17.75 - 0.1275 Binder - 0.929 VTM - 0.0874 Test Temperature 

- 0.1190 Mix NMAS + 0.00956 (Binder*VTM) + 0.000174 (Binder*Test Temperature) 

+ 0.00175 (Binder*Mix NMAS)………. (Adjusted R2 = 0.96)                                                       (5.2) 



 

126 
 

Log (Vertical FN Index) = -11.58 + 0.1326 Binder + 0.6540 VTM + 0.1376 Test 

Temperature + 0.1029 Mix NMAS - 0.00627 (Binder*VTM) - 0.000959 (Binder*Test 

Temperature) - 0.001117 (Binder*Mix NMAS)….… (Adjusted.R2 = 0.98)                    (5.3) 

Log (Horizontal FN Index) = -17.64 + 0.2046 Binder + 0.883 VTM + 0.2020 Test 

Temperature + 0.1533 Mix NMAS - 0.00904 (Binder*VTM) - 0.001764 (Binder*Test 

Temperature) - 0.001733 (Binder*Mix NMAS)……….(Adjusted.R2 = 0.98)                     (5.4) 

5.6.3 Phase II 

As discussed earlier, the factors utilised in this phase of experiments are binder 

type, VTM, temperature and confining pressure. The NMAS was eliminated in this 

phase and replaced by the confining pressure for the reasons explained before. The 

rutting parameters utilised for the ruggedness analysis are the vertical and horizontal 

deformation at 2000 cycles, and the creep slope. The reason for choosing 2000 cycles 

as a parameter is that, this particular cycle number is shared by all the runs (mixes) of 

the matrix, and that, no tertiary zone was observed for the runs with controlled 

confinement (1.31 kPa). It was found that in the confined setup of the wheel tracker, 

the lateral reactive forces are about 80N and thereby the stress about 3kPa at 40000 

cycles (Saleh, 2018), which was enough to hinder the tertiary flow. A full pressure 

control on one lateral side of the asphalt slab was used in the MWT, while the rear 

lateral side was fixed. Therefore, the pressure was further about halved (after trial and 

error for the intermediate values – sometimes the slab compressed at the start and 

then upon releasing the pressure, it spread laterally) to still get some incorporated 

shear in the deformation. 1.31 kPa is about 35N force. As discussed earlier in Section 

2.5.5.2, it is, therefore, recommended that future studies should investigate the effect 

of pressure control on all four sides of the asphalt slabs tested in the MWT. 

The values of the rutting parameters used in the analysis for Phase II are 

presented in Table 5.4. 
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Table 5.4. Vertical and corresponding horizontal deformation of the mixes at 2000 cycles 

Mix Binder 
VTM 

(%) 

T 

(°C) 
Confining pressure (kPa) 

Vertical 

deformation (mm) 

at 2000 cycles 

 Horizontal 

deformation (mm) 

at 2000 cycles 

Creep 

slope 

(10-5) 

R1 R2 R1 R2 R1 R2 

1 PG 64-16 4 60 0.00 (unconfined) 5.54 5.75 2.42 3.24 200 190 

2 PG 64-16 7 50 0.00 (unconfined) 4.06 4.26 1.77 2.68 130 120 

3 PG 70-16 4 50 0.00 (unconfined) 2.19 2.61 0.48 0.21 4 4 

4 PG 70-16 7 60 0.00 (unconfined) 6.74 8.12 6.28 7.76 240 310 

5 PG 70-16 7 50 1.31 (lateral confinement) 2.48 2.35 0.16 0.23 2 3 

6 PG 64-16 4 50 1.31 (lateral confinement) 2.60 2.53 0.08 0.13 2 2 

7 PG 70-16 4 60 1.31 (lateral confinement) 2.43 2.96 0.13 0.24 2 3 

8 PG 64-16 7 60 1.31 (lateral confinement) 3.63 4.23 0.57 0.44 10 10 

T: Temperature in °C; R1 and R2: Replicates 1 and 2 respectively 

Figure 5.6a shows the correlations of the vertical and horizontal indices with 

the vertical and horizontal deformations at 2000 cycles of mixes/runs 1-4 (unconfined). 

As can be clearly observed, the high correlations validate the use of vertical and 

horizontal deformation at 2000 cycles for the statistical analysis presented in this 

section. Moreover, the correlations of vertical and horizontal deformation at 2000 

cycles with higher cycle numbers, such as 10,000, 25,000, and 50,000 were investigated 

for mixes/runs 5-8 (confined), presented in Figure 5.6b and c. The correlations show 

that long-term rutting development can be predicted from rutting at 2000 cycles using 

linear and exponential models. The slightly lower linear correlation and exponential 

correlation for the relationship of vertical and horizontal deformation at 2000 cycles 

and that at 50,000 cycles could have been due to the combined effect of stress and 

temperature at higher loading cycles. The advantage of such models is that these can 

potentially minimise the time and cost of testing significantly, as also discussed by 

Javilla et al. (2017). 
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(a) 

 

 

(b) 
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(c) 

Figure 5.6. Correlation of (a) the vertical and horizontal indices with the vertical and horizontal 

deformations at 2000 cycles of mixes/runs 1-4 (unconfined), (b) vertical deformation, and (c) 

horizontal deformation at 2000 cycles with those at 10,000, 25,000, and 50,000 cycles of runs 5-8 

(confined) 

5.6.4 Statistical Analysis 

As can be seen from Table 5.5 and Figure 5.7, the statistical analysis of this 

phase of experiments showed that all the main factors except “binder” were found to 

be significant for the vertical and horizontal deformations at 2000 cycles. This can be 

further supported by the fact that a significant interaction can often mask the 

significance of main effects (Montgomery, 2017). It indicates that the ultimate effect of 

binder type is evaluated as a result of its interaction with VTM and test temperature. 

Another important observation is that, “confining pressure” was found to be 

significant for all three parameters studied in this phase, with its distinction being the 

greatest for the creep slope, followed by horizontal deformation, and vertical 

deformation. This indicates that the creep slope, followed by horizontal deformation 

and vertical deformation is most sensitive to any change in the confining pressure. 
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The findings clearly demonstrate that the increase of the lateral confining pressure 

significantly immobilises the lateral permanent deformation, producing lesser vertical 

(shear) and horizontal deformation. Temperature has a tremendous effect on 

viscoelastic materials such as asphalt as the increase in temperature increased the 

permanent deformation in the mixes. The results also indicate that VTM is more 

significant than “binder” to be maintained at specified limits with little deviation, 

because even a little change in design VTM can result in significantly different rut 

depth.  

Table 5.5. Analysis of Variance (ANOVA) for vertical and horizontal deformation at 2000 cycles, and 

creep slope of the mixes 

ANOVA for vertical deformation at 2000 cycles 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 46.5274 6.6468 37.61 0.000 

    Binder 1 0.4624 0.4624 2.62 0.144 

    VTM 1 5.3592 5.3592 30.33 0.001 

    Temperature 1 16.6464 16.6464 94.19 0.000 

    Confining pressure 1 16.1202 16.1202 91.22 0.000 

  2-Way Interactions 3 7.9391 2.6464 14.97 0.001 

    Binder*VTM 1 5.9292 5.9292 33.55 0.000 

    Binder*Temperature 1 1.5129 1.5129 8.56 0.019 

    Binder*Confining pressure 1 0.4970 0.4970 2.81 0.132 

Error 8 1.4138 0.1767     

Total 15 47.9412       

ANOVA for corresponding horizontal deformation at 2000 cycles 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 80.437 11.4911 48.38 0.000 

    Binder 1 1.082 1.0816 4.55 0.065 

    VTM 1 10.498 10.4976 44.20 0.000 

    Temperature 1 14.707 14.7072 61.92 0.000 

    Confining pressure 1 32.661 32.6612 137.51 0.000 

  2-Way Interactions 3 21.490 7.1633 30.16 0.000 

    Binder*VTM 1 11.868 11.8680 49.97 0.000 
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    Binder*Temperature 1 8.009 8.0089 33.72 0.000 

    Binder*Confining pressure 1 1.613 1.6129 6.79 0.031 

Error 8 1.900 0.2375     

Total 15 82.338       

ANOVA for Log (Creep slope)  
Source DF Adj SS Adj MS F-Value P-Value 

Model 7 12.0771 1.72531 362.86 0.000 

    Binder 1 0.8756 0.87562 184.16 0.000 

    VTM 1 1.3682 1.36816 287.75 0.000 

    Temperature 1 1.8578 1.85780 390.73 0.000 

    Confining pressure 1 7.1426 7.14258 1502.21 0.000 

  2-Way Interactions 3 0.8330 0.27766 58.40 0.000 

    Binder*VTM 1 0.4410 0.44095 92.74 0.000 

    Binder*Temperature 1 0.2216 0.22157 46.60 0.000 

    Binder*Confining pressure 1 0.1705 0.17046 35.85 0.000 

Error 8 0.0380 0.00475     

Total 15 12.1152       

 

 

(a)                                                                        
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 (b) 

 

(c) 

Figure 5.7. Half-normal probability plots for the responses (a) vertical deformation at 2000 cycles, (b) 

horizontal deformation at 2000 cycles, and (c) Log (Creep slope) 
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The regression models for vertical and corresponding horizontal deformation 

at 2000 cycles, and creep slope can be constructed as: 

Vertical deformation at 2000 cycles = -47.69 + 0.561 Binder + 3.227 VTM + 0.634 

Temperature - 3.31 Confining pressure - 0.04058 Binder*VTM - 0.00615 

Binder*Temperature + 0.0261 Binder*Confining pressure (Adjusted.R2 = 0.95)                                        

……………………………………………………………………………………………..(5.5) 

Horizontal deformation at 2000 cycles = -83.0 + 1.036 Binder + 4.559 VTM + 1.182 

Temperature - 5.41 Confining pressure - 0.05742 Binder*VTM - 0.01415 

Binder*Temperature + 0.0470 Binder*Confining pressure (Adjusted R2 = 0.96)                                            

……………………………………………………………………………………………..(5.6) 

Log (Creep slope) = -23.65 + 0.2240 Binder + 0.9697 VTM + 0.2329 Temperature 

+ 0.081 Confining pressure - 0.01107 Binder*VTM - 0.002354 Binder*Temperature - 

0.01529 Binder*Confining pressure (Adjusted R2 = 0.99)                                                                                       

……………………………………………………………………………………………..(5.7) 

5.7 MODEL ACCURACY 

The residual values and their trends, which were calculated and examined in 

the ANOVA, were assessed to validate the accuracy of the models. As pointed out by 

Montgomery (2017), an adequate model does not bear any obvious pattern. The model 

adequacy can be verified by studying the normal probability plot of the residuals, 

which should fall upon the equality line, indicating that the normal distribution 

assumption of the errors is satisfied. However, moderate departures from normality 

are usually observed and are generally accepted. Figure 5.8 (a-g) illustrate the normal 

probability plot of the residuals for FNV, FNH, vertical and horizontal FN Index (Phase 

I), vertical and horizontal deformation at 2000 cycles (Phase II), and creep slope. The 

general impression of the figures is that, the errors are normally distributed with very 

few points having large residual. The symmetrical or in other words, mirrored data 
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observed around the red lines in Figure 5.8 is attributed to the use of two replicates 

per mix for the analysis. 

 

     

(a)                                                                        (b) 

 

(c)                                                               (d) 

 

(e)                                                              (f) 
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(g) 

Figure 5.8. Normal probability plot for (a) FNV, (b) FNH, (c) Vertical FN Index, (d) Horizontal FN 

Index, (e) vertical deformation at 2000 cycles, (f) horizontal deformation at 2000 cycles, and (g) Log 

(creep slope)  

 

Another approach in this regard is by plotting the residuals against the run 

order. This method is helpful in detecting correlation among residuals. Sometimes, 

the data collection quality is affected through the course of time consequently altering 

the residuals. This condition often causes the residual plot to spread more at one end 

than the other (Montgomery, 2017). The residuals run order for the responses FNV, 

FNH, and the corresponding indices are presented in Figure 5.9. As can be seen, there 

is no reason to suspect any violation of the independence assumption, as no particular 

pattern can be observed. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 5.9. Residuals versus run order for (a) FNV, (b) FNH, (c) Vertical FN Index, and (d) 

Horizontal FN Index 

5.8 EFFECTS AND INTERACTION CONTOUR PLOTS 

The effects and interaction plots, which show the effects of two factors and their 

interactions on the response were presented. The idea is to predict how much 

deviation in the factors from their design/target value produces a desired range of the 
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corresponding response. This can help control and adjust the design values in the 

laboratory when conducting the test procedure. The analysis in this section covers the 

important findings of the experiments discussed and presented earlier. The 

combinations of the most significant factors for the corresponding responses were 

considered in the effects and interaction contour plots. 

The analysis of the contour plots for vertical deformation at 2000 cycles (Figures 

5.10a and 5.10b) revealed that a lower value of the vertical permanent deformation (<3 

mm) was obtained at any one of the following combinations: (a) confining pressure > 

1.0 kPa, temperature < 52 °C, for AC 14 mix samples with PG 70-16, with 7% VTM; (b) 

confining pressure > 1.2 kPa, VTM < 4.3%, for AC 14 samples with PG 70-16, at 60 °C. 

The analysis of the contour plots for horizontal deformation at 2000 cycles (Figures 

5.10c and 5.10d) revealed that a lower value of the horizontal deformation (<1 mm) 

was obtained at any one of the following combinations: (a) confining pressure > 1.05 

kPa, temperature <52°C, for AC 14 samples with PG 70-16, with 7% VTM; (b) confining 

pressure > 1.05 kPa, VTM < 4.7%, for AC 14 samples with PG 70-16, at 60 °C.  

Apart from these combinations, which were based on high values of the 

variables when the other two factors were varied, various other combinations based 

on high and low values of the variables can be determined.  
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(a) 
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(c) 

 

(d) 

Figure 5.10. Contour plots for different combinations of factors on different responses 
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5.9 SENSITIVITY ANALYSIS  

For the sensitivity analysis, the factors %VTM and temperature were chosen to 

be investigated as they were found to be the most significant factors affecting the 

permanent deformation for Phase I experiments. For the analysis, temperature was 

changed by ±10%, ±20% and ±30%, and the VTM was changed by ±5%, ±10% and ±15%.  

The responses considered for the sensitivity analysis are the FNV, FNH, and 

vertical and horizontal deformation at 2000 cycles of the eight corresponding runs 

from Phase I and Phase II. For the analysis, the confining pressure was changed by 

±10%, ±20% and ±30%, and the temperature was changed by ±1%, ±3% and ±5%. The 

changed values were substituted into the model and the output was compared with 

the initial model output for the responses. This sensitivity analyses for Phase I and 

Phase II experiments are presented in Figure 5.11. 

From Phase I experiments, it can generally be interpreted from Figure 5.11 (a-

d) that for both FNV and FNH to be within the range ±25% from the model, the VTM 

(%) and temperature should be controlled in the range ±10% and ±3% respectively 

from the target values. It can also be observed from Figure 5.11 that the mixes which 

utilised the higher level of temperature (60°C) or VTM (7%) or either one of them, 

showed the highest sensitivity to the changes than other mixes observed from the 

steeper slopes on the plot. 

For Phase II experiments, Figures 5.11e and 5.11f indicate that for the vertical 

deformation at 2000 cycles to be within the range ±25% from the model, the confining 

pressure and temperature should be controlled in the range ±25% and ±5%. The results 

clearly indicate that the permanent deformation parameters obtained from the fully 

unconfined setup of the wheel tracker are more susceptible to the changes in the 

experimental factors. 

The sensitivity analysis of the mixes utilised in this chapter points out that even 

minimal change in temperature and confinement would possibly increase the 
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variability amongst the mix replicates and make the coefficient of variation (COV %) 

of the target permanent deformation parameters yield exceedingly high values, which 

is not ideal. Furthermore, it can be generally noted from Figure 5.11 that the horizontal 

deformation is the parameter which is most susceptible to the changes in any of the 

factors.  

 

(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

 

(f) 

Figure 5.11. Sensitivity analysis for the responses for different factors 
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5.10 SUMMARY AND CONCLUSIONS 

A total of 16 combinations were considered for the MWT test and the analysis 

was broken down into two phases. Permanent deformation parameters including the 

vertical and horizontal FN Indices, vertical and horizontal deformations at specific 

cycle number, and creep slope were determined. Two combinations of mix gradation 

AC14 and AC20, %VTM (4.0% and 7.0%), binder type (PG 64-16 and PG 70-16), test 

temperature, and lateral confinement were included in a half-factorial design of a two-

level analysis. Based on the findings, the following can be concluded:  

1. Factors with significant effect on permanent deformation behaviour were 

determined through ANOVA analysis. For Log (FNV) and Log (FNH), Air voids 

content, test temperature and binder type were found to have significant effect on 

the permanent deformation with VTM having the greatest influence followed by 

test temperature and binder type. For the interaction types, (Binder*VTM) was 

found to be of highest influence for Log (FNV), followed by (Binder*Test 

temperature) and (Binder*Mix NMAS). For Log (FNH), only Binder*VTM was 

found to be significant.  

2. For both Log (Vertical FN Index) and Log (Horizontal FN Index), all the main 

factors – binder type, %VTM, test temperature, and mix NMAS were found to be 

significant. As for the joint effects, the two-way interactions, i.e., “Binder*VTM”, 

“Binder*Temperature” were found to be significant. The results indicate that the 

change in any of these factors would potentially alter the rutting or permanent 

deformation behaviour of the asphalt mixtures studied under the MWT. 

3. The use of the MWT shows that long-term rutting development can be predicted 

from rutting at 2000 cycles using linear and exponential models. The advantage 

of such models is that these can potentially minimise the time and cost of testing 

significantly. 

4. Experiments with controlled confinement and unconfined mixes show that 

“confining pressure” is the most significant factor for all the rutting parameters, 
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with its influence being the greatest for the creep slope, followed by horizontal 

deformation, and vertical deformation. 

5. The contour plots provided various combinations of the most significant factors 

for the corresponding responses. This can help control, adjust, and optimise the 

design values in the field. 

6. The sensitivity analyses point out that even minimal change in temperature and 

confining pressure can possibly increase the variability among the mix replicates. 

For both FNV and FNH to be within ±25% from the model, the change in VTM (%) 

and temperature should be controlled within ±10% and ±3% respectively from the 

target values. For the vertical deformation at 2000 cycles to be in the range ±25% 

from the model, the confining pressure and temperature should be controlled 

within the range ±25% and ±5%.  

7. The results clearly indicate that the permanent deformation parameters obtained 

from the fully unconfined setup of the wheel tracker are more susceptible to the 

changes in the experimental factors. 
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Chapter 6. EXPERIMENTAL INVESTIGATION OF THE 

PERMANENT DEFORMATION BEHAVIOUR OF HMA UTILISING 

TRIAXIAL CELL AND WHEEL TRACKER WITH VARIABLE 

CONFINEMENT 

6.1 INTRODUCTION AND BACKGROUND 

Rutting in asphalt concrete pavements is particularly caused by traffic of slow 

and heavy vehicles. Three main difficulties are encountered when characterising 

permanent deformation in the form of rutting. The first difficulty is the complexity of 

dynamic loading and non-uniform distribution of contact pressure. The second 

problem is the complexity of the rheological behaviour of asphalt mixtures, which 

essentially have a composite structure, made of bitumen binder and a stone skeleton. 

In line with that, the asphalt mixtures are temperature-dependent materials, and the 

cyclic loading and the triaxial loading path have a significant effect on their behaviour 

(Blanc et al. 2015). The third difficulty that further complicates the study of asphalt 

concrete in the laboratory is the complexity of very small cyclic strains and very large 

number of cycles in the fundamental tests (Blanc et al. 2015). 

The study aims to establish the relationship between the triaxial test and the 

Modified Wheel Tracker (MWT) to investigate if the rutting mechanisms in these tests 

with variable confinement are equivalent or comparable to each other. 

6.1.1 Triaxial Test 

The most common way of studying the asphalt mixtures in terms of their 

rheological behaviour is by testing them in temperature-controlled uniaxial tests. 

However, several authors emphasised the importance of triaxial tests with confining 

pressure to study rutting in asphalt mixtures (De Visscher et al., 2006; Ebels and 

Jenkins, 2006; Taherkhani and Collop, 2006; Taherkhani et al., 2007,). The key point for 

studying the rutting behaviour of asphalt mixtures is the determination of the 
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representative triaxial stress paths. To overcome the difficulty of accurately simulating 

the three-dimensional loading paths and stress rotations with the triaxial apparatus, 

the wheel tracker tests are preferred for use. However, one drawback of the wheel 

tracker tests is the incapability of determining the rheological properties of the 

material, due to non-homogeneous and complex stress conditions in the sample. 

Therefore, for the determination of the rheological characteristics, triaxial tests on 

homogeneous asphalt mix samples are more suitable, from which, fundamental 

information about the material such as the creep parameters can be obtained. The 

study by Sohm et al. (2010) has shown that the level of confinement has a very 

significant effect on the response of asphalt mix. The findings of that study suggest 

that the strain rate increases with the decrease in confinement and increase in 

temperature, as may be expected in the viscoelastic domain. 

This study presents the results of temperature-controlled dynamic creep 

triaxial tests with different confinement levels, to simulate the in-situ conditions of 

asphalt pavements under moving wheel loads. Although sinusoidal triaxial tests with 

cyclic confining pressure are considered most representative of the field, due to 

technical limitations, this work focuses on cyclic triaxial tests with constant 

confinement. The influence of the confinement on the development of permanent 

strains of different asphalt mixtures is studied in this research. The triaixal test setup 

used in this study is presented in Figure 6.1. 
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Figure 6.1. Triaxial test setup 

6.1.2 The use of the Modified Wheel Tracker (MWT) 

As discussed extensively in previous chapters, wheel tracker is the simplest 

and the best simulative test available of laboratory characterisation of rutting in 

asphalt mixtures. The study by Rahmani et al. (2013) indicated that the level of 

confinement has a significant effect on the nonlinear viscoelastic characteristics of 

asphaltic materials. Roy et al. (2013) reported that the effect of confinement on the 

permanent deformation behaviour is more pronounced for the mixes with high air 

voids content than for the mixes with lower air voids content. It can be noted that 

NCHRP report 465 involves the option of altering confinement only for the Simple 

Performance Tests (SPTs), such as the dynamic modulus test. However, no study until 

Asphalt 

concrete 

cylindrical 

sample 

Actuator 
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now addressed or analysed the effect of confinement in a simulative test such as the 

wheel tracker. The current research addresses this point, for which a modified setup 

of the wheel tracker was utilised.  

6.2 OBJECTIVE AND SCOPE 

This study is undertaken to study the effect of different levels of confinement 

on the rutting of asphalt mixtures tested in the triaxial setup and the MWT. The study 

also aims to establish the relationship between the triaxial test and the MWT to 

investigate if the rutting mechanism in these tests with variable confinement are 

equivalent or comparable to each other. To fulfil these objectives, a total of four asphalt 

concrete mixtures, the same as in Chapter 4, were tested in each test method. 

6.3 EXPERIMENTAL PROGRAM AND SETUP 

The Triaxial test is one of the simple performance tests (SPT) used to evaluate 

permanent deformation resistance of HMA, as reported in NCHRP report 465. The 

cylindrical specimens were subjected to a repeated haversine axial compressive 

loading pulse of 0.1 s every 1 s with a major principal stress of 600 kPa as 

recommended by NCHRP Report 465 (Witczack et al. 2002), and Goh and You (2009). 

Another reason of choosing 600 kPa as the major principal stress was to simulate the 

stresses developed from the vertical loading of the 700 N loaded wheel in the wheel 

tracker. The footprint of the wheel tracker wheel has the approximate dimensions of 

a width of 50.0 mm, and a length of 22.5 mm, which applies a 620 kPa stress on the 

surface of the asphalt specimens. The test procedure is followed according to NCHRP 

report 465. Three levels of confinement were chosen for the triaxial test; these are 5, 

15, and 30 kPa, with corresponding deviatoric stresses of 595, 585, and 570 kPa. 

The modified setup of the wheel tracker with controlled confinement was used 

for rutting characterisation in the slab specimens of compacted asphalt concrete mix 

with dimensions 305 mm × 305 mm × 75 mm. The vertical deformation or the rut depth 

of the slab samples is measured by a Linear Variable Differential Transformer (LVDT), 



 

152 
 

placed on the wall of the chamber, connected with the wheel tracker arm. The 

parameters obtained from the MWT test and utilised in this study are rut depth 

(vertical deformation) at 50,000 cycles. Two levels of confinement were chosen for the 

wheel tracker test, and these are 5 and 15 kPa, while the 30 kPa confinement was not 

included for the wheel tracker test due to technical limitations.  

This study utilised a test matrix of five factors, of which four at two levels, and one at 

three levels only for the triaxial test were considered. These factors are: bitumen grade 

(PG 70-16 and PG 76-16), mix NMAS (AC 14 and AC 20), VTM (4% and 7%), 

temperature (50 °C and 60 °C), and confining pressure (5, 15, and 30 kPa only for 

triaxial) as can be seen in Table 6.1. All slabs were 75 mm thick. The study utilised 

New Zealand dense-graded AC 14 and AC 20 with 14 mm and 20 mm maximum 

nominal aggregate sizes (NMAS) respectively. Although the standard ASTM D8292-

20 states that the tests can be performed at 60 °C for a binder PG high temperature 

greater than 50 °C, the selection of 50 °C for Mix 1 and Mix 3, and 60 °C for Mix 2 and 

Mix 4 was conducted to study the effect of high temperature on the permanent 

deformation behaviour of the asphalt mixes. Moreover, the text matrix in this chapter 

was kept consistent with chapter 4, involving the unconfined setup of both the test – 

dynamic creep and the wheel tracker. The factorial design approach was not utilised 

in this chapter due to time and material constraints. Two replicates were considered 

for each combination and for each test method. 

Table 6.1. HMA test matrix for the triaxial and the MWT relationship 

Mix Bitumen 
Mix 

NMAS 

VTM 

(%) 
T (°C) 

Major 

principal 

stress (kPa) 

Confining 

pressure 

(kPa) 

 Deviatoric 

stress 

(kPa) 

        

1 PG 76-16 AC 20 7±1 50 °C 600 5, 15, and 30 595, 585, 570 

2 PG 76-16 AC 14 4±1 60 °C 600 5, 15, and 30 595, 585, 570 

3 PG 70-16 AC 20 7±1 50 °C 600 5, 15, and 30 595, 585, 570 

4 PG 70-16 AC 14 4±1 60 °C 600 5, 15, and 30 595, 585, 570 
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6.4 EXPERIMENTAL RESULTS  

The triaxial test, which is essentially the confined dynamic creep test, was 

conducted on cylindrical specimens at 50 °C and 60 °C to evaluate the rutting 

resistance behaviour of mixtures. During the test, the permanent axial strains along 

with the corresponding number of load pulses were recorded. The Flow Numbers 

(FN) from the triaxial test for the different mixes are shown in Table 6.2. The data 

suggests that Mix 1 (AC 20 with PG 76-16 at 7% VTM) has the highest rutting 

resistance, followed by Mix 2 (AC 14 with PG 76-16 at 4% VTM), Mix 3 (AC 20 with 

PG 70-16 at 7% VTM) and Mix 4 (AC 14 with PG 70-16 at 4% VTM) based on Flow 

Number (FN) values, as may be expected. FN of the triaxial samples was calculated 

using the Francken model, as discussed in previous chapters. Figure 6.2a shows 

representative permanent strain curves of the mixes investigated in the triaxial test. 

As far as the mix behaviour is concerned, the use of stiffer binder under the 

same testing conditions and air voids content, AC 20 with PG 76-16 outperformed AC 

20 with PG 70-16 as evidenced by the FNs. The very same can be concluded for AC 14 

with PG 76-16, which produced much higher FN values compared to AC 14 with PG 

70-16 binder. Moreover, the use of larger NMAS and lower temperature in AC 20 

contributed towards the permanent deformation resistance more than what VTM did. 

This is evident from the higher FN of AC 20 with 7% VTM and testing temperature of 

50 °C when compared to the lower FN of AC 14 with 4% VTM and testing temperature 

of 60 °C. As is also obvious, the lateral confining pressure played an important role in 

contributing towards the permanent deformation resistance of the mixes, within each 

mix. The higher confining pressure undeniably boosted the permanent deformation 

resistance more than the lower confining pressure. In addition to the FN values, the 

Resilient Modulus values presented in Table 6.2 confirmed this for each mix, where 

the sample with 30 kPa confinement showed the highest permanent deformation 

resistance, followed by 15 kPa, and 5 kPa. 
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The MWT results are also presented in Table 6.2. Similar to the triaxial results, 

Mix 1 produced the lowest rut depth, thereby the best deformation resistance, 

followed by Mix 2, Mix 3, and Mix 4, when tested under the MWT with controlled 

confinement. This indicates that the two tests are in general agreement with each 

other. 

The total recoverable or resilient axial deformation response was measured and 

thus the resilient modulus of the specimen is calculated using Equation 6.1 

𝑀𝑅 =
𝜎𝑑

𝛾
                                                                                                                                    (6.1) 

where,  

𝑀𝑅 = Resilient modulus 

𝜎𝑑 = Deviatoric stress 

휀𝛾 = Resilient or recoverable strain  

Table 6.2. Triaxial and wheel tracker results 

Mix 
Major principal 

stress (kPa) 

Lateral 

confining 

pressure 

(kPa) 

Deviatoric 

stress 

(kPa) 

Average 

Flow 

Number 

(FN) 

of Triaxial 

samples 

Resilient 

Modulus of 

triaxial 

samples 

(MPa) 

Rut depth of 

wheel tracker 

samples (mm) 

at 50,000 cycles 

1 600 

5 595 2163 182 3.45 

15 585 3159 191 3.05 

30 570 3878 212 - 

2 600 

5 595 1910 181 3.87 

15 585 2999 186 3.52 

30 570 3117 196 - 

3 600 

5 595 1860 179 4.20 

15 585 2724 181 3.87 

30 570 3057 194 - 

4 600 

5 595 646 177 4.35 

15 585 2479 180 3.95 

30 570 2500 185 - 
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Figure 6.2a and b present the permanent microstrain and the resilient modulus 

values relative to the confining pressure from the triaxial test, while Figure 6.2c 

presents the permanent deformation curves from the MWT. 

 

(a) 

           

(b) 
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(c) 

Figure 6.2. (a) Representative permanent strain curves from the triaxial test, (b) Relationship of the 

confining pressure and the resilient modulus, and (c) Representative rutting curves from the MWT 

test 

6.5 GRAPHICAL CORRELATION OF THE LABORATORY TEST RESULTS 

The rut depth from the mixes tested in the MWT correlated fairly well with the 

FNs from the triaxial test with R2 of 0.61, as presented in Figure 6.3a. As can be 

understood, a lower rut depth in the MWT slab samples and higher FN for the triaxial 

cylindrical samples indicate greater permanent deformation resistance in asphalt 

concrete mixes, which was confirmed by both the tests.  

The average Resilient Modulus of the mixes correlated better with the rut depth 

values of the mixes tested in the wheel tracker, with an R2 value of 0.87. While Resilient 

Modulus is a reliable measure to evaluate the permanent deformation resistance of 

the asphalt mixes under triaxial compression, it can be seen from Figure 6.3b that the 

difference in values between the mixes and within the same mixes under different 
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confining pressure is small. This can be attributed to the fact that the Resilient 

Modulus is the ratio of deviatoric stress to resilient strain, and that, the three deviatoric 

stresses were same for all the mixes, although the recoverable strain was different for 

each mix (though the range is not too wide). Therefore, it is understandable that the 

Resilient Modulus for the mixes will be somewhat similar to one another. However, 

this was not the case with the FN values, as the calculation of FN primarily depends 

on the permanent strain – which is a fundamental indicator of the deformation 

resistance.  

 

 

(a) 

y = -0.0004x + 4.7048 

R² = 0.61 
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(b) 

Figure 6.3. (a) Correlation of rut depth with (a) Flow Number, and (b) Resilient Modulus of the 

triaxial samples 

6.6 SUMMARY AND CONCLUSIONS 

The correlations between the MWT and the triaxial test were investigated in 

this study. The analysis involved the calculation and comparison of Flow Numbers 

(FN) of the samples tested in the triaxial test under different confinement conditions, 

with the rut depth of the samples tested in the MWT test. The following conclusions 

are drawn based on the current study: 

1. The lateral confining pressure played an important role in contributing towards 

the permanent deformation resistance of the mixes, within each mix. Higher 

confining pressure increased the permanent deformation resistance. 

y = -0.0894x + 20.072 

R² = 0.87 
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2. In addition to the FN values, the resilient modulus values confirmed this for each 

mix, where the sample with 30 kPa confinement displayed the highest permanent 

deformation resistance, followed by 15 kPa, and 5 kPa. 

3. Similar to the triaxial test results, Mix 1 produced the lowest rut depth, thereby 

the best deformation resistance, followed by Mix 2, Mix 3, and Mix 4, when tested 

under the MWT with controlled confinement. This indicates that the two tests are 

in agreement. 

4. The rut depth from the mixes tested in the MWT correlated fairly well with the 

FNs from the triaxial test with R2 value of 0.61. The average resilient modulus 

values of the mixes correlated better with the rut depth values of the mixes tested 

in the wheel tracker, with an R2 value of 0.87.  

5. The results and analysis provide a reasonable confirmation that the MWT is in-

line with the triaxial test, and can be used for a thorough and routine investigation 

of the permanent deformation behaviour in asphalt concrete mixtures under 

different confinement conditions, as observed in-situ.  
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Chapter 7. FINITE ELEMENT MODELLING OF PERMANENT 

DEFORMATION BEHAVIOUR OF HOT MIX ASPHALT TESTED IN 

TRIAXIAL AND THE MODIFIED WHEEL TRACKER (MWT) TEST  

6.1 INTRODUCTION 

The Wheel Tracking Test is a common and simple test method for rutting 

characterisation of asphalt mixtures in the laboratory. However, as discussed earlier, 

it was concluded that the fully confined assembly or the conventional wheel tracker 

creates unrealistic boundary conditions around the asphalt specimen, thereby 

immobilising the shear deformation. Hence, a modified wheel tracker was proposed, 

which was subsequently standardised as ASTM D8292-20. In the new setup, the lateral 

sides along the wheel tracking direction are unconfined or can be under full lateral 

pressure control, while the remaining two sides are fixed. Previous chapters 

successfully concluded that the test is capable of capturing the shear deformation that 

occurs in compacted asphalt mixture slabs. This chapter focuses on the effect of 

confinement on the permanent deformation behaviour of asphalt mixes tested in the 

modified wheel tracker (MWT) and triaxial test.   

6.2 BACKGROUND 

The study by Rahmani et al. (2013) indicated that the level of confinement has 

a significant effect on the nonlinear viscoelastic characteristics of asphaltic materials. 

It can be noted that NCHRP report 465 suggests the option of altering confinement 

only for the SPTs, such as the dynamic modulus and dynamic creep tests. However, 

as discussed earlier, no research until now addressed or analysed the effect of 

confinement in a simulative test such as the wheel tracker. For this reason, this chapter 

focuses on the effect of lateral confinement on the modified wheel tracker (MWT) 

results. Figure 7.1a shows a photograph of the MWT setup with controlled 

confinement and Figure 7.1b shows a simplified representation of the same. 
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(a) 

 

 

(b) 

Figure 7.1. Modified wheel tracker assembly  

Pneumatic ram to control 

lateral confining pressure 
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The aim of this chapter is to simulate the permanent deformation (rutting) 

behaviour of asphalt mixtures in the modified wheel tracker (MWT) utilising the 

Finite Element (FE) modelling in Abaqus. Additionally, the differences between the 

laboratory rutting characteristics of HMA using pneumatic and solid wheel tyres in 

the wheel tracker are explored. At the time being, very limited studies have 

investigated the difference in the test results when the pneumatic wheel is used 

instead of the conventional solid rubber tyre wheel. Hence, this chapter focuses on the 

investigation of the effect of the pneumatic versus solid tyre wheels on the permanent 

deformation characteristics of asphalt concrete mixtures. This could help improve 

measurement accuracy and thereby, help verify the performance of asphalt mix 

rutting performance. The viscoelastic parameters were determined based on the data 

from the uniaxial static creep test at a deviatoric stress of 240 kPa. The aim of 

developing these models under realistic boundary conditions is to use them in the 

Mechanistic Empirical (M-E) procedure to predict rutting in flexible pavements more 

accurately. Figure 7.2a through 7.2d depict the solid and pneumatic wheels used in 

this research and their respective footprints. There exists a considerable difference in 

the footprint dimensions measured under the same load of 700 N between the two, 

and that, the pneumatic wheel has a larger surface contact area than the solid wheel. 

The footprint of the solid wheel tyre has a dimension of 22.5 mm × 50 mm, while that 

of the pneumatic wheel is 80 mm × 35 mm. The contact stress on the asphalt slab 

surface for the solid wheel tyre translates to 620 kPa, and that for the pneumatic wheel 

tyre to about 320 kPa. The pneumatic wheel was inflated to 310 kPa, which 

corresponds to the maximum air pressure in modern domestic vehicles. Although this 

is less than the truck tyre pressure which is in excess of 700 kPa, this research aims to 

provide some basis of comparison between the solid and pneumatic tyre. According 

to the research by Casey et al. (2018), the contact pressure has an influence on the near 

surface rutting. While there is a definite expectation that the mixes tested under the 

pneumatic wheel would deform differently, this research aims to investigate the 

details of such differences.   
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             (a)                                     (b)                           (c) (d) 

Figure 7.2. (a) Solid rubber wheel tyre, (b) footprint of the solid wheel tyre, (c) pneumatic wheel tyre, 

and (d) footprint of the pneumatic wheel tyre 

Moreover, this chapter aims to simulate the effect of variable confinement on 

the MWT and triaxial test results. To achieve this, the MWT test was conducted on 

samples with totally unconfined, and with a controlled confinement of 1.35 kPa along 

the lateral sides, for each wheel type. The triaxial test was conducted with controlled 

confinement of 15 and 30 kPa. 

6.3 DETERMINATION OF VISCOELASTIC PARAMETERS 

Asphalt mixture is a viscoelastic material and it is well-accepted that rutting in 

asphalt concrete can be simulated by creep models (He and Wong, 2007, and Al-Qadi 

et al., 2009). Abaqus uses two kinds of creep models, which are the power-law model 

and the hyperbolic-sine model. The power-law model, which includes the time-

hardening and the strain-hardening versions, is a relatively simple model but can be 

used to reasonably simulate creep behaviour of asphalt mixtures (White et al., 2002, 

and Arabani et al. 2014). The gradual increase of material deformation with time under 

a certain temperature and constant stress is called creep deformation. An asphalt 

mixture can exhibit significant creep under normal temperature. For describing the 

creep behaviour of the asphalt material, its total strain 휀(𝑡) is decomposed into elastic 

strain 휀𝑒 and non-elastic strain 휀𝑖𝑛, that is,  

휀(𝑡) = 휀𝑒 + 휀𝑖𝑛                                                                                                                        (7.1) 

where, 휀𝑖𝑛 includes plastic strain 휀𝑝 and creep strain 휀𝑐, such that,  
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휀𝑖𝑛 = 휀𝑝 + 휀𝑐                                                                                                                            (7.2) 

Assuming that the pavement has not entered its plastic deformation phase 

under the wheel load effect, then 휀𝑝 = 0 and 휀(𝑡) can be expressed as follows:  

휀(𝑡) = 휀𝑒 + 휀𝑐                                                                                                                        (7.3) 

where, 휀𝑒 is time-independent. 휀𝑐 is a function of time t, temperature T, and stress σ, 

that is, 

휀𝑐 = 𝑓(𝑡, 𝑇, 𝜎) = 𝑓1(𝑡)𝑓2(𝑇)𝑓3(𝜎)                                                                           (7.4) 

The time-hardening version of the creep power-law model is appropriate to use 

when the stress remains essentially constant during the creep process. The differential 

expression of this is given by Equation 7.5: 

𝑑 𝑐

𝑑𝑡
= 𝐴𝜎𝑛𝑡𝑚                                                                                                                             (7.5) 

where, 
𝑑 𝑐

𝑑𝑡
 is defined as the equivalent creep strain rate, σ is the uniaxial equivalent 

deviatoric stress, t is the time, and A, n, m are the creep parameters (with A>0, n>0, -

1<m≤0). 

The direct integral expression of Equation 7.5 is given by Equation 7.6: 

휀𝑐 =
𝐴

𝑚+1
𝜎𝑛𝑡𝑚+1                                                                                                                   (7.6) 

The elastic parameters were determined by conducting the dynamic modulus test and 

fitting a master curve for the asphalt mix. In this approach, the dynamic modulus 

value associated with the frequency of 0.44 Hz (equivalent to that of wheel tracker 

loading) is read from the master curve, as shown in Figure 7.3a.  To determine the 

creep parameters of the asphalt concrete mixes, a uniaxial static creep test was 

conducted at 50°C and 240 kPa stress.  

The creep parameters presented in Eq. 7.6 were developed from the uniaxial static 

creep test results through fitting the equation with the Least Sum of Squared Errors 

technique. As discussed earlier, ‘σ’ in the equation is the uniaxial deviatoric stress, and 
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given that ‘n’ is related to the stress, the measure of confinement is automatically 

incorporated in its estimation. Parameter ‘A’ represents the y-axis intercept value, 

while parameter ‘m’ is the slope of the strain-time relationship plot in a log-log scale 

(Abdullah, 2019).  The creep power-law model estimates the deformation as a function 

of time for a constant stress level. The model is based on a strain-failure concept, in 

which the time required to reach the failure strain is defined as the failure time (Bi et 

al., 2019). 

 The materials and mix design for the samples used in the creep test are the 

same as those used in the MWT. The static creep test was performed on 150 mm high 

and 100 mm diameter cylindrical samples according to NCHRP report 465 (Witczak 

et al. 2002). The creep power-law model was fitted to the experimental data to obtain 

the necessary creep parameters, as shown in Figure 7.3b. 

 

(a) 
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(b) 

Figure 7.3. (a) Dynamic modulus master curve, and (b) Creep power-law fitted to static creep test 

data 

The elastic and creep parameters of the dense graded AC 20 asphalt material 

utilised in this research are tabulated in Table 7.1.  

Table 7.1. Elastic and creep material parameters for Abaqus modelling 

Elastic 
Creep 

Modulus 

(Instantaneous) (MPa) 
Poisson’s ratio A n m 

293 0.4 0.009 1.348 -0.784 

 

6.4 TRIAXIAL MODELLING 

The triaxial test was modelled before the wheel tracker simulations. A three-

dimensional deformable solid was utilised with a height of 150 mm and a diameter of 

100 mm. The boundary conditions and loading conditions for the unconfined and with 

lateral pressure of 15 kPa and 30 kPa on the triaxial asphalt sample were kept similar 
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to the experimental conditions. As can be seen, the top and the bottom of the model 

were kept restrained, representing the boundary conditions in the triaxial setup 

(Figure 7.4), and the corresponding pressure was applied on the lateral faces of the 

model. The vertical pressure equivalent to the ram pressure was applied at the top 

face of the model. 

 

Figure 7.4. FE model, boundary conditions and loading for traixial test 

6.5 THE FINITE ELEMENT MODEL AND THE OPTIMAL MESH DENSITY 

The determination of the optimal mesh density in the FE model is a crucial step 

for an accurate simulation of the wheel track test. Generally, the mesh used in the 

modelling should be fine enough to ensure convergence, however, it must also ensure 

a reasonable computational effort. For this purpose, four mesh densities were tried to 

obtain the optimum mesh density. Figure 7.5a illustrates the effect of mesh density 

and the computational effort in reaching a rut depth of 10 mm. Each time, the 

simulation was run for an equivalent time required for 75000 cycles in the wheel 

tracker to capture the effect of different mesh density over a moderately long period 

of time. Figure 7.5a shows that the improvement in prediction could be observed only 

when the mesh was refined from medium to fine, after that, there is barely a marginal 

change in the result, while a significantly greater computational effort was observed. 
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Therefore, the ‘fine mesh’ was finally considered for the FE model, which includes 

86,152 elements as shown in Figure 5b. To ensure an accurate prediction, a 

significantly denser mesh was chosen for the wheel-loaded area, where the 

displacement response (rutting) is required, as shown in Figure 7.5b. A continuum 

solid brick 3D 8 node-brick element with reduced integration (C3D8R) was used in 

the modelling. 

 

(a) 

 

(b) 

Figure 7.5. Comparison of mesh density and computational time, and (b) Proposed model with fine 

mesh 

Extremely fine 
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6.6 APPLICATION OF WHEEL LOAD FOR THE WHEEL TRACKER 

SIMULATION 

Based on the length of the track and the number of passes per minute, the time 

of loading in one pass is 0.08 s for the average wheel footprint length of 22.5 mm, 

which is that of the solid wheel tyre. This research utilised the time of loading 

conversion described by Hua (2000), and Saleh and Ebrahimi (2017). The load is 

immediately and statically applied to the model in this simulation scheme. 

Subsequently, the calculation of the required time for the wheel to pass the path, is 

based on wheel speed and the footprint length of the corresponding wheel tyre. The 

required time (T) can then be calculated by Equation 7.7:  

 

T = d/v                                                                                                                      (7.7) 

 

where, d is the tyre footprint length and v is the wheel speed. 

6.7 RESULTS, COMPARISON AND DISCUSSION 

6.7.1 Triaxial Results 

The deformation contours of the model under two confinement levels of 15 kPa 

and 30 kPa are shown in Figures 7.6a and b respectively. As expected, the sample with 

30 kPa lateral pressure endured a higher cycle number to reach the test termination 

strain of 54000με or about 8mm of vertical deformation. Similar to the MWT results, 

this indicates that confinement level has a direct effect on the permanent deformation 

behaviour of asphalt mixes, with increase in confinement corresponding to reduced 

shear deformation. 
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(a) 

 

(b) 

Figure 7.6. Deformation contours of the model under (a) 15 kPa and (b) 30 kPa confinement  

Figure 7.7 shows the measured permanent strain under 15 kPa and 30 kPa 

confinement and the comparison with the corresponding predicted ones. The 

prediction seems to be quite promising in both cases. However, a better match 
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between the measured and the predicted data was observed for lower confinement 

level, than higher level of confinement. Overall, as discussed earlier, the figure 

confirms the ability of the plastic creep model to reasonably predict the permanent 

deformation behaviour of asphalt mixes in the triaxial test, as was found for the wheel 

tracker test.  

 

Figure 7.7. Comparison of measured and predicted % strain of the asphalt mix for 15kPa and 30kPa 

confinements 

6.7.2 Modified Wheel Tracker Simulation Results 

The boundary and loading conditions for the unconfined and with lateral 

pressure of 1.35 kPa were kept similar to the experimental conditions. As can be seen, 

the lateral sides along the wheel direction were kept unrestrained, representing the 

boundary conditions in the unconfined MWT setup (Figure 7.8a). For the condition 

where lateral pressure was used, two opposite sides along the wheel-tracking 

direction were kept unrestrained and a pressure of 1.35 kPa was applied on those faces 

of the model (Figure 7.8b).  
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(a) 

 

(b) 

Figure 7.8. Boundary conditions and loading for (a) unconfined, and (b) with 1.35 kPa lateral 

pressure modelling 

Figure 7.9 shows the experimental rut depth data from the wheel tracker test 

with solid and pneumatic wheel with different confinement conditions and the 

predicted rut depths from the FE modelling in Abaqus. The measured and the 

predicted rut depths are reasonably close with minor deviations, which could be 

attributed to the fact that the creep model parameters based on the static creep test 

might not be fully representative due to differences in the state of stress from that in 
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the wheel tracker. Additionally, it can also be said that the static modelling is not 

expected to yield an identical match with the true dynamic scenario. Therefore, it can 

be said that the viscoelastic parameters determined from the uniaxial static creep test 

are not expected to perfectly match with the wheel tracker test, as also concluded by 

Saleh and Ebrahimi (2017). However, the results confirm the ability of the plastic creep 

power-law model to reasonably predict rutting in asphalt concrete mixtures tested in 

the MWT. It can also be noted that the vertical permanent deformation that resulted 

from the test and predicted by the FE simulations under lateral confining pressure is 

smaller than the one that resulted from the totally unconfined test. The fully-confined 

or the conventional setup was also utilised in this research and the numerical 

modelling of the same mix was conducted. The results show that the fully-confined or 

the conventional setup of the wheel tracker produced lower vertical deformation than 

that with 1.35 kPa lateral pressure. This indicates that the fully-confined condition 

results in increased stiffness of the asphalt mix and therefore less permanent 

deformation. This subsequently reaffirms the conclusion made by Saleh (2018) that 

the fully-confined setup of the wheel tracker prevents the lateral flow of the asphalt 

slab by imposing unrealistic and high confinement. While in practice there exists 

variable lateral pressure from the nearby lanes and/or shoulders (for which the lateral 

pressure can be estimated as per ASTM D8292), the fully-confined wheel tracker is 

still not representative of the actual in-situ conditions. Therefore, the utilisation of the 

modified wheel tracker gives full control of the confining pressure, thereby providing 

a more realistic match to the actual field conditions.  
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Figure 7.9. Comparison of experimental and predicted vertical deformation for different confinement 

conditions and wheel tyre type 

It can also be observed from Figure 7.9 that the corresponding experimental 

and predicted values for the pneumatic wheel are lower than the values obtained from 

the experimental test results and FE model prediction for the solid wheel. This 

difference is attributed to the difference in the footprint of the solid and pneumatic 

wheel, and therefore, the resulting difference in the contact stress distribution. The 

pneumatic wheel evidently exerted lower contact pressure due to its larger contact 

area, thereby producing lesser deformation than solid wheel. This can be further 

supported by the findings of Casey et al. (2018), which indicated that an increased 

accumulation of damage in the form of rutting occurs when the wheel load is 

transmitted into the pavement over a smaller area with higher contact pressure, as is 

the case with the solid rubber wheel tyre. Nonetheless, Figures 7.10a and 7.10b 

indicate that strong correlations exist for the experimental rut depth at specific cycles 

between solid and pneumatic wheel for unconfined setup and with lateral pressure. 
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This agreement and the linear regressions should in turn help estimate in-situ rutting 

in road pavements, where, generally pneumatic wheel tyre is used in the vehicles.   

      

(a) 

 

(b) 

Figure 7.10. Correlations for experimental rut depth between solid and pneumatic wheel for (a) 

unconfined setup, and (b) with lateral pressure of 1.35 kPa 

D_Pneumatic = 0.5814 D_solid + 0.6259 

R2 = 0.95 

D_Pneumatic = 0.9498 D_solid - 0.1213 

R2 = 0.99 
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The experimental and predicted rut depth at specific cycles for the unconfined 

and with lateral pressure setup are presented in Table 7.2 for pneumatic and solid tyre 

wheels.  As can be observed, the general trend is that, the creep plastic model 

underestimated the vertical deformation initially, however, gradual improvement in 

prediction is evident after the post-compaction phase (500 cycles or 1000 wheel passes, 

according to Yildrim et al. 2007). The percentage difference method was used in the 

background to study the agreement between the experimental and predicted values, 

which reconfirms that the match between the experimental and predicted 

deformations increased with the increase in cycle number. The predicted final rut 

depth values were found to be within ±10% of the experimental final rut depth values 

for every confinement and wheel type. Additionally, the Root Means Square Error 

(RMSE) calculations were considered to examine the agreement between the 

experimental and the predicted rut depth values. The RMSE values presented in Table 

7.2, which are small enough for solid wheel and different confinement levels reiterate 

that the experimental and the predicted rut depth values are in good agreement with 

each other. However, the RMSE values were found to be larger for pneumatic wheel, 

which can be attributed to the underestimation of rut depth for the pneumatic wheel 

at most cycle numbers. The deformation profiles (ABAQUS visuals) for different 

conditions are presented in Appendix D. 
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Table 7.2. Experimental and predicted rut depth with and without confinement 

Solid wheel 

Unconfined (0 kPa lateral pressure) 

Cycles 50 100 500 1250 2500 5000 10000 20000 25000 

Experimental rut depth (mm) 1.01 1.38 2.24 2.78 3.28 3.85 4.71 6.28 7.36 

Predicted rut depth (mm) 0.60 0.70 1.80 2.30 3.00 3.90 4.90 6.50 7.40 

Root Mean Squared Error 

(RMSE) 
0.35 

Semi-unconfined (1.35 kPa lateral pressure) 

Cycles 50 100 500 1250 2500 5000 10000 20000 25000 

Experimental rut depth (mm) 1.02 1.31 1.97 2.34 2.62 2.87 3.12 3.36 3.43 

Predicted rut depth (mm) 0.73 0.93 1.50 2.00 2.40 2.80 3.10 3.46 3.63 

Root Mean Squared Error 

(RMSE) 
0.26 

Fully confined 

Cycles 50 100 500 1250 2500 5000 10000 20000 25000 

Experimental rut depth (mm) 0.77 0.95 1.39 1.67 1.92 2.18 2.49 2.86 2.96 

Predicted rut depth (mm) 0.50 0.66 1.10 1.42 1.70 2.00 2.30 2.67 2.81 

Root Mean Squared Error 

(RMSE) 
0.22 

Pneumatic wheel 

Unconfined (0 kPa lateral pressure) 

Cycles 50 100 500 1250 2500 5000 10000 20000 25000 

Experimental rut depth (mm) 1.27 1.46 2.01 2.41 2.77 3.19 3.66 4.20 4.40 

Predicted rut depth (mm) 0.40 0.85 1.20 1.60 2.12 2.80 3.50 4.20 4.53 

Root Mean Squared Error 

(RMSE) 
0.55 

Semi-unconfined (1.35 kPa lateral pressure) 

Cycles 50 100 500 1250 2500 5000 10000 20000 25000 

Experimental rut depth (mm) 0.84 1.09 1.66 2.00 2.25 2.57 2.91 3.16 3.24 

Predicted rut depth (mm) 0.15 0.22 0.50 1.00 1.50 2.00 2.50 3.20 3.50 

Root Mean Squared Error 

(RMSE) 
0.69 
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Strong correlations were also observed between the experimental and the 

predicted rut depths at different cycles for individual wheel type and confinement, as 

can be seen in Figure 7.11 (a-d). The highest correlation was found for the unconfined 

setup with solid wheel, followed by lateral pressure with solid wheel, unconfined 

with pneumatic wheel, and lateral pressure with pneumatic wheel. In general, it can 

be noted that the creep plastic model underestimated the rut depths at most cycle 

numbers when the pneumatic wheel was used, which may be attributed to the 

complex effect of the wheel treads in the pneumatic wheel in the experimental 

condition, which caused non-uniform pressure distribution. This complexity and 

sophistication in the analysis was not incorporated in the FE modelling in this 

research. Therefore, future studies may investigate the effect of wheel treads in the FE 

prediction of asphalt rutting in the MWT. 

 

(a) 

FE_predicted = 1.0831FE_experimental - 0.4522 

R² = 0.99 
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(b) 

 

(c) 

FE_predicted = 1.0832FE_experimental - 0.3325 

R² = 0.97 

FE_predicted = 1.1114FE_experimental - 0.7008 

R² = 0.95 

 



 

182 
 

 

(d) 

Figure 7.11. Correlation of experimental and predicted rut depth for (a) unconfined with solid wheel, 

(b) 1.35 kPa lateral pressure with solid wheel, (c) unconfined with pneumatic wheel, and (d) 1.35 kPa 

lateral pressure with pneumatic wheel 

6.8 SUMMARY AND CONCLUSIONS 

The finite element modelling of rut depth of an AC 20 dense-graded asphalt 

mixture was investigated in this chapter. For the triaxial test, FE modelling under two 

confinement levels of 15 kPa and 30 kPa were considered. As expected, the sample 

with 30 kPa lateral pressure endured a higher cycle number to reach the test 

termination strain of 54000με or about 8mm of vertical deformation. This indicates 

that confinement level has a direct relationship with permanent deformation 

behaviour of asphalt mixes, with increase in confinement limiting shear deformation. 

A better match between the measured and the predicted data was observed for lower 

confinement level, in contrast to the higher level of confinement. Comparing the 

FE_predicted = 1.1277FE_experimental - 0.7668 

R² = 0.87 
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experimental data with the predicted data confirms the suitability of the plastic creep 

power-law model for this simulation. 

A modified setup of the wheel tracker was utilised and the boundary 

conditions for the FE modelling were kept consistent with the modified wheel tracker 

(MWT). This assembly can be used to account for the permanent deformation (rutting) 

under the application of a range of lateral pressures, which is more realistic and is 

representative of the actual field conditions. For the modelling, three different 

confinement conditions and two types of wheel were considered.  The uniaxial static 

creep test was performed to determine the viscoelastic parameters, and the plastic 

creep power-law model was utilised for the modelling. The difference in the contact 

stress distribution between the solid and pneumatic wheel tyre played a significant 

role in the difference in the rut depth values. The results show that the fully-confined 

or the conventional setup of the wheel tracker produced lower vertical deformation 

than that with the unconfined condition and 1.35 kPa lateral pressure, indicating an 

increased stiffness of the asphalt mix under full confinement conditions and therefore 

less permanent deformation. Therefore, it can be said that the fully-confined wheel 

tracker prevents the lateral flow of the asphalt mix by imposing unrealistic and high 

confinement. It was observed that strong correlations exist for the experimental rut 

depth at specific cycles between solid and pneumatic wheel for the unconfined setup 

and with lateral pressure. This agreement and the linear regression models should in 

turn help estimate in-situ rutting in road pavements, where, generally pneumatic 

wheel tyres are used in the vehicles. Strong correlations were also observed between 

the experimental and the predicted rut depths at different cycles for individual wheel 

type and confinement.  

Overall, as discussed earlier, the findings confirm the ability of the plastic creep 

model to reasonably predict the permanent deformation behaviour of asphalt mixes 

tested in both wheel tracker and triaxial test. 
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Chapter 8. CONCLUSIONS AND RECOMMENDATIONS 

8.1 CONCLUSIONS 

The research aimed at carrying out a comprehensive investigation on the effect 

of different confinement conditions on permanent deformation characteristics of 

HMA utilising the modified wheel tracker (MWT).  

In this study, the relationship of the asphalt mixture rutting parameters with 

the binder rheological characteristics was investigated. While the Superpave high-

temperature parameter has been extensively used for binder characterisation, its 

ability to fully describe a binder’s resistance to rutting is questionable in particular for 

polymer modified binder and numerous studies suggest that this parameter solely 

cannot rank the asphalt binders, when permanent deformation is of concern. 

Therefore, the MSCR test was recommended as a more reliable test to characterise the 

high temperature behaviour of asphalt binder, and thus, was performed in this 

research. Additionally, a combination of both elastic and plastic behaviours in a single 

parameter designated as the Combined Elastic Plastic (CEP) parameter was 

investigated in this study. This study was undertaken to eventually introduce the CEP 

parameter as one of the binder rheological rutting parameters and to investigate its 

applicability and potential to supplement the existing binder rheological parameters 

to characterise the properties of asphalt binder related to HMA rutting performance. 

The study shows that the CEP parameter is much more reliable than the traditional 

G*/sin (δ) and Jnr parameters for evaluating the rutting behaviour of asphalt binders, 

evident from the higher correlations with the asphalt mix mechanical properties such 

as dynamic modulus, flow number and modified wheel tracker test parameters. The 

CEP parameter revealed a wider range of values, and the distinction between the 

softer and stiffer binders based on this parameter is much clearer and comparable with 

asphalt mixture test results. 
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This study also aimed to establish the direct relationship between the MWT 

and the dynamic creep test to investigate if the mechanisms of rutting (densification 

and shear deformation) of the MWT and dynamic creep are comparable or equivalent 

in both tests. Previous studies could only correlate the rutting parameters from 

conventional wheel trackers with the Simple Performance Test (SPT) measurements. 

Therefore, this study aims to investigate if the MWT test and the dynamic creep test 

methods, and thereby the parameters from these tests are correlated with each other 

in the matter of ranking and screening asphalt concrete mixtures for rutting resistance 

potential. Comparing the results of the MWT with the dynamic creep is required to 

provide correlations between existing permanent deformation data generated by the 

dynamic creep and new data generated by the MWT, which will be quite essential to 

practitioners and researchers. The study showed that the permanent deformation 

parameters derived from the MWT were well correlated with the dynamic creep test. 

The MWT showed promising repeatability for both the confined and unconfined 

setups, and the coefficient of variation (COV%) values for the parameters were found 

well within the tolerable limits prescribed for the traditional wheel trackers. 

Subsequently, the study also focused on the ruggedness testing of the factors 

affecting the permanent deformation behaviour utilising the Modified Wheel Tracker 

(MWT). The analysis involved five factors, each at two levels. These factors are binder 

type, voids in total mix (VTM %), nominal maximum aggregate size (NMAS), 

temperature, and confining pressure. The study utilised a half-factorial design in 

accordance with ASTM E1169 - 20. Based on the analysis, when the experiments were 

conducted without any confinement, temperature, amongst all other factors, was 

found to impose the greatest effect on the permanent deformation behaviour based on 

vertical and horizontal FN Indices. The experiments with controlled confinement and 

unconfined mixes showed that “confining pressure” is the most significant factor for 

all the rutting parameters, with its distinction being the greatest for the creep slope, 

followed by horizontal deformation, and vertical deformation. The sensitivity analysis 
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points out that a minimal change in temperature, VTM, and the confining pressure 

can considerably increase the variability among the mix replicates. For both FNV and 

FNH to be within ±25% from the model, the change in VTM (%) and temperature 

should be controlled within ±10% and ±3% respectively from the target values. For the 

vertical deformation at 2000 cycles to be in the range ±25% from the model, the 

confining pressure and temperature should be controlled within the range ±25% and 

±5%. 

The subsequent part of this research investigated the relationship between the 

triaxial test and the Modified Wheel Tracker (MWT) and whether the rutting 

mechanisms in these tests with variable confinement were equivalent or comparable 

to each other. The effect of different levels of confinement on the rutting of asphalt 

mixtures tested in the triaxial setup and the MWT was studied.  The lateral confining 

pressure played an important role in contributing towards the permanent 

deformation resistance of the mixes, within each mix. The higher confining pressure 

increased the permanent deformation resistance. The rut depth from the mixes tested 

in the MWT correlated fairly well with the FNs from the triaxial test with R2 value of 

0.61. The average resilient modulus values of the mixes correlated better with the rut 

depth values of the mixes tested in the wheel tracker, with an R2 value of 0.87. The 

results and analysis provide a reasonable confirmation that the MWT is in general 

agreement with the triaxial test, and can be used for a thorough and routine 

investigation of the permanent deformation behaviour in asphalt concrete mixtures 

under different confinement conditions, as observed in-situ. 

The final chapter of this thesis aimed to simulate the permanent deformation 

(rutting) behaviour of asphalt mixtures in the triaxial and the modified wheel tracker 

(MWT) utilising Finite Element (FE) modelling using the general-purpose finite 

elements software ABAQUS. It can be noted that NCHRP report 465 suggest the 

option of altering confinement only for the SPTs, such as the dynamic modulus and 

dynamic creep tests. However, no research until now addressed or analysed the effect 
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of confinement in a simulative test such as the wheel tracker. For this reason, this 

study focused on the effect of lateral confinement on the modified wheel tracker 

(MWT) results. Additionally, the differences between the laboratory rutting 

characteristics of HMA using pneumatic and solid wheel tyres in the wheel tracker 

were explored. The effect of confining pressures on the permanent deformation 

behaviour was investigated in both the triaxial test and the modified wheel tracker. 

The triaxial test was conducted with controlled confinement of 15 and 30 kPa, while, 

the MWT test was conducted on unconfined samples and with a confining pressure 

of 1.35 kPa along the lateral sides, for each wheel type. As expected, the sample with 

30 kPa lateral pressure endured a higher cycle number to reach the test termination 

strain of 54000με or about 8mm of vertical deformation. This indicates that 

confinement level has a direct relationship with the permanent deformation 

behaviour of asphalt mixes, with increase in confinement increasingly immobilises 

shear deformation. A better match between the measured and the predicted data was 

observed for lower confinement level, than higher level of confinement. Comparing 

the experimental data with the predicted data confirms the suitability of the plastic 

creep power-law model for this simulation. 

The results show that the fully-confined or the conventional setup of the wheel 

tracker produced lower vertical deformation than that with the unconfined condition 

and 1.35 kPa lateral pressure, indicating an increased stiffness of the asphalt mix under 

full confinement conditions and therefore less permanent deformation. Therefore, it 

can be said that the fully-confined wheel tracker prevents the lateral flow of the 

asphalt mix by imposing unrealistic and high confinement. It was observed that strong 

correlations exist for the experimental rut depth at specific cycles between solid and 

pneumatic wheel for unconfined setup and with lateral pressure. This agreement and 

the linear regression models should in turn help estimate in-situ rutting in road 

pavements, where, generally pneumatic wheel tyres are used in the vehicles. Strong 
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correlations were also observed between the experimental and the predicted rut 

depths at different cycles for individual wheel type and confinement.  

Overall, the findings confirm the ability of the plastic creep model to reasonably 

predict the permanent deformation behaviour of asphalt mixes tested in both wheel 

tracker and triaxial test. 

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH  

For the binder characterisation, the incorporation of more modified binders in 

future studies should reveal a more pronounced contrast in the relationship of Jnr and 

CEP with asphalt mixture rutting parameters. This research is limited to the use of 

only two dense-graded Hot Mix Asphalts (HMA). Therefore, it is recommended that 

different mix gradations should be studied to further supplement the findings 

reported herein. For the ruggedness analysis, future studies should include more 

factors that affect permanent deformation behaviour of asphalt concrete mixes. A full 

factorial ruggedness testing is recommended to be undertaken in future. Additionally, 

the modelling and analyses presented in this study are based on experiments 

conducted in the laboratory. Therefore, future studies should investigate, compare, 

and calibrate the analyses with the in-situ data. Moreover, future studies may 

investigate the effect of wheel treads in the FE prediction of asphalt rutting in the 

MWT.
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APPENDIX A – Asphalt Mix Design and Properties 

A.1 Mix AC 14 

Table A.1.1. Aggregates properties 

Aggregate: SC16 SC14 SC10 SC7 Barmac 
Concrete 

Sand 

Sieve Size (mm) % Passing 

16.0 100 100 100 100 100 100 

13.2 83 99 100 100 100 100 

9.5 9 8 100 100 100 100 

6.7 0 0 46 99 100 100 

4.75 0 0 3 43 99 100 

2.36 0 0 0 0 67 75 

1.18 0 0 0 0 46 61 

0.600 0 0 0 0 33 51 

0.300 0 0 0 0 25 32 

0.150 0 0 0 0 17 7 

0.075 0 0 0 0 11 1 

 

Bulk SG: 2.63 2.63 2.62 2.62 2.65 2.62 

Bulk SG SSD: 2.65 2.65 2.64 2.64 2.66 2.64 

Apparent SG: 2.67 2.67 2.68 2.68 2.69 2.68 

Absorption (%): 0.60 0.70 0.80 0.90 0.90 0.80 

Blend Ratio (%): 8 15 26 7 38 6 
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Table A.1.2 Mix blend properties 

Sieve Size (mm): 

Blend Result: 

Upper 

% Passing Sieve: 

Blend Result 
Specification: NZTA M10 AC14 

Upper Lower 

 

16.0 100 100.0 

13.2 98.5 90 100 

9.5 78.9 72 83 

6.7 62.9 54 71 

4.75 47.4 43 61 

2.36 30.0 28 45 

1.18 21.1 19 35 

0.600 15.6 13 27 

0.300 11.4 9 20 

0.150 6.9 6 13 

0.075 4.2 4 7 

    

Bulk SG 2.63 - 

Bulk SG SSD 2.65 - 

Apparent SG 2.68 - 

Absorption (%) 0.81 - 

 

Table A.1.3 Mix results 

Sample ID: Sample I Sample II Sample III Sample IV 

Total Binder Content (%) 4.50 5.00 5.50 6.00 

Effective Binder (%) 4.07 4.48 5.07 5.52 

Maximum SG 2.49 2.47 2.45 2.44 

Bulk SG 2.30 2.36 2.40 2.38 

Air Voids (%) 7.50 4.60 2.20 2.10 

VMA (%) 16.60 14.80 14.00 14.90 

VFB (%) 54.70 69.20 84.50 85.70 

Film Index (μm) 9.20 10.10 11.50 12.60 
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Figure A.1.1 Asphalt concrete mix result 
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Table A.1.4 Mix specification 

 Results AC 14 specification 

Total Binder Content (%) 5.10 4.0 – 6.0 

VMA (%) 14.50 14 minimum 

VFB (%) 73.00 - 

Film Index (μm) 10.50 7.5 minimum 

 

A.2 Mix AC 20 

Table A.2.1. Aggregates properties 

Aggregate: 
SC19  SC14  SC10  SC7  Barmac  HP  Concrete 

Sand  

Sieve Size (mm) % Passing  

19.0  100  100  100  100  100  100  100  

16.0  83  100  100  100  100  100  100  

13.2  31  99  100  100  100  100  100  

9.5  1  11  99  100  100  100  100  

6.7  1  0  45  99  100  100  100  

4.75  1  0  3  45  98  99  100  

2.36  1  0  0  1  67  69  77  

1.18  1  0  0  0  46  46  60  

0.600  1  0  0  0  34  33  50  

0.300  1  0  0  0  25  23  32  

0.150  0  0  0  0  17  15  8  

0.075  0  0  0  0  11  10  2  

  

Bulk SG:  2.65 2.63 2.62  2.62  2.65 2.65  2.62  

Bulk SG SSD:  2.67  2.65  2.64  2.64  2.66  2.66  2.64  

Apparent SG:  2.70  2.68  2.68  2.68  2.69  2.69  2.68  

Absorption (%):  0.60  1.00  0.80  0.90  0.90 1.10 0.80  

Blend Ratio (%):  25  7  26  5  16  16  5  
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Table A.2.2 Mix blend properties 

Sieve Size (mm): 

Blend Result: 

Upper 

% Passing Sieve: 

Blend Result 
Specification: NZTA M10 AC20 

Upper Lower 

 

26.5 100 100.0 

19.0 100 90 100 

16.0 95.8   

13.2  82.7  71  86  

9.5  68.8  58  75  

6.7  53.9  46  64  

4.75  39.8  37  55  

2.36  25.9  24  42  

1.18  18.0  15  32  

0.600  13.5  10  24  

0.300  9.5  7  17  

0.150  5.5  4  12  

0.075  3.5  3  6  

13.2  82.7  71  86  

 

Bulk SG 2.64 - 

Bulk SG SSD  2.66  -  

Apparent SG  2.69  -  

Absorption (%)  0.83  -  

 

Table A.2.3 Mix results 

Sample ID: Sample I Sample II Sample III Sample IV 

Total Binder Content (%)  4.30  4.80  5.30  4.70  

Effective Binder (%)  4.16  4.71  5.3  4.64  

Maximum SG  2.48  2.46  2.44  2.46  

Bulk SG  2.34  2.37  2.39  2.39  

Air Voids (%)  5.50  3.50  1.80  2.80 

VMA (%)  15.00  14.40  14.10  13.50  

VFB (%)  63.30  75.40  87.20  79.60  

Film Index (μm)  10.90  12.40  14.00  12.20  
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Figure A.2.1 Asphalt concrete mix result 

 

Table A.2.4 Mix specification 

 Results AC 14 specification 

Total Binder Content (%) 4.70 4.0 – 6.0 

VMA (%) 15.10 14 minimum 

VFB (%) 72.00 - 

Film Index (μm) 12.00 7.5 minimum 
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APPENDIX B Binder Rheological test results 

 

 

(a) 

 

 

(b) 
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(c) 

Figure B.1. Comparison of (a) G*/sinδ (kPa), (b) Jnr (kPa-1), (c) CEP parameter (with G*/sin (δ) of 

RTFO-aged binder) of five asphalt binders  



 

199 
 

APPENDIX C Comparison of different parameters from dynamic creep samples and MWT samples 

 

Table C.1. Comparison of different parameters from dynamic creep samples and MWT samples 

Dynamic creep samples MWT samples 

Mix Replicates 

Flow 

Number 

(FN) 

FN index 

(10-4) 

(mm/cycle) 

Creep 

slope 
Tertiary slope  

Vertical 

Flow 

Number 

(FNV) 

Horizontal 

Flow 

Number 

(FNH) 

Vertical FN 

index (10-7) 

(mm/cycle) 

Horizontal 

FN index 

(10-7) 

(mm/cycle) 

Creep 

slope 

(10-5) 

Tertiary slope 

(10-5) 

 1 228 160.0 

200.0 

82.0 

106.0 

78.8 

143.3 

90.7 

101.8 

127.2 

 35891 31699 1557.0 839.0 5.0 7.0 

1 2 167  31501 25470 2219.0 1374.0 4.0 7.0 

 3 238  35061 21725 1386.0 589.0 6.0 10.0 

             

 1 160 133.0 

225.0 

253.0 

102.9 

168.8 

141.8 

142.1 

191.5 

215.8 

 33471 26299 1335.0 418.0 6.0 10.0 

2 2 138  25581 26865 1724.0 633.0 9.0 10.0 

 3 128  23881 21462 2211.0 1118.0 6.0 11.0 

             

 1 74 365.0 

580.0 

568.0 

400.0 

358.5 

284.9 

569.4 

431.1 

783.8 

 4561 2978 9362.0 5944.0 50.0 190.0 

3 2 54  3891 3245 13159.0 7304.0 60.0 270.0 

 3 58  5121 2876 8592.0 4554.0 30.0 130.0 

             

 1 63 472.0 

472.0 

629.0 

319.5 

495.0 

294.0 

721.5 

1110.7 

425.3 

 4361 1929 7246.0 5443.0 60.0 230.0 

4 2 53  2771 1594 17755.0 6900.0 90.0 360.0 

 3 43  2621 1916 12628.0 11325.0 60.0 250.0 
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APPENDIX D Finite Element Simulation Visuals in ABAQUS 

 

 

Figure D.1 Fully unconfined setup with solid wheel, deformation 

 

Figure D.2 Fully unconfined setup with pneumatic wheel, deformation 
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Figure D.3 Controlled confinement of 1.35 kPa, deformation 

 

Figure D.4 Fully confined setup with solid wheel, deformation 

 


