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ABSTRACT 
Asphalt concrete mixture is the most commonly used material in pavement construction 

because of its high-quality engineering performance such as elasticity, stability, durability 

and water resistance. Determination of service life is one of the most important aspects in the 

design of asphalt concrete pavements. The design life of an asphalt concrete pavement can 

be defined as the period that a pavement can be used without severe damage. In the last 50 

years, many researchers tried to get accurate estimation for the life of asphalt concrete 

pavement to optimize the usage of natural resource and reduce premature failure of 

pavement. However, premature pavement failure is still common, resulting in high 

maintenance cost and unsafe service condition. 

Fatigue cracking is the most important structural distress used in the design of a 

pavement and the models used for this design require significant improvement. The 

conventional fatigue design models are commonly used to analyze pavement structures. 

These types of models assume linear elastic material properties and static loading conditions. 

In reality, pavement materials are not linear elastic materials. For example, asphalt concrete 

mixtures are viscoelastic materials and material performance deteriorates with continuous 

damage accumulation. Furthermore, the traffic loads are dynamic. The difference between 

the conventional fatigue design assumptions and the actual pavement conditions leads to 

significant differences between measured and predicted pavement responses. 

A study has been conducted at Hong Kong Polytechnic University to develop a 

procedure to better predict long-term performance of asphalt concrete pavements. To 
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achieve this end, complicated finite element techniques are employed and parametric studies 

are performed. The fatigue destructive mechanics (fracture mechanics and damage 

mechanics) are used to develop a 3D Finite element model that can be applied to 

characterize the nonlinear properties of the asphalt concrete materials. A set of materials 

tests is preformed to evaluate various bituminous wearing course materials by using 

Universal Servo Pneumatic Testing System in Hong Kong Road Research Laboratory such 

as indirect tensile modulus, dynamic creep, indirect tensile fatigue and wheel tracking. The 

materials for this study comprise conventional asphalt concrete wearing course (ACWC) and 

stone mastic asphalt (SMA) with a virgin 60/70 bitumen and different modified bitumen 

(Polypropylene, Crumb rubber, Cellulose fiber, Asbestos fiber and Gilsonite). The test 

results are analyzed in a multiple regression technique to capture the parameters in the 

proposed creep model. With the developed materials models, the typical flexible pavement 

structures are modeled in the finite element software, ANSYS. The real vehicle loads are 

employed and the effects of the footprint shape, loading frequency, and curing time are 

studied by using this computer simulation technique. The simulation results show that the 

SMA has a better healing effect and a longer micro-damage fatigue life than other mixtures 

with significantly enhanced healing effect. In addition, after the fatigue analysis and the 

prediction of the service life of flexible pavement, a sensitivity analysis is conducted to 

investigate the effect of cross section and load attributes factors on pavement response.  

: 
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CHAPTER ONE INTRODUCTION 

1.1 Background 

Highway and airfield pavements can be classified into two types: flexible pavements, 

which are constructed of bituminous and granular materials, and rigid pavements, which are 

constructed of Portland cement concrete. Flexible pavements are also called asphalt concrete 

pavements. Asphalt concrete material is the most commonly used material in pavement 

construction in Hong Kong due to its favorable properties such as elasticity, stability, 

durability and water resistance. Asphalt mixtures are used as wearing course or base course 

in pavement structure to distribute and transfer stress caused by traffic loads and to protect 

the underlying layers from the effects of water. In order to adequately perform in the 

pavement service life, the mixture should withstand the effects of air and water, resist 

permanent deformation, and resist cracking caused by traffic and environment. 

About seventy-five percent of all paved roads and streets in Hong Kong, that is nearly 

1900 kilometers, is surfaced with asphalt concrete. To keep road network safe and 

comfortable, Hong Kong spends huge sums of money every year in expanding its 

transportation network and maintaining this valuable asset of Hong Kong. The financial 

provisions for capital road projects and road maintenance of the Highways Department are 

presented in Table 1.1 (Wong and Hung 2001). It is clear that the expenditure for both 

capital project and maintenance on highways is on a constant rise. Despite millions of 

dollars spent each year on asphalt concrete pavement, the fundamental mechanism of fatigue 



 2

fracture, which is the major distress in asphalt concrete pavements, still awaits discovery and 

the conventional predictive theory remains to be improved.  

 

Table 1. 1 Financial provision for capital road projects and road maintenance 

Financial year 1997-98 1998-99 1999-2000 

Capital projects ($m) 267.5 307.5 318.2 

Maintenance ($m) 874.8 922.1 1007.6 

 

Fatigue cracking is the damage resulting from the accumulation of damage caused by 

repeated loading applications on asphalt concrete pavement, typically observed as a 

longitudinal crack pattern in the wheel paths in the bituminous layer. The occurrence of 

fatigue cracking in bituminous layers indicates accelerated deterioration of material 

performance and significantly adverse effect to serviceability and durability of pavement 

structure. 

 Decreased water resistance. The rain water can come into the internal of structures 

of pavement through the cracking voids and excessive moisture leads to reduction 

in loading capacity of structure. 

 Excessive compressive stress in sub-grade. The asphalt concrete materials are not 

continuous and homogeneous with cracking propagation. The materials 

deformation at edge of pavement structure is increasing and excessive compressive 

stress is transferred through the cracks under traffic loads. 
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 Decreased structure service life. The excessive deformation at edge of pavement 

structure increases the tensile strength in the layer of pavement structure and 

decreases the structure service life under traffic loads. 

  Raveling and weathering. The raveling and weathering in friction course of 

pavement generally occur at the edge of cracks under traffic and environment 

factors such as water and frost. 

In general, two kinds of cracks develop in the pavement structure during its service. 

One is a micro-crack that is invisible and present at the beginning of service. The other is a 

macro-crack that is visible, resulting from propagations and coalescence of micro-cracks 

under sufficient loading repetitions. Therefore, to investigate the problem of fatigue cracking, 

it is necessary to define the loads or stresses which may cause propagation and coalescence 

in an existing crack. The propagation and coalescence of crack might be caused by three 

sorts of loads or stresses. 

1. Traffic 

Vehicles, especially heavy ones, when passing over or near a crack, press down the 

loaded edge of the crack. The traffic loading causes vertical and horizontal movement 

of cracking edges. 

2. Temperature Variation 

Changes in temperature between day and night lead to stress in pavement sections. 

Such excessive stress often results in alternate closure and opening of the cracks. 

Sometimes a cracked layer may warp under the influence of a severe thermal gradient. 

3. Moisture variation in the sub-grade. 
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Moisture changes in the sub-grade soil always induce opening or closure of cracks. 

Depending on the structure of the pavement, the shape of the existing crack and the 

types of movement of the edges of a discontinuity are well known and are classified 

according to the conventional scheme of (G. Irwin, 1957) into three modes: 

 Mode 1 corresponding to opening of the crack. 

 Mode 2 corresponding to shearing. 

 Mode 3 corresponding to tearing. 

How these types of movement cause the facture of wearing courses is shown in Figure 

1.1. 

 

      

       MODE 1 Thermal shrinkage            MODE 2 +1 Vehicle approaching a crack 

      

   Vehicle travelling alongside of a longitudinal crack             MODE 3 Tearing 

Figure 1. 1 Movements of crack edges in wearing course (G. Irwin, 1957) 
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Thermal or drying shrinkage systematically induces mode 1 crack edge movements 

(called opening). Traffic is likely to cause mode 1, 2 or 3 movements, depending on the 

position of the vehicle relative to the crack and on the geometry of the crack: 

 A vehicle approaching a transverse crack most frequently induces mode 1 and 2 

movements. When the axle is straight above the crack, its edges will move in mode 

1. 

 A vehicle travelling with its wheel paths astride a longitudinal crack causes its 

edges to move in mode 1. 

 A vehicle travelling alongside of a continuous longitudinal crack induces mode 2 

movement. At the tip of the same crack the vehicle causes mode 3 movements of 

the edges. 

The development of an existing crack in a superimposed layer under the action of 

various loads and stresses is generally preceded by three stages involving different 

mechanisms: 

 Initiation stage is induced by a defect already present in the un-cracked layer. 

 Steady propagation stage rises through the full thickness of layer, starting from the 

point where it is induced by a concentration of traffic or thermal stresses. 

 Facture stage is marked by the crack appearing at the surface of the layer. 

To overcome and control the cracks underlying materials, the superior quality 

bituminous materials and improved mixtures are applied to the vital highway projects in 

Hong Kong to improve the performance of pavements. Modified bitumen is one of the 

economical and satisfactory methods to improve the quality of conventional bituminous 
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materials. Polymers have been the most commonly used for the modification of bitumen to 

improve adhesion between bitumen and aggregate and to reduce moisture sensitivity in 

bituminous mixture.  

Among the various techniques available for improving the properties of bituminous 

wearing courses, the addition of fibers has been playing an increasingly prominent role (e.g., 

Serfass and Samanos, 1996). Recently, fiber-reinforced bituminous mixtures for enhancing 

the performance of pavements have been tested and used. The testing results demonstrate 

that asphalt mixes reinforced with fibers exhibit improved performance (e.g., Balaguru and 

Khajuria, 1996; Huang and White, 1996; Tingle et al., 2002). However, before the practical 

use of different fibers as the reinforced additives to asphalt mixes in Hong Kong, it is 

necessary to study and understand the characteristics of fiber reinforced asphalt mixtures 

through laboratory testing.  

1.2 Objectives and Scope of This Study 

The objective of this research is to characterize the fatigue cracking and to evaluate 

service life of asphalt concrete mixtures in terms of micro-damage and propagation of 

micro-cracking through a 3D nonlinear finite element model. The model describes the real 

traffic loads, the nonlinear anisotropic behavior of the layer materials, the interface effects 

and the effects of various environmental factors. 

1.3 Organization of This Dissertation  

This dissertation is divided into four main parts: 

 The general part (Chapter 2) outlines the literature and framework of this study; 

 The second part (Chapter 3) predicts the pavement temperature in Hong Kong; 
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 The third part (Chapter 4)concentrates on study of bituminous mixtures’ properties, 

including permanent deformation properties, fatigue properties and moisture 

susceptibility; 

 The fourth part (Chapter 5) predicts flexible pavement service life with non-linear 

fatigue model and sensitive analysis. 
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CHAPTER TWO LITERATURE REVIEW 

Pavement structural analysis is a procedure which can be used to study and predict 

pavement structures in response to different loads. Pavement structural analysis has three 

components: 

1. Material models 

2. Load models 

3. Analysis Algorithm or procedure 

The structural analysis of pavements is different from that of structural designs of 

bridges and buildings. Asphalt concrete is visco-elastic materials that are greatly influenced 

by environmental factors, such as temperature and moisture. Also, pavements are subject to 

vehicle traffic loads, Load magnitude, spacing and number, tire pressure, and vehicle speed 

among other factors that have significant effects on pavement response. 

All the factors mentioned above should be included in pavement structural analysis, 

which is an extremely difficult task. Therefore, simplification is needed. Several analysis 

procedures ignore some load parameters, such as vehicle speed and load repetitions, while 

others simplify the behavior of pavement materials and foundation soils. These 

simplifications have significant effects on the accuracy of the predicted pavement response. 

2.1 Material Behavior 

Three relationships are usually used to describe pavement material response to loads 

(Yoder and Witczak, 1975): 

1. The relationship between stress and strain, linear or nonlinear. 
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2. The time dependency of strain under a constant stress level, viscous or non 

viscous. 

3. The degree to which the material can rebound or recover strain after stress removal, 

plastic or elastic. 

 

 
Figure 2. 1 Material Characteristics (Yoder and Witczak, 1975) 

 

The fundamental difference between a linear and nonlinear materials response is shown 

in Figure 2.1a. Nonlinear material behavior has two stages, elastic and elastic-plastic. These 

two stages are delineated by stress yield criteria. If the applied stress level is less than the 

yield criteria, the material will act as linear elastic material, e.g. all the strain is recoverable. 

On the contrary, when the stress level exceeds the yield criteria both elastic and plastic strain 

occur and only the elastic strain is recoverable. 
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Viscous and non-viscous material response is shown in Figure 2.1b. Maxwell and 

Kelvin mechanical models can be used to describe viscous materials response. The Maxwell 

model consists of a spring connected in series to a dashpot, while the Kelvin model consists 

of a spring connected in parallel to a dashpot. In Maxwell model, the strain has two parts, an 

instantaneous and fully recoverable part, represented by the spring and a time dependent part, 

represented by the dashpot. In Kelvin model, the strain approaches the elastic value as the 

loading time approaches infinity. When the load is released all the strain is fully recovered. 

The Figure 2.1c shows the basic distinction between elastic and plastic materials. 

Ideally, this difference refers to whether all of the strain is recovered (elastic) when the load 

is released or whether residual deformation remains (plastic). 

To characterize these material behaviors, some material models are applied to 

reproduce the vital aspects of material responses. Material model can be used to predict 

response to any general changes in effective stresses and strains and to be divided according 

to their complexity or applied extent to characterize important features of material response. 

2.1.1 Linear Elastic Models 

The simplest materials models are the linear elastic models in which the material 

follows Hooke’s Law. The relationship between stress and strain is assumed to be a unique 

straight line with constant slope. This slop, as the modulus of elasticity, does not vary with 

stress or strain changes. 




E                                  (2-1) 

Where, E - Modulus of elasticity; 

        - Stress; 
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        - Strain. 

Two material properties are required for this type of models, such as modulus of 

elasticity, Poisson’s ratio or shear modulus. Linear elastic models can only be used for static 

analysis. 

2.1.2 Stress Dependent Models 

Elliott and David (1989) develop the linear elastic models in which the material 

modulus of elasticity depends on the stress level. The relationship between stresses and 

strains is a one-to-one linear relationship represented by a number of linked straight lines, as 

shown in Figure 2.2. For each stress level, there is a unique modulus of elasticity value and 

within any stress range the material follows Hooke’s Law. 




ijE                                  (2-2) 

Where, ijE - Modulus of elasticity for stress level between i  and j
 

 

Figure 2. 2 Stress dependent material behavior( Elliott and David, 1989) 
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2.1.3 Elastic-Plastic Models 

For many materials the overall stress-strain relationship cannot be considered as a 

unique relationship as in the case of elastic materials. When this type of material is loaded 

with a load level higher than a level criterion, permanent deformation occurs. If the load 

level is less than the criteria, an elastic response can be observed. The irrecoverable 

deformation that remains under zero load can be regarded as defining new reference states 

from which subsequent elastic response can be measured, provided a new level criterion is 

not exceeded. The departure from elastic response that occurs as reloading proceeds beyond 

the new level criterion is called “yielding” and the maximum load at this criterion is yield 

point (Wood, 1990). 

Elastic-plastic models have the following assumption: 

1. The response of structure by effective stresses is fully recoverable. 

2. The yield surface is a limit to the region of effective stress space that can be 

reached with purely elastic response. The loading history which the materials have 

experienced controls the shape, size and location of the yield surface. 

3. Whether a change in effective stress takes the material beyond or below its current 

yield surface will control whether or not irrecoverable (plastic) deformations will 

occur. 

The elastic-plastic model has four components (O’reilly and Brown, 1991): 

1. Elastic component, which represents the pure elastic response of the material 

inside its current yield surface. 
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2. Yield surface, which is a boundary between pure elastic response and 

elastic-plastic response of the material. 

3. Plastic potential function and flow rule, which describe the mechanism of plastic 

deformation and indicates the direction in which the plastic strain increment vector 

happens. 

4. Hardening rule, which is the link between change in size and/or position of the 

yield surface and the magnitude of the plastic strains. 

Roscoe and burland (1968) modeled cohesive soils as elastic-plastic materials 

(Cam-Clay model). The Cam-Clay model assumes that yield loci and plastic potentials are 

identical and elliptical in the p’:q effective stress plane. Previous studies (Wood, 1990) 

showed a good agreement between Cam-Clay Model predictions and the laboratory 

measured results. The yield surface of the Cam-Clay model can be determined from the 

following equation: 

                            (2-3) 

Where,  = q/P’; 

   M = shape factor; 

   P’ = effective stress; 

P0
’ = reference size of yield locus; 

q = deviator stress. 

This equation describes a set of ellipses, all having the same shape (controlled by M), 

all passing through the origin, and having sizes controlled by P0
’. When the soil is yielding, 
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the changes in size P0
’ of the yield locus is linked with the changes in effective stresses 

through the following differential equation (wood, 1990): 

                     (2-4) 

 

 

Figure 2. 3 Drucker-Prager model (Drucker and Prager, 1952) 
 

The Drucker-Prager Model (Drucker and Prager, 1952) is an elastic-plastic model 

commonly used to analyze cohesionless materials. Cohesionless materials are assumed to 

behave as elastic materials with low stress levels. When the stress level reaches a certain 

yield stress the material starts to behave as an elastic-plastic material. Figure 2.3 shows the 

assumed stress-strain curve for a granular material. A linear strain rate decomposition is 

assumed so that 

                        (2-5) 

where,  = total strain; 

 = elastic strain; 

 = plastic strain. 
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With the elastic strain following Hook’s law, the plastic strain can be determined as 

follows: 

                                            2‐6  

where, g = t- p tan(φ); 

φ = dilation angle. 

2.1.4 Visco-Elastic Material Models 

Viscoelasticity introduces a time-dependent contribution into the elastic response of the 

materials. The loading time, rate of loading and duration between repeated loads have 

significant effects on the response of these types of materials. The response of viscoelastic 

materials can be described with reference to the one-dimensional systems of linear springs 

and dashpots shown in Figure 2.4 (O’reilly and Brown, 1991), Kelvin-Voigt parallel model 

(a), Maxwell series model (b) and the combined standard linear solid model (c).  

                      

(a) Kelvin-Voigt                        (b) Maxwell 

 

(c) Standard linear solid model 

Figure 2. 4 Viscoelastic models (O’reilly and Brown, 1991) 
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The linear spring produces a deformation proportional to the applied load, while the 

dashpot produces a rate of deformation proportional to the applied load. All of these models 

represent effects of creep (deformation under constant applied load) and relaxation (change 

of load under constant deformation), see Figure 2.5. The basic equation linking variation of 

force F and displacement u with time t for the standard linear solid model is: 








 


dt
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                   (2-7) 

Where, 1E  and 2E  are spring constants and   represents the velocity-dependent 

resistance of the dashpot. The Voigt model can be obtained from this equation by setting 1E  

to infinity, while Maxwell model can be obtained by setting 2E  to zero (O’reilly and 

Brown, 1991). 

 

 

Figure 2. 5 Viscoelastic response (O’reilly and Brown, 1991) 

These one-dimensional models can be extended without introducing any new concepts. 

Separate, superimposed viscoelastic models might be used for the distortional and 

volumetric response of the material. 
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2.1.5 Elastic-Viscoplastic Material Models 

Some elastic-plastic materials such as clays may have viscous properties. Such material 

behavior can be represented as a combination of a visco-elastic and elastic-plastic responses. 

Elastic-viscoplastic materials are time dependent materials. Also, for low stress levels, the 

material response is elastic. When the stress exceeds the yield stress, such material starts to 

behave as an elastic-plastic material. 

 

           

(a) visco plastic model             (b) response of slider element 

 

(c) Response of viscoplastic model under monotonic loading  

Figure 2. 6 Viscoplastic model (O’reilly and Brown, 1991) 
 

 Figure 2.6 (O’reilly and Brown, 1991) shows a one-dimensional elastic, viscoplastic 

model. In this model, the elastic response is governed by the spring 1s . The parallel spring 2s , 
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sliderY , and dashpot   introduce plastic and viscous response. The constitutive equations 

for this model are (O’reilly and Brown, 1991): 

usF 1                                      for YF  . 

dt

dF
usY

dt

dF

ss

ssF





2
11

21 )(
           for YF               (2-8) 

 

2.2 Load Models 

Pavement structures are subject to two types of loads; traffic loads and environmental 

effects. Vehicle type, axle load, axle configuration, tire pressure, speed and number of load 

applications are main factors that have to be included in pavement structural analysis. 

Typically models of traffic are presented in two ways: 

1. Static load is distributed uniformly over an area, e.g., a circular area. The effect of 

speed, rate of load application and number of load applications are ignored in this 

case by assuming static loading is commonly used in pavement analysis (Yoder 

and Witczak, 1975). 

2. Dynamic moving load and point are distributed uniformly over an area. In this case 

the effect of speed, rate of load application and number of load applications are 

considered in the analysis. 

Environmental factors have a great influence on pavement behavior. Environmental 

factors include: 

1. Temperature. Temperature changes have a significant effect especially on the 

flexible pavement. Asphalt concrete materials’ stiffness is lowered by increasing 
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temperature. Also, the change in temperature causes high internal stress in 

pavement structure, the initial cracking occurs when this stress goes beyond the 

yield criteria. 

2. Moisture. Moisture content affects cohesive soil strength and loading capacity. 

Excessive moisture content reduces strength and loading capacity of sub-grade 

materials significantly.  

3. Frost action. When a pavement is freezing, water will be stored as ice crystals. 

When the temperature increases, the ice melting creates high moisture content and 

causes a reduction in the strength of sub-grade materials. 

2.3 Analysis Algorithm and Procedure 

Materials’ behavior under dynamic loads (repeated cyclic loads) is different from their 

behaviors under static loads. When the magnitude of the non-constant component of loading 

is large, such as truck traffic loads, the cyclic nature of loading can be of very considerable 

importance and, hence, cannot be ignored. This difference can be categorized into three 

distinct classes (O’reilly and Brown, 1991): 

1. Effect of stress reversal 

2. Rate-dependent response 

3. Dynamic effects 

2.3.1 Effect of Stress Reversal 

Stress reversal refers not to a change in the sign of a stress but to a change in the sign of 

the rate of stress increase. For example, an increase in the stress magnitude followed by 
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reduction would, in this sense, can be a stress reversal despite the fact that all stresses 

continue to act in the same direction. 

 

Figure 2. 7 The effect of stress reversals on stiffness (O’reilly and Brown, 1991) 
 

The stress reversals’ importance appears in two closely interrelated phenomena 

exhibited during the application of load cycles: changes in material stiffness and the 

dissipation of energy within the material. In Figure 2.7 the stiffness exhibits during a 

sequence of cyclic loading is illustrated. It can clearly be seen that immediately after each 

stress reversal the stiffness increases dramatically and subsequently decreases. Further, 

during the stress cycle the stress sustained at any strain level of the unloading phase is lower 

than that at the corresponding strain during the loading. This is known as “hysteresis” which 

indicates the capacity of the material to suppress its own vibration by absorbing energy. 

2.3.2 Rate-Dependent Response  

Rate dependency is the influence of rate of loading, or alternatively the rate of strain, on 

the strength and stiffness of a material. This phenomenon can be attributed to two sources: 

the viscous interspatial action and the time dependent dissipation of excess pore pressure 

generated during loading in the situation susceptible to drainage. Figure 2.8 shows the rate 
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dependency of both strength and stress-strain response for clay soils. From this figure it is 

clear that the shear strength of clays increases when higher strain rates are imposed. 

 

Figure 2. 8 Rate-dependent response of clays (O’reilly and Brown, 1991) 

 

2.3.3 Dynamic Effects 

Dynamic loading cycles include significant dynamic effects, especially when the 

loading frequency is high. Normal truck traffic loading frequency tends to be in the range of 

1 to 20 Hz. In dynamic analyses, factors such as damping, realistic modeling of boundary 

conditions and stiffness of materials at small strain levels are of importance. 

2.4 Pavement Analysis 

Pavement structural analysis procedures have to address three main issues: material 

models, load model and analysis algorithm. It is complicated to consider actual pavement 

material and load characteristics at the same time. For example, pavement materials are 

either elastic-plastic or visco-elastic materials. Truck traffic loads are dynamic moving loads, 

and therefore, dynamic analysis should be used to analyze pavements subject to real truck 
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traffic loads. Also, environmental effects, such as temperature and moisture changes, have to 

be considered in the analysis. Most of the existing pavement analysis procedures simplify 

the problem by ignoring one or more of these conditions. In the following section, some of 

the existing pavement structural analysis procedures will be discussed. 

2.4.1 Development of Asphalt Concrete Fatigue Models 

Fatigue cracking is one of the major distress modes considered in pavement design and 

defined as a phenomenon in which a pavement is subject to repeated stress levels less than 

the ultimate failure stress. Hveem (1955) was one of the first researchers who reported 

fatigue failure caused by repeated loading on asphalt pavement over highly resilient soils. 

Hveem concluded that there was a correlation between observations of cracking, fatigue type 

failures in bituminous pavements, and the measured deflections which the pavement must 

undergo with each passing wheel. Also, Hveem suggested that a well-designed pavement 

must be capable of withstanding deflections or have sufficient stiffness to reduce the 

deflections to permissible levels. This work impacts laboratory fatigue tests that are designed 

to describe the phenomenon of fatigue failure. The laboratory tests data for fatigue behavior 

is described by using phenomenological formulas or by fracture mechanics principles. 

There are several fatigue models developed around the world to predict fatigue cracking. 

Traditionally, Fatigue models are divided into two main types, the strain-based models and 

the strain modulus based models. Flexible pavement surface cracking is commonly 

considered to be related to traditional fatigue except for temperature cracks and long term 

weathering cracks. Laboratory testing indicates there is a relation between the radial strain at 
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the bottom of bituminous layer and the number of load applications to crack appearance in 

the pavement. This relation can be expressed in the following form (Pell, 1987): 

a
f KN )/1( 0                           (2-9) 

Where fN = number of repetitions to failure, 0 = tensile strain repeatedly applied, and K, 

a are experimentally determined coefficients. 

Bonnaure et al. (1980) and Finn et al. (1977) found that fatigue behavior is affected not 

only by strain but also by the modulus of bituminous materials. They proposed the fatigue 

formula as follows: 

ba
f EKN )()( *                         (2-10) 

Where fN = number of repetitions to failure,  = tensile strain repeatedly applied, *E = 

dynamic stiffness modulus and K, a, b are experimentally determined coefficients. 

Introducing the dynamic stiffness modulus into the fatigue relation quantifies some of 

the bituminous materials temperature variations. 

To account for strain variations, Miner’s hypothesis of damage has been used in 

conjunction with the phenomenological fatigue relation (Miner, 1945) Miner’s hypothesis is 

represented as a relative damage factor where the crack will occur when the sum of damage 

factors equal one. Miner’s damage hypothesis is given as follows: 

iii NnD /                           (2-11) 

Where iD = relative damage during some period i, in = number of load application during a 

period i, and iN = the ultimate number of load applications the pavement could carry. 

iN  is determined from the fatigue equation. There are three coefficients necessary to 

determine K, a and b as shown in equation (2-9) and (2-10). Different values are found in 
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literature for the (b) coefficient. Finn et al. (1977) found the (b) coefficient to be -0.854 

while Bonnaure et al. (1980) found the (b) coefficient have two values -1.4 and -1.8 based 

on mode of loading. The (a) coefficient has values generally more than 3, while the (K) 

values varied significantly between different agencies as shown in the next section. 

Surrogate models of fatigue behavior were developed in the SHRP A-404 study (1994). 

Both strain dependent or energy dependent models could be used for surrogate mix analysis 

in case of the strain dependent model the initial strain and the initial loss modulus in addition 

to the voids filled with bitumen in the mix are required. When the energy-based model is 

considered, the initial dissipated energy is needed in addition to the voids filled with bitumen 

in the mixture. Furthermore, viscoelastic analysis is needed for such type of models. 

Below is the fatigue criterion for several agencies with some details about criterion 

development and the assumptions. 

 

A. Illinois DOT / University of Illinois 

Elliott and Thompson (1986) used the deflection-based performance equations from the 

AASHO road test to estimate the value of the (a) coefficient. There are two performances 

deflection equations in the AASHO Road Test: One for the number of load repetition to a 

Present Serviceability Index (PSI) of 2.5 (the point at which most of the major highways are 

rehabilitated) and the other equation for PSI of 1.5 (the point at which the road test 

pavements are removed from test). These two equations are based on the spring normal 

Benkelman beam deflection. They developed an algorithm that relates Asphalt concrete 

strain with the surface deflection: 
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6.411
18 /106.5 N                          (2-12) 

Where 18N = Number of 18-kip (80 kN) to fatigue failure, and  = surface deflection for 

18-kip (80 kN) axel load (mm). 

This relation was substituted in the fatigue equation and the final estimate of the (a) 

coefficient was found to be 2.92 and 3.27 for each equation. Values of the (a) and (b) 

coefficients were used with the road test data and the design algorithm for AC strain to 

calculate an average K value. The design algorithm was developed based on statistical 

analysis of extensive and the modulus value. The final estimate of K was found to be 2.234. 

Base on this analysis the following fatigue model was developed (Elliot and Thompson, 

1986): 

)(4.1)(16.34136.2)( ACELogLogNLog          (2-13) 

Where N = number of load repetition to cracking,  = predicted AC strain (in/in), and 

ACE = AC dynamic stiffness modulus (psi). 

The typical fatigue relation for state of Illinois is (Thompson, 1987): 

n

AC
f KN )

1
(


                           (2-14) 

Where K, n = factors depending on the composition and properties of the AC mixture. 

For typical Illinois Department of Transportation dense-graded class I type AC mixture 

the values of K and n were initially set at 5×10-6 and 3.0 respectively. K and n values for 

other types of mixtures can be established based on mixture composition (Bonnaure et al., 

1980) and split tensile strength characteristics (Maupin and Freeman, 1976). This fatigue 

relation was utilized in the Illinois DOT thickness design procedures (Thompson and Cation, 
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1986), and recently the exponent (n) has been raised to 3.5 for rubblized sections based on 

developed statistical data (Khalid, 2001). 

 

B. SHRP A-404 Model 

An accelerated performance tests for defining the fatigue response of asphalt concrete 

mixtures and their use in mixture analysis and design systems were developed in SHRP 

A-404 (1994). A surrogate model was developed to predict fatigue life of asphalt concrete 

mixtures. The effect of the following variables on fatigue performance of asphalt concrete 

mixtures was investigated in this study: asphalt type, aggregate type, asphalt content, air 

void content, strain levels, replicates, frequency, and test temperature. The experiment 

includes 8 different asphalts and 2 different aggregates. Based on the experiment the 

following surrogate model is obtained: 

270.2
0

948.3
0

052.0 )()(4.466  SeN VFB
f                   (2-15) 

Or  

047.2
0

049.0 )(72.6  weN VFB
f                       

Where fN = fatigue life, 0 = initial strain (in/in), 0S = initial loss stiffness (psi), 0w = 

initial dissipated energy per cycle, and VFB = percentage of voids filled with bitumen. 

 

C. The Asphalt Institute model 

The fatigue relation for the Asphalt Institute (AI) was developed based on laboratory 

fatigue data for selected sections of the AASHO road test (The Asphalt Institute, 1982; Finn 

et al., 1977). The following fatigue relation was developed by the Asphalt Institute: 
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854.0*291.3
t )3325.4(4.18 EECN f

 ）（            (2-16) 

Where fN = number of 18,000 lb equivalent single axel loads, t = tensile strain in asphalt 

layer, *E = asphalt mixture dynamic modulus (psi), and C = function of volume of voids 

and volume of asphalt. 

The fatigue relationship in equation (2-16) was modified to reflect the effect of the air 

voids and asphalt content in the asphalt mixture, this was done by introducing the correction 

factor (C), equal to: 

C = 10M                                            (2-17) 

Where                    )69.0(84.4 



bv

b

VV

V
M                      (2-18) 

Where bV =volume of asphalt, percent, and vV = volume of air voids, percent. 

The M value was obtained from laboratory fatigue data developed by Pell and Cooper 

(1975). The value of C was set to be one when the volume of binder equals 11 and the 

volume of air void equal 5. It can be noted the fatigue life is reduced by increasing the air 

voids content or reducing the asphalt volume in the asphalt mixture. 

In Japan, a fatigue equation similar to the AI relation was used with some changes in 

the voids and asphalt factor (Nishizawa et al., 1997). 

 

D. SHELL Pavement Design Model 

SHELL pavement design model is based on strain. The following formula is used to 

predict fatigue life of pavement: 

8.10.50.513 )/1()/1()08.186.0(1091.4 mixb SVN            (2-19) 
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Where N = number of load cycles to failure, bV = volume of asphalt in the mixture (%), 

 = maximum tensile asphalt concrete strain (in/in), and mixS = dynamic modulus of the 

asphalt mixture (ksi). 

This fatigue relation was developed based on the fatigue formula given by Nan Dijk 

(1977), which was obtained using a wheel tracking machine on asphalt slabs. Controlled 

strain testing was used and it was concluded that the crack pattern observed was similar to 

those obtained in practice. Therefore, results from controlled strain testing were used as 

fatigue criterion in SHELL design procedures. 

 

E. Transport and Road Research Laboratory (TRRL U.K.) Model 

The TRRL fatigue criterion was developed after TRRL report 1132 (Powell et al., 

1984), based on the field performance of several experimental flexible pavements. A 

multi-layer elastic model was used to calculate the dynamic strains. 

The performance for 34 sections of experimental road with well compacted dense road 

base macadam pavements and 29 sections of experimental rolled asphalt road base were 

monitored. The fatigue design curve was produced based on laboratory fatigue testing over a 

range of temperatures and levels of dynamic strain. It is widely known that laboratory 

fatigue tests underestimate the fatigue life of pavements; therefore, a shift factor is needed to 

correlate to field performance. Mixed traffic loading and pavements temperature conditions 

were considered. The accumulation of fatigue damage was calculated based on miner’s 

hypothesis. Considerable adjustment was needed to relate laboratory fatigue relations with 

field performance. 
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The design life could be calculated using the following relationships: 

For 85% probability survival and an equivalent temperature of 20oC: 

Dense bitumen macadam (PG100, Penetration Grade): 

16.410 )/1)(10169.4( rfN                   (2-20a) 

Hot rolled asphalt (PG50, Penetration Grade): 

32.410 )/1)(10660.1( rfN                   (2-20b) 

Where fN = the road life in standard axles, and r = the horizontal tensile strain at the 

underside of the bound layer under a standard wheel load. 

F. The Mobil Pavement Design model (U.K.) 

The maximum tensile strain at the bottom of the asphalt base was used in the asphalt 

design manual for the U.K. (1985), designed against fatigue cracking. The fatigue relation 

used in the manual was based on the Nottingham procedure (Brown et al., 1977 and Brown, 

1980). The traditional fatigue relation n
f KN )/1(  was used. (K) and (n) constants were 

based on two main mix parameters, the volumetric proportion of binder and its initial 

softening point. 

The following equation relates the number of load cycles to failure to the tensile strain 

(Brown, 1980): 

itbttf LogSPLogLogVkLogLogN )2.2463.8()39.14log13.5(8.15  

       (2-21) 

Where fN = number of load cycles to failure, t = tensile strain (micro-strain), k = 46.82 

for life to critical condition; 46.02 for life to failure condition, Vb = volumetric proportion of 

binder (%), and SPi = initial softening point of binder. 



 30

Failure conditions were defined as 20 mm rut or extensive cracking in the wheel tracks, 

while, critical conditions were characterized by a 10 mm rut or the first appearance of wheel 

path cracks. The above relation was developed based on laboratory fatigue testing of a wide 

range mixes. It was noted that there was a linear relation between the two fatigue relation 

constant (K) and (n). This relation is given as (Pell and Cooper, 1975): 

LogKn 313.05.0                      (2-21) 

To account for difference in conditions between laboratory and field, a shift factor was 

used. The shift factor was 77 for critical conditions and 440 for failure condition (Brunton et 

al., 1987). 

 

G. The Belgian Road Research Centre Model 

A comprehensive design procedure for asphalt pavements was developed for Belgium 

(Verstraeten et al., 1977 and 1982). This procedure considered both fatigue cracking and 

rutting. The following fatigue relation was obtained from laboratory fatigue testing using 

sinusoidal stress without rest period: 

n
f KN )/1(   

The (K) constant was found to be dependent on the mix composition but independent of 

the temperature and frequency. The (n) coefficient was found to be almost constant and 

equal 4.76. This analysis was based on 42 different mixtures. Based on mix composition the 

following fatigue relation can be used (Francken and Verstraeten, 1974). 

  85.36 ]/))[(*/(10 bvbf VVVGAN               (2-22) 
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Where fN = number of load application to failure,  =initial strain, A = coefficient depends 

on the bitumen content, G = empirical factor depends on gradation of aggregate, for most 

mixes used in road construction G = 1, Vb = bitumen content by volume (%), and Vv = voids 

content (%). 

For practical design purposes the following fatigue equation is used in Belgium: 

76.414 )/1(1092.4 fN                     (2-23) 

 

H. The National Road Directorate of Denmark 

Ullidtz (1977) proposed the fatigue criterion for major roads in Denmark. The elastic 

theory was used to calculate critical stresses and strain using the falling weight deflectmeter 

(FWD) test. The proposed equation is: 

 62.562.520 )/1(1094.2  
bf VN              (2-24) 

Where fN = number of load cycles to failure, Vb = percentage of bitumen by volume, and 

 = tensile strain at the bottom of the asphalt layer. 

The above equation was determined from laboratory fatigue tests, corrected for the 

influence of rest periods, and the allowable normal stress on the sub-grade from the analysis 

of the WASHO Road Test, the AASHO Road Test and the CBR curves. The failure criterion 

for these allowable values was fatigue cracking of asphalt layer and the minimum acceptable 

PSI value. 

 

I. Norway Fatigue Criteria 
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Myre (1992) used three different apparatus to conduct fatigue testing for several mixes 

in Norway. Ten different mixtures were included in this study and 464 samples were tested. 

The apparatus included: 4 point repeated bending apparatus, center-point loaded beam (CPB) 

on a rubber base and the indirect tensile test apparatus. Test temperature was 5 0C, however, 

some fatigue curves were obtained at 15 0C and 25 0C. The Norwegian fatigue criterion was 

developed based on results from the COB apparatus. The analysis of 336 specimens 

produced the following fatigue equation: 

vb

f

VMFLogV

LogELogLogN





0788.03864.0

395.31447.65326.34 
         (2-25) 

(Coefficient of correlation = 0.92, and SEE = 0.445) 

Where fN = number of load cycles to failure,  = tensile strain at the bottom of the asphalt 

concrete layer, E = elastic modulus, Vb = bitumen content by volume (%), and Vv = voids 

content (%) and MF = mode factor, -1< MF< 1. 

EagABBAMF  00153.0004.000342.0/37.399.1  (2-26) 
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      hi = thickness of layer number i (cm) 

      Ei = modulus of layer number i (Mpa) 

      Esg = sub-grade modulus (Mpa) 

      n = the lowest asphalt layer below the surface 

m = sub-base 
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The parameter A is the sum of the layer thickness multiplied by the third root of the 

corresponding modulus of each of the bituminous layers, whereas B is the sum of the layer 

thicknesses multiplied by the third root of the corresponding modulus for all layers in the 

pavement structure. 

 

J. French fatigue model 

Fatigue criterion in France was based on the strain amplitude, which induced half a 

rigidity (50% reduction in the complex modulus E*) for one million cycles considering a 

constant strain amplitude, two points, bending, cyclic test, on prismatic samples (De 

Benedetto et al., 1996; De La Roche and Rivie’re, 1997; Ode’on and Caroff, 1997). 

The following fatigue relation is used: 
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                     (2-27) 

Where fN = theoretical life duration of the structure, cal = strain calculated in the structure 

equivalent to circuit of one load, )(6  = strain causing the failure of the sample after 106 

application of the loading stress/strain at temperature ( 0C), b = slope of the fatigue curve, k 

= shift translating laboratory and test track. 

According to the French Standard, fatigue testing was conducted with the following: 

Controlled strain, two points bending on trapezoidal specimen, with no rest period (De La 

Roche and Rivie’re, 1997). The elastic layer theory is used to calculate the stresses and 

strains in the pavement. The shift factor (k) was obtained based on laboratory fatigue data 

and observations from the LCPC (Laboratories Central des Ponts et Chaussees) track and it 
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varied between 0.8 and 3.87. the slope of the fatigue curves (1/b) in this study varied from 

3.4 to 9. Fatigue failure in the test track was defined at 50% cracking. Based on extensive 

laboratory testing and comparison with the test track it seemed that the controlled strain 

fatigue testing gave more reasonable fatigue lives than the controlled stress testing (De La 

Roche and Rivie’re, 1997). 

 

K. PDMAP – NCHRP Project 1-10B 

The PDMAP program (Probabilistic Distress Models for Asphalt Pavements) was 

developed to enable the highway engineers to predict distress conditions of given pavement 

sections. The two main distresses considered are fatigue cracking and rut depth. Exact 

prediction of fatigue and rut depth is not possible because of uncertainties in the 

measurements of material properties, in the estimation of traffic, and in the damage model 

itself. Therefore, the PDMAP program employs probabilistic analysis, which computes the 

expected amount of damage with specified reliability factor at any time during the analysis 

period (Finn et al., 1977). 

 The prediction model for fatigue cracking used in PDMAP is based on the fatigue 

testing done by Monismith et al. (1970) as follows: 

)10/(854.0)10/(291.382.14 3*6 ELogLogLogN f      (2-28) 

Where fN = load applications of constant stress to cause fatigue failure,  = initial strain 

on the bottom of the asphalt concrete, and *E = complex modulus (psi). 

Cracking and rutting observation form the AASHO Road Tests were used to calibrate 

the above equation. A shift factor of 13.0 was used for the 10 percent cracking and 18.4 for 



 35

the 45 percent cracking. Cracking was defined as the percentage of the wheel path area 

exhibiting class 2 cracking. The following fatigue prediction models were obtained using 

materials similar to those used at the AASHO Road Test (Finn et al., 1986): 

)10/(854.0)10/(291.3947.15%)10( 3*6 ELogLogLogN f     (2-29) 

)10/(854.0)10/(291.3086.16%)10( 3*6 ELogLogLogN f     (2-30) 

As mentioned above, two main forms of fatigue relation have been used in mechanistic 

– pavement design procedures. These two forms are: strain based fatigue relation and strain 

modulus fatigue relation. As shown in the following summary most of agencies adopt the 

strain based fatigue criteria: 

1. Illinois DOT / University of Illinois, 

2. The transportation and Road Research Center in the U.K., 

3. The Mobil Pavement Design Manual for U.K., 

4. The National Road Directorate of Denmark, 

5. The Belgian Road Research Center, and 

6. The French Procedures LCPC. 

The strain/modulus-based fatigue algorithms are utilized in the Asphalt Institute, Shell 

Pavement Design Manual and The Norwegian Pavement Design Procedures. The relative 

impacts of the “strain” vs. “modulus” factors on fatigue life is discussed in NCHRP 1-26, 

and for both AI and SHELL algorithms the “strain” is dominant. 

2.4.2 Crack Initiation and Crack Propagation 

Conventionally, the term fatigue is used to mean tensile fatigue rather than shear fatigue 

in pavement engineering. In this regard, the fatigue resistance of an asphalt mix is defined as 
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the capacity to prevent against repeated bending without fracture. Fatigue failure manifests 

itself in the form of cracking which consists of a series of interconnecting cracks on the 

pavement surface caused by repeated traffic loading. Fatigue cracking occurs at places of 

high tensile strain or at locations with high tensile stress concentration in the asphalt 

concrete layer. 

In general, fatigue can be described as a two-phase process, i.e., a crack initiation 

process followed by a crack propagation process. In place where a high tensile strain 

repetitively occurs in the asphalt concrete, micro-cracks start to initiate; hence, a lost area, 

where the micro-cracks develop, increases gradually as a result of the accumulating 

micro-cracks. Consequently, the tensile stress increases relatively and causes the 

development of macro-cracks. Majidzadeh et al. (1971) postulated that the fatigue life of 

asphalt mixes could be described by three processes: damage initiation, growth, and final 

failure. Therefore, the fatigue life could be represented accordingly by the following form. 

     
)),,,(,( 0 cf KKnAcfN 

                 
(2-31) 

 In this equation, 0c  is associated with the process of crack initiation and considered 

as the “starter flaw” from which the crack will propagate. The (A, n, K) set expresses the 

process of crack growth and is the parameters of the Paris equation (Paris, 1964): 

nAK
dN

dc


                         
(2-32) 

Where K = stress intensity factor and the A and n are the material constants. The Kc is the 

critical stress-intensity factor which is proportional to the critical strain energy release rate 

and Young’s modulus.  
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Both notched and un-notched specimens were utilized to determine these constants. 

Salarn and Monismith (1972) also conducted a series of fracture tests using notched 

specimens and examined the tensile facture characteristics of asphalt mixes using the Paris 

equation. 

Little et al. (1997) asserted that the mechanisms of crack initiation and propagation 

should be governed by the same Paris law. This crack-based fatigue analysis differs 

markedly from the phenomenological-statistical fatigue analysis as discussed in this thesis. 

However, some fatigue performance models have defined the crack initiation as the 

first appearance of longitudinal, transverse, or alligator cracks of a minimum length of 0.5 m 

under the wheel paths. Accordingly, several models have been proposed such as the PARIS 

model (1999), and the HDM-4 model (1997). Ullidtz (1987) proposed a progressive way to 

predict the crack propagation time in the Mathematical Model of Pavement Performance 

(MMOPP).  

Huang (1993) also pointed out a finding of the AASHO Road Test: “more surface 

cracking occurred during periods when the pavement was in a relatively cold state than 

during periods of warm weather.” His statement suggests the possibility that cold weather 

actually favors the crack propagation phenomenon. 

It was found that the fatigue failure that occurred in Hong Kong was from the bottom 

layer up to the surface, justifying further study of the prediction of this “bottom-up” type of 

cracking. As illustrated in Figure 2.9 repetitive traffic loads cause both tensile and shear 

strains to occur on or near the surface and mainly tensile strains at the bottom of the asphalt 

layer. Once the accumulated fatigue damage exceeds the fatigue resistant capacity of the 
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asphalt layer, the crack initiation develops and the crack starts to propagate. It might be 

conjectured that the propagation is accelerated by the shrinkage of the asphalt layer in a cold 

winter and the tensile strain is caused by temperature drop. 

 

 

(a) Crack Initiation 

 

(b) Crack Propagation 

Figure 2. 9 Crack initiation and crack propagation 
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2.4.3 Fatigue Test Methods  

Laboratory testing is fundamental to establish the fatigue algorithm. There are several 

methodologies to test the fatigue behavior of asphalt concrete. A brief description of fatigue 

test methods is given below: 

1. Simple flexure.  

2. Supported flexure. 

3. Direct Axial. 

4. Indirect tensile test. 

5. Triaxial test. 

6. Fracture mechanics. 

7. Wheel track testing. 

 

A. Simple Flexure 

Simple flexure is very common in fatigue testing in which a constant stress or constant 

strain is repeatedly applied until the sample fails or reaches a specific point of change in 

characteristics of the materials from the initial state. A summary for some of the simple 

flexure tests is given below: 

 

a. Center-Point and Third-Point Loading 

The shape of the asphalt concrete specimen is rectangular with different dimensions 

from one laboratory to another. At University of California at Berkeley specimen 

dimensions are 38mm×38mm×380mm. The Asphalt Institute specimen dimensions are 
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76mm×76mm×380mm. According to the SHRP standards (1994) the dimensions of the 

beam fatigue specimen are 380±6 mm in length, 63±6 mm in width, 50±6 mm in height. 

At least 6 mm have to be cut from both sides of the specimen to provide smooth surface for 

mounting the measurement gages. Samples used at University of Illinois have the same 

dimensions adopted in SHRP standards. The force might be applied at the center point of the 

sample or the third point of the sample span (Van Dijk, 1975; Ghuzlan and Carpenter, 2000). 

Load frequency has been varied between 5 and 10 Hz (AASHTO TP8, 1994). 

 

b. Cantilever Loading 

This type of testing is done in two main ways. The University of Nottingham setup has 

the sample mounted vertically on a rotating cantilever shaft, there is a constant stress applied 

to the sample from the top, and the bending stress of constant amplitude is induced through 

the specimen (Pell and Cooper, 1975). 

Controlled torsional strain testing can be done using another type of setup where the 

sample is clamped vertically on a shaft and torsion can be applied to the sample. The bottom 

of the sample is clamped to the base of the machine. The loading arrangement gives a 

sinusoidal shear strain of constant amplitude in the specimen (Pell, 1962). 

The second type of loading is the sinusoidal loading on trapezoidal beams mainly used 

in Europe (Van Dijk, 1975; Verstraeten, 1972; Bonnot, 1986). The larger dimension is fixed 

and the smaller dimension is subjected to a sinusoidal strain or constant stress perpendicular 

to the long axis. The dimensions of the sample vary, i.e., Van Dijk (1975) used sample with 

250 mm high, 55 mm×20 mm the larger base, and 20 mm×20 mm the smaller base. 
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Simple flexural tests are widely used. Furthermore, the results can be used directly (with an 

appropriate shift factor) in the structural design of pavement. This method is costly, time 

consuming and requires specialized equipment. 

 

B.  Supported Flexure 

Supported flexure is used to better duplicate in-situ conditions, especially the stress 

state and mode of loading. Majidzadeh et al. (1971) used circular samples supported on a 

rubber mat subject to a load at the center, which gave a similar stress state as in field 

conditions. Supported beam fatigue testing was performed by Barksdale (1977). This setup 

consists of beam of asphalt concrete supported by a rubber mat with 4 inches thickness and 

284 pci modulus of sub-grade reaction. A pneumatic load system is used in which center 

load is applied to the HMA beam with haversine shape. Load pulse duration is 0.06 second 

without stress reversal. The whole setup was inside a temperature controlled chamber; the 

temperature was held at 80 0F (27 0C). 

Myre (1990) tested asphalt concrete beams using a center point loading. The beam is 

supported by an elastic base made of artificial rubber. The samples were compacted using 

California Kneading Compactor. Test temperature was 5 0C and loading duration was 0.05 

sec. with 0.95 sec. rest period. 

This test method makes it possible to duplicate field conditions in a better way than 

other tests. Whereas, there are some serious concerns over high cost, time requirement, 

sample size and complicated test machines involved in this test. 
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C. Direct Axial  

Fatigue has been related to tensile strain; therefore, some researchers have used direct 

tension or tension/compression tests to study fatigue behavior of asphalt concrete mixes. 

Direct axial testing can be either direct tension or tension/compression as discussed below. 

 

a. Direct Tension 

Epps and Monismith (1970) performed a direct tension test in which they used an 

electro-hydraulic closed-loop system to move the piston and obtain a constant rate of 

deformation with time. The test samples were sawed from larger specimens compacted by 

the kneading compactor; the size of samples is 38 mm×38 mm×114 mm. The asphalt 

concrete bars were bonded to aluminum end caps 57 mm diameter with an epoxy resin. The 

loading system was programmed so that fracture could be obtained in about 0.1 sec. All tests 

were performed at 68 0F (15 0C) with a loading rate that produced failure at 0.1 sec. The 

fracture data was then used to predict fatigue test results. The disadvantage of this test was 

the difference in loading conditions from the field. 

 

b. Tension/Compression 

Raithby and Sterling (1970) used a setup that applied axial loads to the asphalt concrete 

sample; the applied load was sinusoidal with equal tensile and compressive loads being 

applied. Specimens used in this study were 75 mm square base and 225 mm long. These 

specimens were sawed from a large rolled HMA carpet with a dimension 26 m×4 m and 

thickness of 150 mm. This HMA carpet was laid on sand base using full scale testing plant, 
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paver and road roller. The tests were conducted at two temperatures 10 0C and 25 0C, and 

two frequencies 25 and 2.5 Hz were used with a rest period that varied between 0 and 1 

second. Failure was defined as complete rupture in tension. 

Different combinations of tension/compression tests were performed on prismoidal 

samples with a 75 mm square base and 225 mm height by Raithby and Sterling (1972). In 

this study compression/tension, tension/compression, tension only, and compression only, 

were compared. Although stress reversal was provided, the stresses were not applied as they 

should have been in field. 

 

D. The Indirect Tensile Test 

In the indirect tensile test, the cylindrical sample is subject to a repetitive loading 

parallel to and along the vertical diametric plane. The indirect tensile test (ITT) is a very 

useful test; it was developed simultaneously but independently in Brazil and Japan. Breen 

and Stephens (1966) used the ITT to evaluate the tensile strength of bituminous concrete at a 

temperature between 0 and 40 0C. The ITT test was also used to measure the resilient 

modulus of asphalt-treated mixes (Schmidt, 1972). In 1983 Kennedy and Anagnos prepared 

a report for the FHWA that contained procedures for the static and repeated-load indirect 

tensile tests. In addition, the ITT was used to evaluate the fatigue characteristics of asphalt 

mixtures (Adedimila and Kennedy, 1976; Khosla and Omer, 1985). The unique thing about 

this test is that it can be used to characterize a variety of asphalt concrete mixture properties, 

especially the resilient elastic properties, properties related to thermal cracking, properties 

related to fatigue cracking and properties related to permanent deformation (Kennedy, 1977). 
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One of the latest studies of fatigue characterization using the ITT was carried out in Sweden 

by Said (1997). In his work, he tested 300 cores from different pavement sections using 

repeated controlled stress loading with 0.1 seconds time of loading and 1.4 seconds test time. 

Strain levels used in these tests were between 100 and 400 micro-strain. Tests were 

performed at 2 temperature, 4 0C and 15 0C. Said concluded that the ITT was sufficiently 

accurate for routine investigation of asphalt concrete fatigue characterization with a shift 

factor of 10 to correlate to field.  

Maupin and Freeman (1976) preformed several simple flexure fatigue tests on asphalt 

concrete beams with a dimension of 75 mm×75 mm×190 mm. Five mixes were tested 

using controlled strain mode of loading, and seven mixes tested using controlled stress of 

loading. In addition, they tested several samples using the ITT. The goal was to check the 

possibility of predicting fatigue behavior from a simple test. 

Regression analysis was performed between fatigue properties and the indirect tensile 

test results. The fatigue properties were n1, n2, K1 and K2 as shown in the following fatigue 

formulas: 

1)/1(1
n

f KN 
                      

(2-34) 

2)/1(2
n

f KN 
                      

(2-35) 

Where  = initial strain and  = applied stress 

The simple test results such as stiffness, strength and vertical deformation were 

correlated with the fatigue properties. Maupin and Freeman concluded the following: 

For constant stress testing 
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No accurate correlation could be found to relate the fatigue properties for the fatigue 

formula 2)/1(2
n

f KN  . However, good correlation (greater than 0.89) was obtained that 

relates the coefficients K1 and n1 in the stress based fatigue formula 1)/1(1
n

f KN  with 

the simple tests, where: 

itEn 000369.06.111 
                   

(2-36) 
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(2-37) 

Where Eit = indirect tensile modulus at 72 0F (22.2 0C), it = indirect tensile strength at 72 

0F (22.2 0C). 

For constant strain testing 

No good correlation was found to relate the stress based fatigue equation 

1)/1(1
n

f KN  with the simple tests. However, acceptable correlation was found between 

the second fatigue equation 2)/1(2
n

f KN   and the simple tests, where: 

744.00374.02  itn                     
(2-38) 

itK 122.092.7log 2 
                  

(2-39) 

It should be mentioned that, failure in controlled strain testing was defined as 30 

percent reduction in the initial stiffness calculated at 200 cycles. 

Read and Collop (1997) investigated the correlation between the ITT and the 

trapezoidal cantilever (two point bending). All tests were performed under controlled stress 

mode of loading on sample with 100 mm diameter and 400 mm thickness. The fatigue was 

obtained by plotting the maximum horizontal tensile stress at the center of the sample and 

the number of load cycles to failure. It was found that different fatigue lines were obtained 

for different temperatures and test methods. However, when the fatigue line was obtained 
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based on the number of load cycles to failure and the maximum horizontal tensile strain at 

the center of the sample as well as the number of load cycles to failure.  It was found that 

all fatigue lines come together in one line regardless of temperature or test method. 

Considerable effort was made to investigate the potential of using the indirect tensile 

test in asphalt concrete characterization. The advantage of the indirect tensile testing can be 

summarized as follows: 

1. The procedure of test is simple, 

2. The results of this test can be used in pavement design against fatigue cracking 

with correlation to field performance, 

3. The test equipment can be used to perform other properties tests, such as resilient 

modulus and permanent deformation, 

4. Failure occurs in a region with relatively uniform tensile stress, 

5. The state of the stress is biaxial which represents field conditions in a better way, 

6. Both laboratory prepared sample and field cored sample can be used in this test. 

However, there are still disadvantages for this method such as: 

The biaxial stress state at the center of the sample is fixed to a specific ratio, which 

cannot be varied to replicate the field conditions, and 

When the principal tensile stress is used as the damage determinant the intercept K1 in 

the fatigue equation 1)/1(1
n

f KN   is much smaller than those obtained from other tests. 

Therefore, the fatigue life obtained using this method of testing is significantly shorter than 

other fatigue lives obtained using other fatigue tests. However, when the stress difference 

( t - c ) is used to predict fatigue life, this method becomes closer to other methods 
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(Kennedy and Anagnos, 1983; Kennedy, 1977), although it still underestimates the fatigue 

life on field condition (Tangella et al., 1990). 

 

E. Triaxial Tests 

Pell and Cooper (1975) used test equipment by which they tested cylindrical specimens 

with a diameter of 4 inches and a height of 8 inches. The specimen was bonded to end of 

caps with epoxy resin and was mounted on the rig. Specimens were subject to a sinusoidal 

varying axial stress with maximum tensile stress amplitude equal to maximum compressive 

stress amplitude. The specimen could be enclosed in a Perspex tri-axial cell, the confining 

medium being air. Researchers admitted that it was difficult to compare fatigue results from 

different testing methods. However, they concluded that results in the axial load machine 

show over the ranges covered, the fatigue performance was independent of the effects of 

confining stress. This type of test is costly, time consuming and requires specialized 

equipment. 

 

F. Wheel-track Testing 

The wheel-track testing can be divided into two main parts: the tests performed in 

laboratory and the tests done in full scale pavement testing. 

Wheel-track laboratory testing can be performed using a rolling wheel that moves over 

an asphalt concrete slab to simulate wheel loading in field conditions. One of the excellent 

works using this method was done by Van Dijk (1975). Van Dijk, in his study, used a wheel 

tracking machine with pneumatic tire with 0.25 m diameter which moved forward and 
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backward on the HMA slab. The length of the wheel path was 0.6 m with a width between 

0.05 m and 0.07 m. Two HMA slabs with a dimension of 0.95 m×0.44 m×0.04 m  for 

each were used. A rubber base was used below the AC slab. The fatigue behavior is 

measured using strain gages at the bottom of the slab. Both sides of slab were periodically 

photographed to check if any cracks appeared. Three stages of cracking could be monitored: 

development of hairline cracks at number of load applications (N1), formation of real cracks 

at number of load cycles (N2), and finally the failure of the slab at number of load 

application (N3). 

Bending tests using both modes of loading were performed at the same temperature as 

the wheel-track testing (20 0C). Van Dijk concluded that the controlled stress testing was 

nearly equivalent to the crack initiation (N1). On the other hand, in controlled strain testing a 

significant portion of the loading time was devoted to the development of the crack 

propagation (N2). Finally, he concluded that the difference in number of load applications 

between the two cracks stages, the hair crack and the real crack corresponded fairly well 

with the difference between the constant stress and controlled strain testing. This test 

simulates field conditions in a better way. 

In full scale testing, real pavements are built in a circular or longitudinal track. Then the 

pavement track is loaded using loads similar to those in the field. There are several fatigue 

studies using full scale-testing facilities such as the work presented by De La Roche et al 

(1994). Full-scale testing facilities have been built in several countries around the world. 

Examples include the facility at Nantes in France (LCPC) with a circular track, at Pullman, 
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near the Washington State University campus, the Federal Highway Administration’s ALF 

(Accelerated Loading Facility), in Australia (ARRB), and in United Kingdom (TRRL). 

The LCPC facility at Nantes in France is a good example of fatigue performance in full 

scale pavement. The experiment lasted from October 1990 to July 1991 when 2,730,000 

loading were applied, leading the significant damage to all pavement sectors. The 

experiment track was circularly divided into four sections. Wheel load was 65 kN per dual 

and the wheel moved at a speed of 70 km/h. the test track sectors had the following 

properties: 

Table 2. 1 LCPC Test Track Properties 

Sector I II III IV 

AC Type 60-70 60-70 10-20 60-70 

AC % 5.4 5.4 6.2 4.6 

AC Source B A A A 

AC Thick (cm) 8.9 8.4 8.7 11.5 

GRH Thick (cm) 43.7 42.1 42.0 43.6 

GRH – well-grade untreated granular material 

The first period of loading (1,165,000 loadings) was in cold temperature (0-15 0C) and 

the loading continued until first crack began to appear on sectors I and II. The second period 

of loading (1,565,000 loadings) was in warm temperature (15-20 0C). The loading continued 

until significant crack developed in all four sections. Laboratory fatigue testing was 

performed on samples prepared from the original mixtures for all sectors. Both modes of 

loading were used; the controlled stress and the controlled strain as well as the mixtures 

were ranked based on the number of load cycles to failure. It is worth mentioning that failure 

in controlled stress mode of loading was defined when the strain was doubled from 1 million 

cycles. On the other hand, failure in controlled strain was defined when the stress was 
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reduced by half 1 million cycles. Table 2.2 shows the final rank for the four mixtures used in 

the four sectors: 

Table 2. 2 Results of fatigue performance 

Sector I II III IV 

Cracking (%)  

1,165,000 45 34 11 0 

2,665,000 100 72 74 47 

Fatigue performance rank  

Based on Field 3 2 2 1 

Based on C-Strain 1 2 1 2 

Based on C-Stress 2 3 1 2 

 

G. Fracture Mechanics 

Fracture mechanics has a great potential to predict fatigue life. Fracture mechanics 

deals with the study of crack initiation, propagation and complete failure. Thus, it could 

provide a good insight on fatigue properties of the material. In terms of fracture mechanics, 

fatigue life is defined as “the period of time during which a crack in a material body subject 

to a given state of stress, growing from an initial level, inherent in the system, to a critical 

level” (Majidzadeh et al., 1971). Knowledge of initial and final state of the crack is not 

enough, crack growth must be known. It is believed that fracture mechanics provides such 

indispensible knowledge. Fatigue life could be represented as a function of the following 

three sets of parameters: 

)),,,(,( 0 cf KKnAcFN 
                 

(2-40) 

Where 0c is associated with initial crack length, after this point the crack will propagate. In 

homogeneities and flaws, such as dust particles, voids, surface irregularities, and internal 

defects, serve as stress concentrators; all are responsible for crack initiation (Majidzadeh et 
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al., 1971). The 0c  parameter is dependent on the material characteristics. This parameter is 

experimentally determined or arbitrarily set. 

The second set of parameters (A, n, K) represents the process of the crack growth in the 

material system. Under the loading cycle, the crack propagates under a tensile stress where 

the crack tip opens first, and then becomes blunted through formation of a plastic zone ahead 

of the crack tip. In the unloading cycle, compressive stresses are imposed to the crack tip and 

it closed. Therefore, the crack growth processes are expected be slow until the crack reaches 

critical size, leading to unstable fracture. Energy balance at the crack tip may represent the 

fatigue process in the material. There are three parts of energy at the crack tip: stored elastic 

energy, surface energy to form cracks, and deformation energy that causes structural 

distortion. The rate of crack propagation depends on the energy balance at the crack tip. The 

crack will propagate when the elastic energy exceeds the amount needed to create new 

surface. At such point the crack will propagate and follow the path that demands the 

minimum amount of elastic energy. 

Fracture mechanics focuses on studying the crack propagation stage. One of the most 

widely used relations to describe crack propagation is Paris equation (Paris and Erodgan, 

1963): 

nAK
dN

dc


                         
(2-41) 

Where dc/dN = the rate of crack propagation, A and n = material constants, and K = stress 

intensity factor, this factor includes the effect of specimen configuration, boundary condition 

and load. K also used in estimating the size of plastic zone around the crack tip. 
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The third parameter that represents the fatigue life is Kc, which describes the critical 

stress intensity factor, after exceeding which the crack will propagate spontaneously. When 

the stress intensity factor exceeds this value (Kc) the crack will enter the unstable growth 

stage (spontaneous fracture). For simply supported beams, the following equation can be 

used to determine the Kc experimentally (Winne and Wundt, 1958): 
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Where n = nominal stress at the root of the notch,  = Poisson’s ratio, cf =crack depth at 

failure, h and d = geometry parameters of specimen. 

In fracture mechanics approach, the fatigue life can be expressed in the following form 

of the Paris equation: 
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(2-43) 

Where Nf = number of load cycles to failure, A = crack growth parameter, K = stress 

intensity factor, dc = the rate of crack propagation, cf = the critical crack depth, c0 = the 

original crack depth, and n = crack growth parameter relative the foundation stiffness. 

The assumption to use this formula is that the crack growth law is applicable from the 

first load cycle until the critical crack depth (cf) or until the crack grows to almost the full 

depth of the specimen. Therefore, to predict fatigue life, the parameters (A, n, K) and (c0) 

must be determined through experimental testing. 

Majidzadeh et al. (1971) performed fatigue and fracture testing on simple supported 

beams and beams on elastic foundation. Test temperatures were 23 0F, 41 0F and 78.5 0F (-5 

0C, 5 0C, 25.8 0C). Both notched and un-notched beams were used in this study. Controlled 
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stress testing was used, with 0.1 second loading time, 1.0 second rest period. Monismith and 

Salam (1973) used fracture mechanics principles in studying fatigue in asphalt concrete. 

During loading, it is necessary to measure the crack length by methods such as X-ray, 

ink-staining, and visual observation. Indirect methods can also be used to measure the crack 

length such as the inverse slope of the load/deflection diagram for each loading cycle; which 

represents the compliance of the beam. The increase in the compliance of the beam is related 

to the increase in the crack depth. 

The stress intensity factor can be determined by using the following formula: 
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Where L = compliance, which is the inverse slope of the load/deflection diagram under each 

loading cycle, c = crack depth (in), P = load, lb. (1lb. =4.45 N), E = Young’s modulus, psi, 

and  = Poisson’s ratio 

The (A) parameter is affected by mixture variables such as asphalt percentage, asphalt 

hardness, and mixture density. The Paris equation can be used to calculate the (A) 

parameter: 
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Both parameter (c0) and (cf) are determined during the fatigue test. The (c0) parameter is the 

initial crack depth, and (cf) is the crack depth at failure. Typical value of c0 for asphalt 

concrete is about 0.1 (Maupin and Freeman, 1976). The (n) value is the slope of the line 

representing the crack growth rate (dc/dN), plotted against the stress intensity factor. By 
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determining the parameters (c0), (cf) and (n) through a fatigue test, the fatigue life for any 

load can be predicted by using equations (2-28) and (2-29) mentioned earlier. 

   Tseng and Lytton (1990) summarized from the study they had conducted on asphalt 

concrete the fatigue formula (based on controlled strain testing) and the fracture mechanics 

fatigue life prediction formula, and identical, where: 
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Fracture mechanics formula dc
AK

N
fc

c
nf 

0

1

                       

(2-47) 

Based on this conclusion the following relations were derived: 

K2 = n, and n = 2/m 

Where K2 = the exponent in the fatigue formula, and it is based on the asphalt content, 

viscosity, penetration, and temperature; n = the facture parameter in the fracture mechanics 

formula 2.32, and m = the slope of the tensile creep compliance curve obtained from 

laboratory creep tests. 

The parameter K1 in equation (2-46) is based on several material properties, including the 

exponent of the crack growth law and the size of specimen, by which K1 can be calculated 

using the following formula: 
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Where E = the elastic stiffness of the fatigue beam corresponding to the loading frequency 

and temperature; c0 = the initial crack length, and it estimated to be the radius of the largest 
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aggregate particle; d = depth of the beam; r and q = regression constants, r = 4.397, q =1.18; 

n = the fracture parameter. 

The (A) parameter in equation (2-47) can be calculated based on the following formula: 

EKA 1163.24755.20889.7log 2            
 
(2-49) 

(R2 = 0.86) 

As discussed earlier, fracture mechanics deals with the crack itself. Theory can explain 

crack propagation. However, there are still several problems associated with this method in 

predicting fatigue life. For instance, at high temperature the Kc values are not material 

constant, due to the size of plastic zone in the crack tip. Fracture mechanics deals mainly 

with crack propagation, but this is not the whole spectrum of fatigue process. The 

contribution of crack initiation and unstable crack propagation are still not known exactly. 

Furthermore, quantification of this method requires extensive experimental data, which is 

not available yet such as: fracture toughness (Kc) and initials sizes of cracks in pavements, 

which may vary for different HMA mixes. 

2.4.4 Factors Affecting Fatigue Response 

Factors that affect fatigue response include mixture properties, testing parameters and 

specimen fabrication. Factors that may affect fatigue response are discussed below: 

 

A. Specimen fabrication (method of compaction) 

Specimens have to be fabricated in such a way that duplicates field conditions in all 

aspects, such as composition, density, and engineering properties through proper compaction. 

Prior to compaction, the mixture and mold have to be preheated to maintain the compaction 
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temperature (around 135 0C). Several methods of compaction for fatigue sample are listed as 

follows: 

1. Static compaction: in static compaction the loose mix is placed in the specified mold; 

being rodded and then subject to gradual static load. This compaction method is simple 

and easy but it does not give the same orientation of aggregate particles that can be 

obtained from field compaction. 

2. Impact compaction: the loose mix is placed in the mold then a hammer is used to 

produce an impact load. One of the most famous impact compacting procedures is the 

“Marshall” method, which is given in ASTM D-1559 specifications. The main 

advantages of this method of compaction include low cost, simplicity, portability, and 

manual operation. However, this method of compaction still has its problems, such as 

the probability of breaking the aggregate particles and impact loads may rupture and 

asphalt film. 

3. Kneading compaction: this method of compaction was originally developed at 

CALTRANS and University of California at Berkeley. Compaction is performed 

through using repetitive loading applied by a tamping foot. During each loading cycle, 

new asphalt surface of the sample (which is not compacted yet) is compacted and the 

load is increased gradually in each loading cycle. Kneading compaction has been used to 

prepare fatigue sample (ASTM D-3203). These are different sizes of kneading 

compactors that vary from manual to hydraulic operated tests. The kneading compactor 

can compact beam samples up to 30 inches in length and cylindrical samples up to 6 
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inches in diameter and 8 inches in height. Correlation with field compaction conditions 

was found to be equivalent. 

4. Gyratory compaction: shear force is applied with angle to the cylindrical sample. The 

mold is rotating during the force. Three factors control the compaction effort, the 

vertical pressure, angle of gyration and number of gyrations. In the Superpave 

compacting procedure, the vertical pressure is set at 600 kPa, the angel of gyration is set 

at 1.25 0. The gyrations are applied at a rate of 30 revolutions per minute. The number of 

gyrations is varied to simulate traffic number (Roberts et al., 1996). The gyratory 

compactor can fabricate two sizes of samples 100 mm and 150 mm in diameter. 

According to NCHRP/AAMAS study, the gyratory compactor produces samples that are 

representatives of the samples in situ (ARE, 1986).  

5. Rolling wheel compaction: rolling wheel compaction can be done on an asphalt concrete 

slab using rollers that impart compacting pressure similar to those in field (Carpenter, 

1997; Ghuzlan and Carpenter, 2000; Bonnot, 1986).  

Based on the research comparing different compaction methods, it is concluded that the 

rolling wheel and gyratory methods were used in this research work due to the fact that 

compacted specimens were more like those in-situ conditions (Tangella et al., 1990). 

 

B. Mixture variables 

Fatigue behavior is affected by mixture compositions. The most important mixture 

variables are: bitumen content, bitumen type, aggregate type, aggregate gradation and air 

voids. In general, the two main factors of mixture composition that affect fatigue behavior 
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are bitumen content and air voids. Table 2.3 shows the influence of different factors that 

affect mixture stiffness and the fatigue life. Several researchers show there is bitumen 

content corresponding to the maximum fatigue life (Epps and Monismith, 1969; Jimenez and 

gallaway, 1962; Pell, 1967; Pell and Taylor, 1969; Mosismith and Deacon, 1969). This 

bitumen content is the bitumen content that results in the highest mixture stiffness. In 

general, higher air voids leads to shorter fatigue life (Bazin and Saunier, 1967; Monismith et 

al., 1985). 

Table 2. 3 Factors affecting mixture stiffness and fatigue life 

Factor Change in factor Effect of change in factor 

On stiffness On fatigue life 

In C-Stress Test 

On fatigue life 

In C-Strain Test 

Viscosity Increase Increase Increase Decrease 

Bitumen content Increase Increase Increase Increase 

Aggregate type Increase (roughness 

and angularity) 

Increase Increase Decrease 

Aggregate Gradation Open-Dense Increase Increase Decrease 

Air voids Decrease Increase Increase Increase 

Temperature Decrease Increase Increase Decrease 

 

B.1 The effect of aggregate type, surface texture and gradation 

The aggregate surface texture is expected to influence the fatigue behavior of asphalt 

concrete mixtures. Sharp, angular aggregates with rough surface textures and open 

gradations are expected to be difficult to compact. Therefore, it is expected to have higher 

air voids incorporated with such aggregates, and higher air voids lead to shorter fatigue life. 

On the other hand, rough and angular well-compacted aggregate may lead to a high stiffness 

mixture, while the smooth rounded aggregate is expected to produce mixtures with lower 

stiffness, and the fatigue behavior changes according to the different stiffness (Epps and 

Monismith, 1971). Based on controlled stress fatigue testing (Jiminez and Gallaway, 1962) 
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found that the fatigue life increased as the aggregate surface texture became rougher as 

shown in Figure 2.10. This influence may be due to increased stiffness associated with the 

rough textured materials; also rough texture aggregates allow more incorporation of bitumen, 

which improves the fatigue resistance. Whereas, Pell and Cooper (1975), in controlled stress 

fatigue testing, noticed that using more rounded irregular gravel led to longer fatigue lives 

than crushed rock. It was concluded that this effect on fatigue performance was due to the 

higher density incorporated with the rounded aggregate, where crushed aggregates are more 

difficult to compact. However, it is believed that using different compaction technique may 

lead to different conclusions. 

 

Note: R-1: rough aggregate texture, R-4: smooth aggregate texture. 

Figure 2. 10 The effect of aggregate surface texture on fatigue life (Jiminez and 

Gallaway, 1962) 
 

Maupin (1970) investigated the effect of particle shape and surface texture on the 

fatigue behavior of asphalt concrete mixtures. The study was limited to one mixture tested in 

controlled strain fatigue testing, with loading time of 0.07 second and unloading time of 0.47 
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second. Three aggregates were used in separate mixtures for the particle shape comparisons: 

round gravel, limestone with an intermediate shape between gravel and slate and slate (flat 

and slabby). It is worth mentioning that flat and slabby represents the flat and elongated 

aggregates. Two aggregate types were used for surface texture comparison, un-etched 

limestone and an etched (rough texture) limestone. The etched aggregate was obtained by 

soaking the limestone in HCL solution for 20 minutes. Beams with 2.5×3×14 inches were 

compacted using the modified California Kneading Compactor. The optimum bitumen 

content was chosen as the bitumen content that produces the highest flexural strength. The 

finding of this study was that particle shape could significantly affect the fatigue life of an 

asphalt concrete mixture in the constant strain fatigue testing. The mixture containing slabby 

particles had a significantly shorter fatigue life than the mixture containing 

equal-dimensional (gravel) rounded particles. Examining the matrix displayed in the cross 

sections of the sawed beams confirmed that lower stresses would be developed in the ravel 

beam therefore; it would have longer fatigue life. In addition, the higher stiffness of the 

slabby mixtures compared to the gravel mixtures leads to shorter fatigue lives for the slabby 

mixtures. Finally, it was found that the fatigue lives of the un-etched limestone and the 

etched limestone (rough surface texture) asphalt concrete mixtures were not significantly 

different, i.e. there is no significant effect of surface texture of aggregate particles on fatigue 

life of the asphalt concrete mixtures. 

Bazin and Saunier (1967) used controlled stress testing at temperature of 10 0C. Fatigue 

tests were performed on a sand sheet mixture, rolled lean mix, and crushed dense mix. It was 

concluded that the aggregate played an important part in the fatigue behavior of a 
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bituminous mix. However, based on the limited results available they concluded that the 

shape of the aggregate (round or crushed) did not seem to have important influence on the 

fatigue behavior. 

The influence of aggregate gradation was investigated by several researchers (Bazin 

and Saunier, 1967; Monismith et al., 1985; Epps and Monismith, 1970; Pell and Taylor, 

1969; Monismith and Deacon, 1969). Based on limited data, Monismith and Deacon (1969) 

concluded in stress fatigue testing that the dense graded mixtures have longer fatigue lives 

than the open grade mixtures. The same conclusion was emphasized by Pell (1965). This 

may be due to the increase in stiffness and the reduction of air voids in case of dense graded 

mixtures. However, Pell and Taylor (1969), in their controlled stress testing did not find 

great influence of the type and grading of aggregate on fatigue life. Mixtures tested included 

gravel and crushed rock coarse aggregate. Epps and Monismith (1970), based on controlled 

stress testing, found it difficult to assess the effect of aggregate type or gradation, because 

using different aggregate types and aggregate gradations results in different optimum asphalt 

content and different air voids. 

Jostein Myre (1990), based on controlled strain testing, concluded that increasing the 

amount in crushed aggregate would cause a decrease in the fatigue life. Furthermore, open 

graded mixtures tend to produce shorter fatigue lives than dense graded mixtures. 

Huang and Grisham (1971) performed a detailed investigation on the effect of 

aggregate geometric characteristics on fatigue response. In their study, the concept of 

particle index was introduced. The particle index described the shape and angularity of the 

aggregate particle. Values of particle index varied between 0 up to 20 or more. Particle index 
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of 0 represented a mass of single size, highly polished aluminum spheres. Typical index 

values of aggregates ranged from about 4 for a gravel composed of spherical particles with 

rounded corners and smooth surface to about 20 for a crushed limestone of flaky particles 

with angular corners and edges and a very rough surface. A factorial experiment was 

performed using two levels of coarse aggregate, two levels of fine aggregate, and three 

levels of gradation. Beam samples were compacted to 3 percent air voids with 6 percent 

bitumen content and the maximum aggregate size was limited to 0.5 in (12.7 mm). 

Controlled stress fatigue testing was performed at 25 0C. The finding of this study was that 

the fatigue life of the asphalt concrete mixture increased with increasing value of particle 

index of fine aggregate. It is believed that the fatigue failures are caused by a process of 

initiation and coalescence of voids or cracks in material. Fine aggregate has an effect on the 

distribution of voids. The air voids were almost constant for all samples, therefore the 

increase in fatigue life could be attributed to the particular shapes, orientations, and 

distributions of the voids rendered by the fine aggregate which makes initiation of fatigue 

cracks more difficult. Furthermore, the higher particle index incorporated with larger surface 

area and rough surface texture will provide stronger bond with the bitumen. Finally, the 

fatigue response was not significantly affected by the geometric characteristics of the coarse 

aggregate, nor was it affected by the gradation of aggregate in the mixtures. 

The effect of aggregate surface texture and gradation on the fatigue performance is 

summarized in Table 2.4. General guidelines recommended by Monismith et al. (1985) for 

requirements for aggregates to be used in pavement of different thicknesses to give the best 

fatigue and rutting performance are shown in Table 2.5. 
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Table 2. 4 Summary of the effect of aggregate surface, shape and gradation 

Factor Change in Factor 
Fatigue Life in 

C-Stress 
Fatigue Life in C-Strain 

Aggregate surface 
Rougher Increase  

Smooth  No Significant Effect 

Aggregate Shape 

More Rounded Irregular than 

Crushed Aggregate 
Increase  

Rounded to Crushed  No Significant Effect 

More Rounded than Slabby  Increase 

More Crushed  Decrease 

More Crushed Limestone Increase  

Aggregate 

Gradation 

Denser Increase  

More Open Graded  Decrease 

Denser or More Open  No Significant Effect 

 

Table 2. 5 General guidelines for aggregate requirements to be used in pavements 

Mix Characteristic Layer Thickness Surface Texture Aggregate Gradation 

Resistance to Permanent 

Deformation 

Thick (≥101.6mm) Rough Dense 

Thin (≤50.8 mm) Little Influence Little Influence 

Fatigue 

Thick (≥101.6mm) Little Influence Dense 

Thin (≤50.8 mm) No Influence 
More Open (<3% Passing 

No.200 or gap graded 

 

B.2 The effect of stiffness of asphalt concrete mixture 

Stiffness is defined as the relationship between stress and strain measured during 

conduct of the flexural fatigue test and it depends on time of loading and temperature (Van 

der Poel, 1954). Stiffness is affected by aggregate type and gradation, bitumen type and 

contents, air voids, and stress level at which it is measured. The relation between stiffness 

and the different factors that affect fatigue life is shown in Table 2.3. Monismith et al. 

recommended using a mix with higher stiffness for thick asphalt layers. This can be 

achieved by using more viscous bitumen and dense gradation of aggregate. On the other 
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hand, for thin asphalt layers he recommended using more flexible mix if possible and this 

can be attained through using lower viscosity asphalt and more open (gap) graded aggregates, 

i.e. less fines. 

 

B.3 The effect of bitumen content 

Several researchers show that there is an optimum bitumen content that will produce 

maximum fatigue life (Jimenez and Gallaway, 1962; Pell, 1967; Pell and Taylor, 1969; Epps 

and Monismith, 1971). The bitumen content for best fatigue performance appears to 

correspond to the bitumen content required to provide maximum mixture stiffness. Stability 

requirements should be considered also (Epps and Monismith, 1969). At a particular strain 

level, fatigue life increases with increasing bitumen content (Monismith and Deacon, 1969). 

It should be mentioned that all the researchers listed above adopted controlled stress fatigue 

testing. Thus, there is no significant data available for controlled strain testing. However, 

Myre (1990) used different bitumen content (5.15%, 5.35% and 5.55%) based upon 

controlled strain fatigue testing and he concluded that there were no significant differences 

in fatigue performance of the mixes. This is probably because all the mixes have binder 

content close to optimum for this asphalt concrete mixture. 

 

B.4 The effect of bitumen type 

Bitumen type has noticeable effect on fatigue performance. Pell (1967) performed 

controlled stress testing, having two grades of bitumen tested at different temperatures. He 

concluded: at 10 0C the grade of bitumen appeared to affect the fatigue performance of the 
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mix through the slope of fatigue line. Mixes made with (PG 90/100) bitumen have a steeper 

fatigue line than those made with (PG 40/50) bitumen. In other words, mixes with higher 

penetration values have shorter fatigue lives. Bazin and Saunier (1967) used two grades of 

bitumen in controlled stress mode to test over a range of temperature between -10 0C and 10 

0C. They found that harder bitumen produced a noticeably longer mix fatigue life. Epps and 

Monismith (1969) used three grades of bitumen mixed with half inch granite aggregate(the 

bitumen grades were, 85-100, 60-70, and 40-50)to examine the effect of bitumen grade on 

fatigue performance.  Mixes were prepared to have constant bitumen content (6%). The air 

voids were almost constant (varying between 4.5 and 4.8 %). Furthermore, it was found that 

the mix containing the hardest bitumen, thus having the highest stiffness, had the longest 

fatigue life and the flattest slopes, as shown in Figure 2.11. 

 

 

Figure 2. 11 The effect of asphalt penetration on the mixture fatigue life (Epps and 

Monismith, 1969) 
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Pell and Cooper (1975) used controlled stress fatigue testing to test mixes with different 

grades and contents of bitumen. They concluded that binder type was a primary factor that 

influenced fatigue performance. Mixers made with binders that have higher ring and ball 

softening point temperature have longer fatigue lives. Monismith et al. (1985) recommended 

using harder (more viscous) bitumen for thicker pavements and hotter climate. This 

recommendation is based on the effect of bitumen grade on stiffness and the influence of the 

stiffness on fatigue. Myre (1990) investigated the influence of binder grade on fatigue 

performance. Three types of binder grade (B40, B50 and B180) were used in making 

different mixes; both modes of loading were used. Myre concluded that mixes with higher 

penetration bitumen would give better fatigue performance in controlled strain fatigue 

testing. Whereas, softer binder (higher penetration) would result in shorter fatigue lives 

when evaluated by controlled stress fatigue testing. In summary, in controlled stress testing, 

it is noted that harder binder produces longer fatigue lives; while a softer binder produces 

longer fatigue lives when controlled strain testing is considered. 

 

B.5 The effect of air voids 

It is agreed among many researchers that in controlled stress fatigue testing, increasing 

the air voids content in the asphalt concrete mixture decreases the fatigue life (Bazin and 

Saunier, 1969; Epps and Monismith, 1969; Pell and Taylor, 1969; Epps and Monismith, 

1971; Myre, 1990; Monismith et al., 1985). However, Myre (1990) concluded that there was 

no significant difference in the fatigue performance when air voids content increased from 

1.3% to 4.3% in a constant strain mode of loading. Furthermore, Santucci and Schmidt 
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(1969), based on controlled strain fatigue testing, concluded that higher air voids content led 

to shorter fatigue life. Santucci (1977) found that the effect of bitumen content and air voids 

content on fatigue performance of asphalt concrete mixtures could be determined by the 

following relation: 
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Where Vb = Bitumen content, percent; Vv = air voids content, percent. 

This relation was obtained based on published data by Pell and Cooper (1975) and 

others. 

Raithby and Ramshaw (1972) investigated the effect of secondary compaction on 

fatigue performance. A carpet of bituminous material was compacted to simulate the traffic 

compaction in field. The finding of this study was based at particular temperature and 

loading frequency. Under uniaxial tension-compression loading, it was found that the 

material that was subject to additional compaction by trafficking with a loaded wheel had its 

fatigue life increased. This improved fatigue performance can be accounted, by a large part, 

for the increase in dynamic stiffness and reduction in void content. Generally speaking, 

higher air voids produce mixtures with shorter fatigue lives. 

 

C. The effect of temperature 

The effect of temperature on fatigue performance was investigated by several 

researchers in both modes of loading. It was found that in controlled stress testing, fatigue 

life was highly temperature dependent--low temperature resulted in longer fatigue lives, with 



 68

other factors remaining constant (Pell, 1962; Pell, 1967; Pell and Taylor, 1969). In 

controlled strain fatigue testing, it was found that increasing the temperature will increase 

the fatigue life (Pell, 1967; Monismith and Deacon, 1969). It should be mentioned that these 

are based on limited data, especially, in controlled strain fatigue testing. 

 

D. The effect of load variables 

Loading of in-service pavements requires simulation of the effect of wheel passing on 

pavement surface. The loading situation in the pavement due to the load application is very 

complex. The type and duration of loading used in the repeated load test should simulate the 

conditions of loading in field. Figure 2.12 shows the state of stress in the pavement due to 

the passage of wheel. The stresses change with time and they are tri-axial in nature. The 

vertical stresses are always compressive, while the tensile stresses are either compressive or 

tensile based on the depth of the element in pavement. Most pavements fail in tension; 

therefore, the tensile properties of the pavement, especially under repeated tensile stress and 

strain, become critical. 

 

 

(a) Principal stress under a rolling wheel     (b) Stress distributions under wheel 
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(c) Variation of stress at element as wheel moves from A to C 

Figure 2. 12 Stress in a pavement caused by a moving wheel (Kennedy and Anagnos, 

1983) 
 

The vertical stress at specific point on the pavement, far from the wheel load, is very 

small and it can be considered zero. On the other hand, when the wheel load is directly over 

the point, the vertical stress at that point is at its maximum value. Therefore, it seems to be 

reasonable to consider the stress pulse as haversine or triangular loading. Load duration 

depends on the depth of the point below the pavement surface and the speed of the vehicle. 

Barksdale (1971) carried out an investigation on the vertical stress of the pavement and 

concluded that the stress pulse could be approximated by a haversine or a triangular function 

as shown in Figure 2.13. Barksdale related the stress pulse time with the vehicle speed and 

depth from point of loading. 
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(a) Equivalent triangular pulse              (b) Equivalent sinusoidal pulse 

Figure 2. 13 Equivalent Haversine and Triangular pulse (Barksdale, 1971) 

 

D.1 Load history 

Different fatigue lives result from different loading histories. There are two main types 

of load histories: the simple loading conditions in which the loading conditions stay the same 

during the test, and compound pound loading conditions in which the loading test conditions 

keep changing during the test. For example, increasing the wheel load for 100 psi to 150 psi 

will result in 75% decrease in fatigue life (Craus et al., 1984). 

 

D.2 State of stress 

State of the stress has an important role in fatigue life of the asphalt concrete mixtures. 

For the same mixture, different fatigue lives will result when using different states of stress. 

Raithby and Sterling (1972) used direct tension and compression testing on prismatic 

specimens. They applied the load in different configurations, for instance, 

tensions-compression then rest period, compression-tension then rest period, tension then 
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rest period and re-tension, compression then rest period and re-compression. They found the 

fatigue life was much longer in case of compression loading than the tension loading. 

Furthermore, fatigue life under sinusoidal loading without rest period is shorter than the 

fatigue life with a rest period. Kallas (1970) reported the dynamic modulus in tension was 

different from that in compression. Morris et al. (1974) explained this in term of having the 

bitumen carry the entire load in tension loading, while in compression loading the aggregate 

structure combined with the bitumen carry the load. Multi-axial states of stress result in 

different fatigue lives compared to those produced by uniaxial stress. 

 

D.3 Type of loading 

There are two main types of loading used in laboratory fatigue testing, the controlled 

stress and controlled strain mode of loading. These two modes of loading are the extremes, 

however, it is expected to have intermediate mode of loading in field i.e. with the stress and 

strain changing at the same time. In controlled stress mode of loading the stress is kept 

constant in all load cycles and the strain increases until failure. On the other hand, in 

controlled strain mode of loading, the strain is kept constant along the test and the stress is 

reduced from one load cycle to the next. It was found by several researchers that controlled 

stress mode of loading produced shorter fatigue life than that obtained when controlled strain 

mode of loading was used (Bazin and Saunier, 1967; Ghuzlan and Carpenter, 2000). 

 

D.4 Loading waveform 
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Loading has direct implications on the pavement, by means of shape and duration of the 

load used in the laboratory. There are different load patterns used in laboratory, such as 

sinusoidal, haversine, and cyclic loading. Raithby and Sterling (1972) performed several 

fatigue tests using direct tension and compression loading at temperature of 25 0C. Different 

waveforms were used, including square, sinusoidal, and triangular forms. The results of this 

study are shown in Table 2.6. It was found that the square wave produced the shortest 

fatigue life while the triangular wave produced the longest fatigue life. 

Table 2. 6 The effect of shape of waveform on fatigue life 

Waveform Temp 0C 
Stress amp. 

kPa 

Initial 

strain amp. 

Geometric 

mean fatigue 

life cycles 

Relative 

lives 

 

25 330 

1.7×10-4 24,690 0.42 

 
1.2×10-4 58,950 1.0 

 
0.67×10-4 85,570 1.45 

 

D.5 Rest period 

The effect of a great period was investigated by Raithby and Sterling (1972) and it was 

found that increasing the length of rest period prolonged fatigue life. The fatigue life was 

increased by about 15 times when the rest period increased from 0 to 1 sec. with constant 

load duration of 0.04 sec. some researchers believe that during the rest period the mixtures 

experience healing which lengthens the fatigue life. 

 

D.6 Load Duration 
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The effect of load duration was investigated by several researchers and it was found 

that increasing the load duration resulted in shorter fatigue life. However, it should be kept 

in mind that changing the load duration generally involved different frequencies and rest 

periods (Kennedy and Anagnos, 1983; Porter and Kennedy, 1975). 

 

D.7 Frequency of Loading 

Pell and Talyer (1969) studied the effect of frequency of loading. They kept the ratio 

between the loading duration and rest period constant and the frequency of sinusoidal load 

changed between 80 and 2500 rev. /minute. They found that increasing the frequency could 

increase the fatigue life. 

2.4.5 Shift Factor 

The shift factors are used to predict fatigue life of pavements in field based on 

laboratory testing. It is recognized that the shift factor is actually affected by a host of 

correction factors that account for material properties, boundary conditions, weather 

conditions, pavement structure, crack propagation and the traffic loads. To apply the 

laboratory fatigue test results to predict in-situ fatigue performance, it is necessary to apply a 

shift factor. Shift factors are calculated based on Miner’s damage law as shown in equation 

(2-9). Miner’s linear damage law is based on the ratio of number of load cycles at period (i) 

to the total allowable number of load application to failure. Based on field data it was found 

that the pavement could take load applications much more than the allowable number of load 

application to failure. Therefore, field data was used by some researchers to obtain the shift 

factor to correlate between the field and laboratory fatigue equation. A large variety of shift 
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factors can be expected, owing to the differences in material properties, test methods, field 

conditions, pavement structure, and structure models. Pell (1987) indicated that the shift 

factor might range from 5 to 700. Deacon et al. (1994) in the SHRP A-003 studies 

recommended a shift factor ranging from 10 to 14 depending on the amount of surface 

cracking that can be tolerated. Many shift factors have been proposed by the Asphalt 

Institute, the Shell design method, Thompson (1987), Powell et al. (1984), and Verstraeten et 

al. (1982). One commonality is that all these shift factors relate the hot mix asphalt (HMA) 

tensile strain to the allowable number of load repetitions. Finn et al. (1977) showed that a 

shift factor of about 13 was required for laboratory fatigue test results to match the fatigue 

performance of the AASHO Road Test. Raithby and Sterling (1970) demonstrated that rest 

periods of a uniaxial tensile cyclic test would affect the fatigue lives by a factor of 5 or more 

as compared with the specimen tested without rest periods. Gerritsen and Koole (1987) 

suggested a shift factor ranging from 5 to 25 (including the considerations of the rest periods 

between the loads, lateral distribution of the wheel loads and the temperature gradient in the 

asphalt layer) should be multiplied to the laboratory-derived fatigue criterion to meet the 

in-situ fatigue performance. In recent studies, Harvey et al. (1997) also proposed a 

strain-based shift factor to be used in a reliability-based mix design system for mitigating 

fatigue distress as seen in Figure 2.14. 
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Figure 2. 14 Methodology followed in the fatigue analysis system to determine ESALs (Harvey, 1997) 
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2.5 Summary  

Several findings from the above literature review are summarized as follows: 

1. Historically, conventional fatigue approaches and models do not take in the 

consideration of the entire fatigue damage process, but only the end points of crack 

initiation and propagation. 

2. The fatigue cracking appearing on the surface of an asphalt concrete pavement is 

caused not only by the crack initiation but more importantly by the crack 

propagation which is mostly attributed to the cyclic thermal strain and shrinkage. 

3. Caution should be exercised in applying the results of laboratory fatigue tests, either 

in controlled-strain or controlled-stress loading modes, to interpret the cumulative 

fatigue damage caused by compound loading. 

4. Full-size accelerated pavement testing provides an effective but expensive way to 

validate the correction factors needed for applying the laboratory fatigue test results 

to predict fatigue performance in field pavement. 

5. Stiffness deterioration of asphalt concrete must be considered in pavement design. 

Keeping these facts in mind, a non-linear Finite Element approach will be developed in 

this study. In this approach, the fatigue damage process is described by using a non-linear 

fatigue damage model based on damage mechanical theory. The model parameters will be 

obtained by using laboratory fatigue test. The typical pavement structural in Hong Kong will 

be modeled in a finite element software, ANSYS, with the proposed fatigue damage model. 

The computer simulation technology will be used to evaluate the performance of bituminous 

material and to predict the pavement service life. 
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CHAPTER THREE IMPROVED MODEL TO PREDICT 

FLEXIBLE PAVEMENT TEMPERATURE 

The performance of asphalt pavements is greatly influenced by environmental 

conditions. One of the most important environmental factors that significantly affect the 

mechanical properties of asphalt mixtures is temperature. Thus, accurate prediction of the 

temperature distribution within the pavement structure is important. 

This chapter developed a finite element model to calculate the temperature of 

pavements located in the Hong Kong. The objective of the case study presented in this 

chapter is to validate the developed model. The external input data to the model are the 

hourly values for solar radiation and temperature, and mean daily values of wind speed 

obtained from a meteorological station. The thermal response of a multilayered pavement 

structure is modeled by a transient thermal analysis using a 3-D finite element method. The 

calculated data then is compared with the measured pavement temperatures to validate the 

improved model. 

3.1 Introduction 

Asphalt concrete materials have been used mostly in modern pavements construction. 

The service life of a pavement depends on its performance in different distress modes. The 

cracks occur and propagate in bituminous layers under repetitive loading during the first few 

years of service. This mode of distress is traditionally referred to as “fatigue cracking” and is 

a major concern to highway agencies throughout the world. Thus, the asphalt concrete 

pavements are exposed to great strains and stresses when being subject to traffic and thermal 

loadings. The mechanisms have been identified as the origin and propagation of cracks in 

pavements: 

1. Thermal stress from thermal fatigue, which occurs when temperature variations 

induce cyclic openings and closures of cracks in the pavement, leading to stress 

concentrations in the bituminous layers; 
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2. Thermal stress as a result of rapid cooling down of the top layer, which induces 

critical tensile stresses on overlay; 

3. Repetitive traffic loads induce additional distress in the bituminous layer and 

increase the rate of crack propagation, regardless whether or not these cracks 

originate from thermal stresses; 

4. Soil movements-settlements (downwards), frost. 

Many of researchers concluded that the thermal condition played a major role in the 

fatigue cracking response of a multilayered pavement structure. On one hand, binder 

properties (stiffness, ageing, penetration, viscosity, etc.) are sensitive to temperature 

variations. The combination of the two most important factors: traffic loads passing above 

(or near) the crack and the materials being under tension due to rapidly decreasing 

temperature, have been identified as the most likely causes of concentration of stress and 

higher strain above the crack and responsible by the fatigue cracking. 

Daily temperature variations have important influence on the pavement thermal state of 

the surface of few decimeters. Depending on the level of temperature variation, stress is 

induced in the bituminous layers in two different ways: through restrained shrinkage in 

bituminous layers and through the movements between each layer in multilayered pavement 

structure. 

Firstly, restrained shrinkage of the bituminous layers causes transverse and longitudinal 

tensile stresses, which are dependent of: bituminous mixture stiffness, thermal distribution 

(gradient), material Poisson ratio and material thermal coefficient. These stresses are at their 

maximum on the pavement surface, not only due to larger temperature variation, but also 

because of the rate dependent bituminous material is thermal sensitive. Due to the fact that 

bitumen aging takes place at surface, the phenomenon described above induces the crack to 

initiate and propagate from the pavement surface downwards. The use of modified bitumen 

is a good option to delay (or arrest) fatigue cracking in pavement. 
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Secondly, the movements between each layer exert a repeated splitting at the bottom of 

each layer, changing the continuity distribution of stress in the multilayered pavement 

structure and inducing a higher stress (or strain) concentration in wearing course. The 

thermal movements of each layer as result of thermal shrinkage are dependent of bituminous 

mixture stiffness, thermal distribution (gradient), material Poisson ratio, material thermal 

coefficient and each layer’s thickness. 

Consideration should therefore be taken to the lowest expectable temperature of the 

asphalt concrete. These temperatures differ on the weather conditions at different locations. 

In order to calculate thermal effects, one needs to evaluate the temperatures evolution on 

many depths of bituminous layers throughout typical twenty-four hours periods. The 

temperature distribution calculated for different times during the day allows us to calculate 

thermal effects in the zone above the initial weakness (micro-cracking) and can be used to 

investigate other affects, such as, temperature influence on layer’s material properties (like 

stiffness) when only traffic load is considered. 

Thus, the estimation of thermal response shows their importance. In order to investigate 

their effects, a more precise knowledge of the temperature distribution is needed. The 

pavement thermal-time variation state is controlled by the climatic condition, i.e., the 

thermal diffusivity, as function of thermal conductivity, specific heat and density and the 

materials and the depth below the surface. 

The temperature distribution throughout the pavement structure can be obtained through 

field measurements, using temperature-recording equipment (Data logger associated with 

thermocouples) or mathematical models. The option of use the field measurement is 

desirable because actual temperature can be reliably measured and used in stress calculation 

models. However, this method is relatively slow and only provides information about 

temperature in the measurement period. In addition, a temperature model may suffer slight 

error due to arithmetic hypothesis but will give a temperature distribution quickly and 
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cheaply, and can be used to predict temperature distributions under a wide range of 

conditions, including any unusual or extreme conditions. 

The prediction of pavement temperature distribution has been extensively investigated 

by many researches. Most of prediction methods are based on either models that use energy 

balance equations, or empirical regressions.  

The NCHRP project to develop the Enhanced Integrated Climatic Model (EICM) 

(NCHRP 1-37A) compiled climate data using the historic records of weather stations across 

the United Sates. The EICM includes three parts: ① the climatic-materials-structural (CMS) 

model originally developed at the University of Illinois; ② the frost heave and thaw 

settlement model; ③ the infiltration and drainage model. The CMS is a one-dimensional 

heat transfer model that determines the temperature distribution within the pavement 

structure.  The required climate data includes heat capacity and thermal conductivity of the 

asphalt mixture, pavement surface absorptivity, air temperature, wind speed and incoming 

solar radiation. Some of these input parameters were not measured directly but were 

estimated using empirical correlations. Other research on pavement temperature prediction 

using energy balance equations includes studies performed by Hermansson (2000) and 

Yavuzturk et al. (2002). 

Several empirical models based on linear regression analysis have been developed to 

predict maximum and minimum temperature in the pavement. Barber (1957) proposed a 

model to correlate pavement surface temperature and temperature at 9 cm depth with 

weather station data. Barber (1957) observed that the changes in pavement temperature 

measured in Virginia (USA) roughly followed a sinusoidal curve with a period of each day. 

The analysis showed that when solar radiation and air temperature was included, the 

sinusoidal approximation provided reasonable estimates of surface temperatures. 

 Solaimanian (1993) developed a quadratic model that determines the maximum and 

minimum surface pavement temperature based on the latitude of the location of the 

pavement. Lukanen et al. (1998) developed an empirical prediction model by using the 
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regression method based on the Long Term Pavement Performance Program (LTPP) to 

estimate the average maximum pavement temperature. Diefenderfer et al. (2006) developed 

models to calculate the maximum and minimum pavement temperatures based on data 

obtained at the Virginia Smart Road and some LTPP test sites. The models proposed 

incorporated the depth within the pavement, calculated daily solar radiation and maximum or 

minimum air temperature. 

The simulation model suggested in this research is based on Finite Element 

Methodology (FEM), taking weather data as input. The validation of this simulation model 

was done by comparing output of calculated data with measured pavement temperatures. 

Although a one-dimensional heat conduces in the vertical direction, given the infinite nature 

in the horizontal direction, the FEM model is developed in three-dimensional mode in view 

of its future compatibility with a 3-D mechanical fatigue damage model used in Chapter 5. 

3.2 Theory Background 

The temperature distribution of a pavement structure, at a given time, , is governed by 

heat conduction principles within pavement by energy interaction between multilayered 

pavement structure and its surroundings. 

3.2.1 Conduction Heat Transfer 

The first law of thermodynamics, stating conserved thermal energy and Fourier’s law 

that relates the heat flux to the thermal gradients, solves the problem of heat transfer by 

conduction within the pavement. For an isotropic medium and for constant thermal 

conductivity, this principle is expressed as follow (Dewit and Incopera, 1996; Ozisik, 1985): 

                         (3-1) 

Where:  

       - thermal diffusivity; 

      k - thermal conductivity; 

  ρ - density; 

  C - specific heat; 
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  t - time; 

3.2.2 Interaction between the Pavement and Its Surroundings 

The heat transfer by energy interactions between pavement and its surrounding consists 

of radiation balance and exchanges by convection. The radiation balance (or thermal 

radiation) involves the consideration of outgoing long-wave radiation, long-wave counter 

radiation and the short-wave radiation (or solar radiation) (Minhoto et al., 2003). 

The asphalt pavement surface is assumed to emit long-wave radiation as a black body. 

Thus, the outgoing long-wave radiation follows the Stefan-Boltzman law (Minhoto et 

al.,2003; Dewit and Incopera, 1996): 

                          (3-2) 

Where: - outgoing radiation; 

       - emission coefficient; 

       - Stefan-Boltzman constant; 

Tsur - pavement surface temperature. 

As the atmosphere absorbs radiation and emits long-wave radiation to the earth, this 

counter radiation absorbed by the pavement surface is calculated by (Minhoto el al.,2003; 

Dewit and Incopera, 1996): 

                           (3-3) 

Where: - absorbed counter radiation; 

       - pavement surface absorptivity; 

Tair - air temperature. 

Several authors consider the long-wave radiation intensity balance (or thermal radiation) 

through the follow expression (Donath et al., 2002 and Picado, 1994): 

                       (3-4) 

Where: - long-wave radiation intensity balance; 

       - thermal radiation coefficient. 

The expression used to obtain  is the following: 
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                 (3-5) 

Where: - emissivity of pavement surface. 

Part of the high frequency (short-wave) radiation emitted by the sun is diffusely 

scattered in the atmosphere in all directions and the diffused radiation reached the earth is 

called diffused incident radiation. The radiation from the sun reaching the earth surface 

(without being reflected by clouds, absorbed or scattered by atmosphere) is called direct 

incident short-wave radiation. The total incident (direct and diffused) radiation can be 

estimated using the following equation (Dewit and Incopera, 1996; Donath et al., 2002; 

Ozisik, 1985): 

                         (3-6) 

Where: - thermal incident solar radiation; 

       - loss factor accounting scattering and absorption of short-wave radiation by 

atmosphere; 

       - solar constant assumed to be 1353 W/m2; 

       - factor accounting the eccentricity of earth orbit; 

       - zenith angle. 

The effective incident solar radiation absorbed by pavement surface may be determined 

by the equation (Picado, 1994): 

                           (3-7) 

Where: - incident solar radiation absorbed by pavement surface; 

       - solar radiation absorption coefficient. 

In the model suggested in this research, short-wave radiation is given as input data 

obtained by means of measured values from the Hong Kong weather station. 

The convection heat transfer between the pavement surface and the surrounding air is 

given as (Hermansson, 2001; Donath et al., 2002): 

                      (3-8) 

Where: - convection heat transfer; 
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       - convection heat transfer coefficient. 

The convection heat transfer coefficient can be calculated as: 

      (3-9) 

Where:  –average temperature; 

       U – wind speed. 

3.3 Finite Element Methodology 

The 3D Finite Element Methodology (FEM) is applied to pavement thermal modeling. 

Traditionally, the pavement structures are idealized as a set of horizontal layers of constant 

thickness, homogeneous, continuous and infinite in the horizontal direction, resting on a 

subgrade (semi-infinite in the vertical direction). The thermal model configuration of 

pavement is idealized according to this principles. See Figure 3.1. This model considers the 

possibility of data production to a mechanical model with the same mesh. 

 

 

(a) Multi-layered pavement structure              (b) Finite element meshing 

Figure 3. 1 FEM mesh of thermal analysis model 
 

The finite element modeling used in the numerical thermal analysis is performed by a 

general Finite Element Analysis program, ANSYS. This analysis is a 3D transient analysis, 

using a standard finite element discretization. In the design of the thermal finite-element 

mesh, the compatibility of mesh with other mechanical models is observed. 

The following factors have been considered in the design of the finite element model: 
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 A finer element size is required to be closer to pavement surface and the wheel load 

point; 

 A finer element size is required in the overlay above the crack; 

 Due to the symmetry, only half of the model needs to be modeled. 

After meshing, the number of elements was 14672. For the thermal analysis, 3D solid 

element, SOLID70, is applied (Figure 3.2). This element, applicable to a three-dimensional 

transient thermal analysis, has three-dimensional thermal conduction capability. The element 

has eight nodes with a single degree of freedom and temperature at each node. 

 

 

Figure 3. 2 3-D Thermal solid element (SOLID70) 
 

The pavement material thermal properties, such as thermal conductivity, specific heat 

and density, for each layer, are separately defined to develop this model. 

 

 

Figure 3. 3 Surface thermal element (SURF152) 
 

Furthermore, the surface element SURF152 was used to calculate radiation exchanges 

convection heat transfer. The geometry, node locations and the coordinate system for this 
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element are shown in the Figure 3.3. The element is defined by four nodes and by materials 

properties for convection and radiation effects. It was overlaid onto a surface of 3-D thermal 

element SOLID70, as shown in Figure 3.4. 

 

 

Figure 3. 4 SURF152 and SOLID70 coupling 
 

3.3.1 Thermal conduction  

The proposed simulation model based on the thermal theory stating that thermal energy 

is conserved, resolves pavement thermal problem through finite elements. The conservation 

of thermal energy is expressed by: 

                    (3-10) 

where:  - density; 

     C - specific heat; 

      T - temperature, function (x,y,z,t) 

      t - time; 
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   – vector operator; 

   – heat flux vector. 

It should be noted that the term  may also be interpreted as , where  

represents the divergence operator. Fourier’s law can be used to relate the heat flux vector to 

the thermal gradients through the following expression: 

                     (3-11) 

Where:  – conductivity matrix; 

      , ,  – thermal conductivity in the element x, y , z directions, respectively. 

Then, Expanding equation (3-10) to its more familiar form: 

       (3-12) 

Taking in consideration the isotropy of asphalt concrete materials, K=Kxx=Kyy=Kzz: 

          (3-13) 

3.3.2 Boundary conditions 

Three types of boundary conditions are considered in the proposed model: specified 

heat flow, specified convection and specified radiant energy between a superior surface of 

model and its surrounding. 

Specified heat flow acting over a surface follows the general expression: 

                     (3-14) 

Where:  - unit outward normal vector; 

         - specified heat flow. 

Specified convection surfaces heat flows acting over a surface follows the general 

expression: 

                   (3-15) 
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Where:  - convection coefficient; 

        – temperature at the surface of the model; 

        – bulk temperature of the adjacent fluid. 

Radiant energy exchange between a surface of model and its surrounding is expressed 

by the following equation, which gives the heat transfer rate between the surface and a point 

representing the surroundings: 

                      (3-16) 

3.4 Pavement Temperature Prediction 

The objective of this case study is the validation of a FEM simulation model developed 

to calculate the temperature of a pavement. A FEM numerical analysis for the distribution of 

temperature in a full depth asphalt pavement was performed in an experimental section of 

the Hong Kong road research laboratory. The improved model validation was analyzed with 

statistical test between the FEM calculated temperature results and the field measured 

temperatures. 

3.4.1 Field data collection  

The pavement temperatures were measured at an experimental pavement section on the 

Hong Kong road research laboratory in 12 months (January 2007 to December 2007). Seven 

thermocouples were installed in the AC layer at seven different depths from surface:25mm; 

50mm; 80mm; 110mm; 260mm; 410mm). The top one was installed just at the pavement 

surface. The depths for the other six were installed as interfaces between each layer and the 

middle of each layer to give a good representation of the whole AC layers at different 

locations. 

The weather parameters were obtained from a meteorological station located near the 

experimental pavement section, such as air temperature, solar radiation intensity and wind 

speed. These measurements were used as input data in the improved models to carry out 

temperature distribution prediction in a 410 mm full depth pavement. 
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3.4.2 Materials thermal properties  

The pavement surface thermal emissivity for estimating the long-wave radiation 

intensity balance was chosen as 0.9 and the solar absorption coefficient was chosen as 0.95. 

The thermal properties of pavement materials are presented in Table 3.1. The adopted value 

follows typical values for those parameters on the basis of bibliography (Minhoto et al., 

2003).   

 

Table 3. 1 Materials thermal properties 

Materials types Thickness (m) 
Conductivity 

K  (W/ ℃.m) 

Specific heat 

C (W.s/ kg.℃) 
Density (kg/m3) 

Wearing course 0.05 1.5 850 2450 

Base course 0.06 1.5 860 2350 

Road base 0.30 1.5 860 2350 

Sub-base 0.25 1.5 805 2300 

Sub-grade - 1.79 1100 2200 

 

3.4.3 Prediction results and statistical analysis 

The thermal response of FEM simulation model, representing a multilayered pavement 

structure, was modeled using a transient thermal analysis in a time frame of a whole year 

(form January 2007 to December 2007). It is assumed that the pavement hourly temperature 

profile depends entirely on hourly air temperature value, hourly solar radiation value and 

wind speed daily mean value. 

A multiple 3-D finite element analysis procedure was initiated with the full depth at 

constant initial temperature, obtained from field measurements, and was carried out for a 

period between January 2007 to December 2007, with a periodicity for one hour. 

The temperatures distributions of flexible pavement from January 2007 to December 

2007 have been shown in appendix A. As measure of the error, the absolute difference 

between measured and calculated pavement temperature has been calculated for every hour. 

The average difference has been determined for each moth shown in Table 3.2 and Table 

3.3. 
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Table 3. 2 Average errors results between calculated and measured pavement 
temperature 

Month 
Average errors 

0 mm 25 mm 50 mm 80 mm 110 mm 260 mm 410 mm 
January 4.0710 1.7893 1.4342 1.2262 0.8769 0.5917 0.3283 
February 3.1179 1.7492 1.1079 0.9472 0.6774 0.4571 0.2536 
March 3.1823 1.4039 1.3567 1.1600 0.8296 0.5597 0.3106 
April 1.9183 1.3142 1.0471 0.8952 0.6403 0.4320 0.2397 
May 1.9290 1.6694 1.1569 0.9891 0.7074 0.4773 0.2648 
June 1.2933 1.5996 0.8799 0.7523 0.5380 0.3630 0.2014 
July 0.8032 1.1489 0.6601 0.5643 0.4036 0.2723 0.1511 
August 1.3242 1.5920 1.1921 1.0192 0.7289 0.4918 0.2729 
September 1.8217 1.0351 1.0631 0.9089 0.6501 0.4386 0.2434 
October 2.7048 1.6968 0.7276 0.6221 0.4449 0.3002 0.1666 
November 2.9883 1.9164 0.7781 0.6652 0.4758 0.3210 0.1781 
December 3.5823 1.8106 0.7966 0.6811 0.4871 0.3286 0.1824 
Average 2.3947 1.5605 1.0167 0.8692 0.6217 0.4194 0.2327 
 

Table 3. 3 Standard deviation of errors results 

Month 
Average errors 

0 mm 25 mm 50 mm 80 mm 110 mm 260 mm 410 mm 
January 1.9851 0.9819 1.1209 0.9583 0.6854 0.4624 0.2566 
February 1.9590 1.2204 0.8814 0.7536 0.5390 0.3636 0.2018 
March 2.2415 0.7522 1.1060 0.9456 0.6763 0.4563 0.2532 
April 1.1824 0.9585 0.7096 0.6067 0.4339 0.2928 0.1624 
May 1.8010 1.1848 0.9556 0.8170 0.5843 0.3942 0.2188 
June 1.1467 1.0989 0.9090 0.7772 0.5558 0.3750 0.2081 
July 0.7177 0.9297 0.5550 0.4745 0.3393 0.2290 0.1270 
August 1.0297 1.3367 1.0311 0.8816 0.6305 0.4254 0.2360 
September 1.2773 0.7109 0.7692 0.6577 0.4704 0.3174 0.1761 
October 1.5542 1.1873 0.6545 0.5596 0.4002 0.2700 0.1498 
November 2.0416 1.0112 0.6305 0.5391 0.3855 0.2601 0.1443 
December 1.9631 1.1282 0.7555 0.6459 0.4620 0.3117 0.1730 
Average 1.5749 1.0417 0.8399 0.7181 0.5135 0.3465 0.1923 
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3.4.4 Pavement temperature in Hong Kong 

A temperature analysis system (PTAS version 2.3) was designed to predict maximum 

and minimum flexible pavement temperature in Hong Kong. The maximum and minimum 

temperature is the main factors in evaluating frost action and frost penetration as well as in 

the selection of the asphalt type/grade in the pavement structure. 

The pavement temperature analysis system includes Weather Information Module 

(WIM), Geographical Information System (GIS) and Pavement Temperature Output Module 

(PTOM). 

 

 

Figure 3. 5 Pavement temperature analysis system 
 

 

Figure 3. 6 Weather Information Module 
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Figure 3. 7 Geographical Information System 
 

 

Figure 3. 8 Pavement temperature output module 
 

3.5 Summary 

In this chapter, the 3-D finite element analysis proves to be an effective tool for 

simulating the transient behavior of asphalt concrete pavement temperature. The improved 

model can calculate the pavement temperature at different depths of bituminous layers with 

better accuracy than field measurements. A pavement temperature analysis system is 

designed based on the 3-D finite element analysis result. The distribution of flexible 

pavement temperature in Hong Kong is obtained by using the pavement temperature analysis 

system to evaluate the performance of material as well as to select asphalt type/grade in 

pavement structure of Hong Kong. 
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CHAPTER FOUR MATERIALS PROPERTIES AND 

PERFORMANCE  

A serials of laboratory tests have been conducted to evaluate the properties and 

performance of five polymers [Polypropylene (PP), Crumb rubber (CR), Cellulose fiber (CF), 

Asbestos fiber (AF) and Gilsonite (GS)] on wearing course of flexible pavement in this 

chapter, Such as permanent deformation, fatigue and moisture susceptibility. Especially, The 

indirect tensile fatigue test results will be used to calculate the parameters of damage model 

applied in Chapter 5. 

 

4.1 Introduction 

Flexible pavement (bituminous materials) in Hong Kong is usually designed for 

15-years life expectancy. However, most of flexible pavements have been exposed to larger 

than expected structural damage and capacity deterioration due to significantly increased 

traffic volume, higher traffic tire loading and unanticipated moisture damage. The most 

common forms of distress of flexible pavements in Hong Kong are fatigue cracking and 

rutting.  

To overcome this phenomenon, the superior quality bituminous materials are applied to 

the vital highways project in Hong Kong to improve the performance of pavements. 

Modified bitumen is one of economical and satisfactory methods to improve conventional 

bituminous materials’ quality. Polymers have been the most commonly used for the 

modification of bitumen to improve adhesion between bitumen and aggregate and to reduce 

moisture sensitivity in bituminous mixture. 

Among the various techniques available for improving the properties of bituminous 

wearing courses, the addition of fibers has been taking on an increasingly prominent role (J.P. 

Serfass and J. Samanos, 1996). Recently fiber-reinforced bituminous mixtures for enhancing 

the performance of pavements have been tried and used. The testing results demonstrated 
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that asphalt mixes reinforced with fibers gave improved performance (P.Balaguru and Anil 

Khajuria, 1996; Haiming Huang and Thomas D, 1996; Jeb S. Tingle et al, 2002). However, 

before different fibers as reinforced additives in asphalt mixes are used in the practical 

highway projects of Hong Kong, it is necessary to better understand characteristics of fiber 

reinforced asphalt mixtures from laboratory testing. 

4.2 Materials Characterization 

Used materials and experimental procedures in this study are introduced in this section. 

Aggregate combination, bitumen and five different additives are used. Course aggregate and 

fine-filler aggregate are all from local supplier plant. Coarse aggregate is crushed granite and 

fine-filler aggregate is limestone. Physical properties of coarse and fine aggregate are given 

in Table 4.1. 

 

Table 4. 1 Properties of coarse and fine aggregate 
Properties  Test method Value 

Coarse aggregate   

Bulk s.g. (g/cm3) BS 812 part 2 2.702 

Apparent s.g. (g/cm3) BS 812 part 2 2.764 

L.A. abrasion (%) ASTM C-131 13.5 

Soundness in NaSO4 (%) ASTM C-88 4.07 

Flakiness (%) BS 182 part 105 11.8 

Angularity (%) BS EN 13043 >100 

Fine aggregate   

Bulk s.g. (g/cm3) BS 812 part 2 2.634 

Apparent s.g. (g/cm3) BS 812 part 2 2.665 

Plasticity index STP 206-4 Non-plastic 

 

Regional factors are observed and penetration grade 60/70 bitumen is used in this 

research. Standard laboratory test results for bitumen binder are incorporated in Table 4. 2. 
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Table 4. 2 Properties of measured on bitumen (PG 60/70) 
Properties  Test method Unit Value 

Specific gravity (25oC) ASTM D-70 g/cm3 1.024 

Flash point ASTM D-92 oC 300 

Penetration (25oC) ASTM D-5 0.1mm 67 

Softening point ASTM D-36 oC 50 

Ductility (25oC) ASTM D-113 cm 100+ 

 

 

Five different additives used, including Polypropylene (PP), Crumb rubber (CR), 

Cellulose fiber (CF), Asbestos fiber (AF) and Gilsonite (GS). PP material is obtained from a 

petrochemical company. It has a granular type, directly added to the mixture in mixer. It is 

added with 6% mass of bitumen. Penetration value (100g, 5 second, 25oC) is 20mm, while 

softening point is 100oC and viscosity is 9000Mpa. Disposal of waste tires is a serious 

environmental concern in many places, especially for Hong Kong, which holds a small land 

area and a relatively large population.  

 

Table 4. 3 Gradation analysis of crumb rubber tires 
Sieve size Passing (%) Lower-upper limits 

10mm 100 100 

5mm 89.5 76-100 

2.36mm 38.7 28-42 

1.18mm 22.1 16-24 

 

Besides possible cost saving, this use of discarded tires in pavement industries 

represents an environmentally friendly method of recycling. The sieving analysis of crumb 

rubber tire is listed in Table 4.3. The amounts of CR are 0.2% concentration by mass of 

aggregate and filler. CF is added 0.4% of mineral aggregate weight. It is added directly 

mixer in plant. AF included in this study is 4.5 denier obtained from recycled raw materials 

that are cut to 7.20mm in length. AF amount are 0.2% concentration by mass of aggregate 
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and filler. The Gilsonite modified bituminous materials currently on trial in Hong Kong 

incorporates a proprietary product 'Uintaite', at a rate of addition of 10% by weight of total 

soluble bitumen (Shuler S. and Douglas I., 1990; Law E.W., 1995; Ramanathan K. et al, 

1991). 

All additives were dispersed homogeneously in the bituminous mixture. It is not 

subjected flocculation and mixing difficulty for all the additives. Conventional wearing 

Course (ACWC) and Stone mastic asphalt (SMA), commonly used in wearing course in 

Hong Kong, are adopted in this study. The gradation composition of the mixture is shown in 

Table 4.4, Table 4.5 and illustrated in Figure 4.1, Figure 4.2. 

 

Table 4. 4 Grading of the 20mm asphalt concrete wearing course recommended by 
HyD 

 
Sieve Size 

(mm) 
Specification 

Envelope 
Mid 

Envelope
HyD Target Mix  

Ref 20WC/TAR/AR/001 
28 100 100 100 100 
20 91 100 95.5 96 
14 78 90 84 90 
10 68 84 76 83 
5 54 72 63 68 

2.36 42 58 50 49 
1.18 34 48 41 35 
0.6 24 38 31 25 
0.3 16 28 22 16 

0.15 8 18 13 10 
0.075 4 8 6 6 

 

 



 97

 
Figure 4. 1 Gradation graph of 20mm concrete wearing course 

 

Table 4. 5 Grading of the 20mm stone mastic asphalt recommended by HyD 
 

Sieve Size 
(mm) 

Specification 
Envelope 

Mid 
Envelope

HyD Target Mix  
Ref 20SMA/TAR/AR/VIA/001 

28 100 100 100 100 
20 94 100 97 96 
14 87 96 91.5 90 
10 70 78 74 77 
5 20 30 25 25 

2.36 16 24 20 18 
1.18 - - - - 
0.6 12 16 14 15 
0.3 12 15 13.5 13 

0.15 - - - - 
0.075 8 10 9 8 

 

 

 
Figure 4. 2 Gradation graph of 20mm stone mastic asphalt 

 



 98

4.3 Mix design 

Several parameters need to be considered in mix design to ensure that the improved mix 

has optimized properties. The most commonly used mix design for bituminous mixture 

Marshall Method (ASTM D1559) was applied for determining optimal bitumen content 

for conventional and modified bituminous mixtures. Three identical specimens were 

prepared for all alternatives. Bitumen range region was regulated according to the bitumen 

demand for each mixture (4.5%, 5%, 5.5%, 6% and 6.5%). Six designs were realized for 

ACWC, SMA alternatives and 180 bituminous samples were fabricated. Compacting energy 

was applied as 50 blows per side at temperature of 135-142oC. 

 

Table 4. 6 Summary of Marshall design results for ACWC 

 
Virgin
60/70 

PP CR CF AF GS 

Bitumen content (%) 5.21 5.37 5.63 5.45 5.52 5.27 

Stability (kN) 11.89 11.65 12.23 12.16 12.2 12.39 

Flow (mm) 1.8 1.72 2.2 1.86 1.78 2.02 

Bulk s.g. (g/cm3) 2.342 2.333 2.317 2.337 2.324 2.307 

Maximum s.g. (g/cm3) 2.455 2.444 2.425 2.445 2.432 2.419 

Void content (%) 4.60 4.53 4.46 4.41 4.45 4.64 

Void filled bitumen (%) 67.49 68.34 70.73 70.95 70.72 68.56 

VMA (%) 14.15 14.31 15.24 15.18 15.2 14.76 
 

 

Table 4. 7 Summary of Marshall design results for SMA 

 
Virgin 
60/70 

PP CR CF AF GS 

Bitumen content (%) 5.82 5.98 6.83 6.51 6.57 6.38 

Stability (kN) 6.72 6.52 6.93 6.82 6.89 7.32 

Flow (mm) 3.0 2.9 4.2 3.2 2.9 3.55 

Bulk s.g. (g/cm3) 2.472 2.465 2.443 2.464 2.459 2.435 

Maximum s.g. (g/cm3) 2.582 2.572 2.545 2.564 2.561 2.547 

Void content (%) 4.25 4.15 4.00 3.90 4.00 4.40 

Void filled bitumen (%) 74.93 75.80 78.02 78.45 77.96 75.23 

VMA (%) 16.95 17.15 18.2 18.1 18.15 17.76 
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As shown in Table 4.6 and Table 4.7, the optimum bitumen content increases for 

modified mixtures. CR mixture has the highest bitumen content. Stability values for 

modified mixtures increase for CR, CF, AF and GS mixtures but decrease for PP mixtures. 

Marshall Flows increase for CR, CF and GS but decrease PP and AF mixtures. Voids filled 

with binder and voids filled with mineral aggregate values for modified mixtures are 

increased. 

Because of unfavorable loading condition of Marshall Test (tensile strength), The 

Marshall Stability of SMA is much smaller than ACWC. 75% mass of aggregate of SMA is 

close to particles size of coarse aggregate. The strong aggregate structure provided by the 

coarse aggregate particles can give excellent resistance to compressive deformation but 

cannot give resistance to tensile deformation. In bituminous mixture, the rich mastic, which 

fills the voids between particles of aggregates, gives the resistance to tensile deformation. In 

Marshall Test temperature (60℃), the decreasing viscosity of rich mastic reduces the 

cohesiveness of SMA. The lower Marshall stability doesn't mean poor high temperature 

stability for SMA. The high temperature stability of SMA should be evaluated by wheel 

tracking test and dynamic creep test. Overall, the purpose of Marshall Test in this study is for 

proportioning design to determine the optimal asphalt content in bituminous mixture.  

4.4 Performance of bituminous mixtures 

A series of laboratory tests were designed to assess the fundamental mechanical 

properties and to evaluate performance of conventional and modified ACWC/SMA mixtures. 

All the tests were realized at optimum bitumen content for all mixtures. 

4.4.1 Properties of permanent deformation 

One the most common forms of distress of flexible pavements is rutting (permanent 

deformation) in Hong Kong. Rutting is defined as the progressive accumulation of 

permanent deformation of each layer of the pavement structure under repetitive loading 

(Matthews J.M. and Monismith C.L., 1992; Balghunaim F et al, 1988; Abdulshafi A., 1988). 



 100

The resistance of bituminous mixtures to permanent deformation is evaluated in Hong 

Kong road research laboratory by two types of equipment.  

1. Wheel track testing 

The Nottingham Wheel Tracker was applied in accordance with British Standard 

BS598-110 and the relevant proposed CEN standard shown in figure 4.2. The distance of 

travel is 230 mm; rate of tracking is 42 passes/minutes. A contact pressure of 520 N of single 

rubber-wheel wheel was applied to the 305mm×305mm×50mm slab specimen. The wheel 

tracking tests were conducted at the 60oC to evaluate the permanent deformation 

characteristics of premium surfacing bituminous mixtures for very heavily stressed sites that 

require very high rut resistance. Six identical specimens were prepared for all the alternatives. 

Test would not stop until the wheel-tracking deformation reaches a depth of 15mm or for 45 

minutes.  

 

 

Figure 4. 3 The Nottingham Wheel Tracker in HKRRL 
 

Details on the wheel tracking test results are presented below in Table 4.8, Table 4.9 

and illustrated in Figure 4.4, Figure 4.5. 
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Table 4. 8 Results of wheel tracking test for ACWC 

 
Virgin 
60/70 

PP CR CF AF GS 

Rutting depth (mm) 4.91 4.38 2.15 2.35 2.38 1.8 
Rutting Rate (mm/h) 4.37 3.19 1.06 1.52 1.61 1.09 

time of load (minutes) 45 45 45 45 45 45 
Load level (N) 520 520 520 520 520 520 

 

Table 4. 9 Results of wheel tracking test for SMA 

 
Virgin 
60/70 

PP CR CF AF GS 

Rutting depth (mm) 2.98 2.45 1.43 2.04 2.16 1.28 
Rutting Rate (mm/h) 2.28 1.74 1.07 1.68 1.64 0.88 

time of load (minutes) 45 45 45 45 45 45 
Load level (N) 520 520 520 520 520 520 

 

 

 

Figure 4. 4 Cumulative rutting depths of ACWC  
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Figure 4. 5 Cumulative rutting depths of SMA 

 

Figure 4.4 and Table 4.8 above show the results of the Wheel tracking for ACWC 

mixture with virgin 60/70 grade bitumen and five modified bitumen. The average rutting 

depth after 45 minutes repetitive loading cycles is 4.91 mm for conventional ACWC material 

and 2.612 mm for modified ACWC. GS mixture has the highest rutting resistance with 

lowest rutting depth 1.80 mm. The average rutting rate is 4.37 mm/h for conventional 

ACWC material and 1.69 mm/h for modified ACWC. CR mixture has the lowest rutting rate 

of 1.06 mm/h. Modified bitumen with additives-used results in a reduction of the 

accumulated permanent deformation of an asphalt concrete mixture. 

Figure 4.5 and Table 4.9 shows the comparison of rut depths with a number of load 

cycles for the conventional mixture and the modified bituminous mixtures for SMA. The 

conventional 60/70 mixture has a maximum rut depth of about 2.98 mm. On the other hand, 

the maximum rut depth of the GS is about 1.28 mm and rutting rate 0.88. It can be concluded 

from the comparison that the GS has the biggest potential to reduce the permanent 

deformation. Since the aggregate gradation of all the mixtures is the same, the increase in the 

rutting resistance of the modified bituminous is mainly due to the polymers used in the 

mixtures. 



 103

 

2. Dynamic creep test 

The dynamic creep test is conducted by the Nottingham Asphalt Tester (NAT-10), as 

shown in Figure 4.6. The NAT-10 is a pneumatic loading device developed at the University 

of Nottingham, U.K., and manufactured by Cooper Research Technology Ltd. It is capable 

of carrying ITSM test, four-point-bending-beam fatigue test, indirect tensile fatigue test, 

indentation test, static creep test and dynamic creep test.  

The NAT-10 is composed of temperature control cabinet, testing frame, loading control 

sub-system, data collection sub-system, computer and interface sub-system. Figure 4.6 (a) 

illustrates the testing facility and Figure 4.6 (b) (c) illustrates testing frame and dynamic 

creep test sub-system. 

 

(a) The Nottingham Asphalt Tester 
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(b) Test frame              (c) Dynamic creep testing sub-system 

Figure 4. 6 The Nottingham Asphalt Tester and its sub-system 
 

Permanence deformation of a cylindrical specimen under an axial, dynamic load is 

measured as a function of time and the specimen dimensions. The test conditions were 

standardized. Deformation values were measured with time by linear variable transformer 

(LVDT). Test was carried out for all mixtures at the optimal bitumen content. Experiments 

were realized at 40oC during 3600 pulse cycles. Samples were exposed to 300 kPa starting 

load. Average 307 kPa loading was put into practice during the test.  

3. Dynamic Creep Curve and Ultimate Axial Strain 

After the tests, dynamic creep curves of bituminous mixtures were obtained and 

depicted in Figure 4.7 and Figure 4.8. It can be found that there are significant differences 

among these curves between ACWC and SMA. Each dynamic creep curve consists of two 

stages. One is the curve segment reflecting the densification of mixture, and the other is the 

line segment exhibiting the stable-developing axial strain. Due to a relative small applied 

axial stress and a short loading period of 3600 cycles, failure of specimen did not occur in 

the test. 

The ultimate strains of all materials after 3600 load cycles are listed in Table 4.10 and 

Table 11. Figure 4.9 and Figure 4.10 demonstrate mean columns and error bars (I- shapes in 

the plot, half I-shape represents the standard deviation) of these strain. It is apparent that 
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variance of each material’s ultimate strains is not large. The results exhibit that all ultimate 

strains roughly decrease with modified bitumen. 

 

 

Figure 4. 7 Number of cycle versus dynamic axial strain for ACWC 

 

 

Figure 4. 8 Number of cycle versus dynamic axial strain for SMA 
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Figure 4. 9 Ultimate axial strain for ACWC 

 

 

Figure 4. 10 Ultimate axial strain for SMA 
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Table 4. 10 Summary of test results of bituminous materials for ACWC 

Mixture 
types 

Ultimate 
strain (%) 

CSS Intercept 
(Microstrain) 

SCSM 
(MPa) 

Air void  
(%) 

Virgin 60/70 1.5227 0.224 2863.5 151.7 4.60 
PP 1.4466 0.211 2720.2 158.2 4.53 
CR 1.1505 0.169 1522.3 195.8 4.46 
CF 1.2074 0.189 1438.5 179.6 4.41 
AF 1.2357 0.197 1834.4 167.8 4.45 
GS 0.9204 0.167 1217.6 199.7 4.64 

Average 1.2472 0.193 1932.7 175.5 4.52 
 

Table 4. 11 Summary of test results of bituminous materials for SMA 

Mixture 
types 

Ultimate 
strain (%) 

CSS Intercept 
(Microstrain) 

SCSM 
(MPa) 

Air void  
(%) 

Virgin 60/70 1.1422 0.168 1560.6 257.2 4.25 
PP 1.0280 0.145 1404.4 263.5 4.15 
CR 0.9272 0.105 1096.0 275.4 4.00 
CF 0.9772 0.112 1283.8 275.2 3.90 
AF 0.9972 0.125 1362.4 267.1 4.00 
GS 0.6592 0.083 2499.2 295.6 4.40 

Average 0.9552 0.123 1534.4 272.3 4.12 
 

 

As shown in Figure 4.7 and Figure 4.8, stability values for modified mixtures increase 

for PP, CR, CF, AF and GS mixtures. GS modified mixtures show best result due to its 

lowest permanent strain (0.66 % for ACWC and 0.92 % for SMA) and the strain rate 

(microstrain/cycle, 1.92E-06 for ACWC and 1.37E-06). This test result show the same 

conclusion given by numerous investigations on incorporating polymer modified bitumen to 

improve the performance of bituminous composites. Most of the results obtained from 

laboratory and full-scale trials demonstrate, to different extents, improvements in the 

performance of these modified bituminous mixtures in terms of increased resistance to 

permanent deformation, improved durability and resistance to moisture damage (Epps J., 

1986; Terrel R.L. and Walter J.L., 1986). 

4. Creep Strain Slope (CSS) and intercept 

If axial strains (in microstrain) under 3,600 load cycles are depicted in the plot of log 

strain versus log load cycles, all strains still exhibit a curve relationship with load cycles. 

After 1200 cycles, a linear relationship for all bituminous between axial strains and load 



 108

cycles can be found. The strains caused by the applied load after 1200 cycles versus load 

cycles demonstrate a linear relationship with a high relationship coefficient (See Figure 4.11 

to Figure 4.22). Hence the last two thirds of dynamic creep curve in the log-log plot can be 

used to evaluate the development of permanent deformation of bituminous mixtures. 

 

 

Figure 4. 11 Log (strain) vs. cycles of load for ACWC with virgin bitumen 

 

Figure 4. 12 Log (strain) vs. cycles of load for ACWC with PP  
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Figure 4. 13 Log (strain) vs. cycles of load for ACWC mixture with CR 

 

 

Figure 4. 14 Log (strain) vs. cycles of load for ACWC mixture with CF  

 

 

Figure 4. 15 Log (strain) vs. cycles of load for ACWC mixture with AF  

 



 110

 

Figure 4. 16 Log (strain) vs. cycles of load for ACWC with GS  

 

 

Figure 4. 17 Log (strain) vs. cycles of load of SMA with Virgin bitumen 

 

Figure 4. 18 Log (strain) vs. cycles of load of SMA with PP  
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Figure 4. 19 Log (strain) vs. cycles of load for SMA with CR  

 

 

Figure 4. 20 Log (strain) vs. cycles of load for SMA with CF 

 

 

Figure 4. 21 Log (strain) vs. cycles of load for SMA with AF  

 



 112

 

Figure 4. 22 Log (strain) vs. cycles of load for SMA mixture with GS 

 

The figures (from 4.11 to 4.22) demonstrate fitting results of all bituminous mixtures. 

The slope of the fitted linear equation of the two thirds of dynamic creep curve in the log-log 

plot, namely strain slope (CSS), reflects the trend of axial strain. Lower CSS indicates higher 

resistance of bituminous with modified bitumen to permanent deformation. CSS can be 

calculated by the following equation: 

1200log3600log

loglog 12003600







CSS                    (4-1) 

Where ε3600 denotes the strain at 3600th cycle and ε1200 denotes the strain at 1200th cycle. 

The intercept of the fitted linear equation denotes roughly the initial axial strain of 

bituminous mixtures, reflecting the permanent deformation in the densification stage. More 

intercept brings about larger the initial permanent deformation. 
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Figure 4. 23 Initial Axial Strain of all bituminous mixtures 

 

The initial axial strains of all bituminous mixtures are summarized in Table 4.10 and 

Table 4.11 for ACWC and SMA. Figure 4.23 demonstrates the column chart with error bar 

of initial axial strain for all bituminous mixtures. Error bars of all bituminous mixtures 

indicate that there is higher deviation between replicate specimens for SMA than ACWC. 

All the initial axial strains of SMA mixtures are smaller than those of ACWC mixtures. That 

is to say the bituminous mixtures for SMA have higher resistance to permanent deformation 

in densification stage. 

The figure also shows that all the initial axial strains of bituminous mixtures stabilized 

by modified bitumen are smaller than those of bituminous mixtures stabilized by virgin 

60/70 bitumen. This means that modified bitumen helps the bituminous mixtures lower their 

susceptibility to permanent deformation. 

The initial permanent deformation of specimen compacted in laboratory, which is not 

caused by load cycles, is often affected by compaction method. However CSS excludes the 

initial permanent deformation. Therefore CSS can be used to characterize permanent 

deformation susceptibility of bituminous mixtures under load repetition. 
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Figure 4. 24 CSSs of all bituminous mixtures 
 

CSSs of all bituminous mixtures are summarized in Table 4.10 and Table 4.11 for 

ACWC and SMA. Figure 4.24 demonstrates the column chart with error bar of CSSs for all 

bituminous mixtures. Error bars of all bituminous mixtures indicate that there is higher 

deviation between replicate specimens for SMA. All the CSSs of SMA mixtures are lower 

than those of ACWC mixtures. That is to say the bituminous mixtures for SMA have higher 

resistance to permanent deformation.  

The figure also shows that all CSSs of bituminous mixtures stabilized by modified 

bitumen are lower than those of bituminous mixtures stabilized by virgin 60/70 bitumen. 

This means that the bituminous mixtures with modified bitumen have better resistance to 

permanent deformation than conventional bituminous mixture with virgin 60/70 bitumen. 

 

5. Secant Creep Stiffness Modulus (SCSM) 

Dynamic creep stiffness modulus is the ratio of the applied stress to the total axial strain 

caused to the specimen after specific load cycles at testing temperature. Disadvantage of this 

modulus is that it is a transient modulus, and in its calculation the total axial strain contains 
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the initial strain caused by densification. Hence dynamic creep stiffness modulus cannot 

reflect the susceptibility of the permanent deformation. 

For the purpose of characterizing the permanent deformation in stable developing stage, 

the information in the last two thirds of dynamic creep curve is used to calculate the secant 

creep stiffness modulus. SCSM can be calculated by equation 4.2: 

)1200,40()3600,40(
)40sec(

CC

t
C

oo

oS





                  (4-2) 

Where ε(40℃,1200), ε(40℃,3600) are axial strain at 40℃ caused to the specimen after 1200 load 

cycles and 3600 load cycles respectively, Ssec(40℃) is SCSM at 40℃, σt is the applied stress, in 

kPa. In this research, σt=300 kPa. 

SCSM is obtained from the stable developing stage of axial strain; it does not contain 

the information of initial axial strain caused by densification. Hence it significantly reflects 

the susceptibility of bituminous mixtures to permanent deformation. 

SCSMs of all bituminous mixtures are also listed in Table 4.10 and Table 11. These 

SCSMs range from 151.67 to 199.7 MPa for ACWC and 257.2 to 295.6 MPa for SMA. 

Results of SCSMs and CSSs are depicted in Figure 4.25 and Figure 4.26. There is a good 

correlation between these two parameters. The relationship coefficient of the fitted curve, R2, 

is 0.9912 for ACWC and 0.9538 for SMA. It is apparent that CSS deceases with an increase 

of SCSM. So if the secant creep stiffness of bituminous mixtures is being enhanced, 

susceptibility of bituminous mixtures to permanent deformation will drop as the consequence. 

Thus CSS and SCSM are considered to be useful parameters for evaluating susceptibility of 

bituminous mixtures to permanent deformation. 
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Figure 4. 25 Secant Creep Stiffness Modulus (SCSM) vs. Creep Strain Slope (CSS) for 
ACWC 

 

 

Figure 4. 26 Secant Creep Stiffness Modulus (SCSM) vs. Creep Strain Slope (CSS) for 
SMA 

 

4.4.2 Fatigue properties 

Failure in asphalt concrete pavements can usually be classified as (a) rutting, a stability 

problem; (b) progressive cracking, a fatigue problem; and (c) fracture, a strength problem. 

Pavement distress resulting from repeated bending or fatigue of asphalt concrete pavements 

has been well-recognized problem since 1948 (Matthews et al., 1993). Since 1960’s, 

extensive efforts have been made to study the fatigue performance of the hot-mixed 

bituminous mixtures (Pell, 1962; Adedimila and Kennedy, 1976). 
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Fatigue is a damage generated by repetition of a big number of loading with small 

amplitude. Fatigue life is the number of cycles respecting a given fatigue criterion. Each 

vehicle on a road causes micro damage leading to a loss of rigidity. For the bituminous 

mixtures, with few hundreds of cycles and small strains, behavior can be regarded as linear 

visco-elastic. But with several tens of thousands of cycles and small strains, nonlinear 

damage phenomena appear and the material shows “FATIGUE”. 

It is possible to establish the fatigue equation of small asphalt mixture specimen by 

using any of the test methods available. However, fatigue is probably the most difficult to 

deal with from a design viewpoint. Fatigue life of asphalt pavement can be estimated by 

fatigue line which is obtained from the laboratory test. But fatigue line must be given 

suitable field calibration to account for pulse duration differences, rest periods between loads, 

thermal effects, and structural interactions that cannot be duplicated efficiently in the 

laboratory. The shift factor of calibration has varied from 6 to 70 and even higher and 

reflects differences between field and laboratory test conditions (Carpenter et al, 2003) 

which have been discussed in Chapter 2. 

However, the fatigue properties of the modified bituminous materials are not 

extensively studied and cannot be accurately determined. In order to characterize fatigue in 

mixture and to predict pavement service life in chapter 5, it is necessary to describe the 

behavior of modified bituminous mixture for ACWC and SMA under repeated stressing of 

the traffic loads encountered in situ. 

As the same as evaluation of the permanent deformation for bituminous mixtures 

described in the previous part, the Shell 60/70 grade bitumen and five additive modifiers 

were used in mixtures. All of the specimens were prepared at the optimum bitumen content. 

All cylindrical specimens with a diameter of 150mm and the height of 75 mm were 

compacted by Superpave Gyratory compactor (SGC) at target air voids content. To ensure 

the engineering properties of the compacted specimens in laboratory condition were similar 

to those of the in-place paving mix, a short-term aging at 135°C for 4 hours was applied to 
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the specimen before the mechanical performance tests, which aimed to achieve a comparable 

condition as the compaction process in the field (Robert Y.Liang and Jian Zhou, 1997). 

4.4.2.1 Laboratory fatigue tests 

In this study, the Nottingham Asphalt Tester (NAT-10) was used to perform the indirect 

tensile fatigue test (ITFT) according to BSI DD ABF (BSI 1995). The NAT-10, consisting of 

test system, fatigue testing frame, top and bottom loading strips, a built-in LVDT and data 

logging equipment, is a pneumatic servo device which can adjust the loading force. It used a 

haversine loading waveform with a rise time of 124ms at a pulse frequency of approximately 

0.67 Hz. The cabinet of the NAT-10 constantly kept temperature at 20℃ (Copper Ltd, 

2002). 

Before testing, dimensions of the test specimens were measured and recorded. The 

specimens were then conditioned at the test temperature for 4 hours before being placed in 

the test frame, centered on and with the flat faces of the specimen perpendicular to the 

bottom loading strip. The top loading strip was then placed on the frame so that it is located 

centrally on the specimen. The loading was then applied via the test apparatus. Figure 4.27 

shows the schematic of the ITFT and testing process.  

        

(a) Schematic of the ITFT                          (b) Testing process 

Figure 4. 27 Figure the indirect tensile fatigue test (ITFT) by the NAT-10 



 119

The fatigue life is defined as the total number of loading applications that cause a 

fracture of the specimen. During testing, the NAT-10 automatically recorded the applied 

load, loading repetitions and vertical deformation under each loading until the specimen was 

broken; the vertical deformation was collected by the built-in LVDT. 

According to BSI DD ABF (1995), no less than five specimens for mixes with a 

maximum nominal aggregate size of 20 mm and below are required in the ITFT in order to 

establish the fatigue relationship. For hot-mixed bituminous mixtures, the target test stress 

level for the first specimen to be tested shall be 600 kPa unless this cannot reliably be 

obtained, when the first target stress level shall be 500 kPa. In this study, the target stress is 

600 kPa for bituminous mixtures with virgin 60/70 bitumen and 1000 kpa for modified 

bituminous mixtures. It should be noticed that the fatigue life of the maximum stress level is 

at least ten times greater than the minimum fatigue life. 

The target tensile-fatigue stress is the maximum horizontal tensile stress at the centre of 

the specimen, max,x  (MPa), and can be calculated by the following formula: 

1000
2

max, 
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                       (4-3) 

Where PL  - the vertically applied line loading (kN); 

  d  - the diameter of the test specimen (mm); and 

   t  - the thickness of the test specimen (mm). 

The maximum tensile horizontal strain, max,x (micro-strain), at the centre of the 

specimen can be calculated form Poisson’s ratio, the maximum tensile stress at the centre 

and the indirect tensile stiffness modulus at the maximum tensile stress level. The equation is 

as follows: 
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Where max,x  - the maximum tensile stress at the centre of the specimen (kPa); 
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         ν  - the Poisson’s ratio (assumed to be 0.35 proposed by BSI DD ABF for 

bitumen bound materials ; and 

        mS  - the indirect tensile stiffness modulus at max,x  (MPa). 

The indirect tensile stiffness modulus ( mS ) is a parameter related to the non-linear 

viscoelastic characterization of bitumen and stress level. For each specimen, it was tested in 

accordance with BSI DD 213 (2000) using a controlled stress version of the indirect tensile 

stiffness modulus (ITSM) test of the NAT-10. 

After ITFT and ITSM, results for 12 groups are listed in Table 4.12 and Table 4.13, 

including maximum tensile stress and maximum tensile strain at the centre of the specimen 

vertical deformation, indirect tensile stiffness modulus, cycles to failure. The maximum 

tensile strain (ε) is calculated by equation (4-4). 
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Table 4. 12 Results of ITFT and ITSM for ACWC 

Mixture type Ref. No. Stiff.M.(MPa) Stress (kPa) Cycles to failure Microstain (ε) 

Virgin 60/70 

60/70-1a 1530 600 187  804  
60/70-2a 1481 550 221  761  
60/70-3a 1638 500 405  626  
60/70-4a 1696 450 625  544  
60/70-5a 2270 400 2213  361  
60/70-6a 1590 350 1112  451  
60/70-7a 1990 300 3584  309  
60/70-8a 1762 250 4322  291  
60/70-9a 2200 200 17105  186  
60/70-10a 2402 150 54589  128  

PP 

PP-1a 1632  1000  48  1256  
PP-2a 1695  900  76  1088  
PP-3a 1725  800  118  951  
PP -4a 1825  700  216  786  
PP -5a 2045  600  509  601  
PP -6a 2274  550  945  496  
PP -7a 2754  500  2364  372  
PP -8a 2871  450  3782  321  
PP -9a 2805  400  5117  292  
PP -10a 2864  350  8383  251  

CR 

CR-1a 2688  1000  381  763  
CR -2a 2694  900  634  685  
CR -3a 2704  800  1127  607  
CR -4a 2745  700  2277  523  
CR -5a 2812  600  5297  437  
CR -6a 2907  550  9359  388  
CR -7a 2978  500  16476  344  
CR -8a 2754  450  18738  335  
CR -9a 2657  400  27617  309  

CR -10a 2641  350  50506  272  

CF 

CF-1a 2017  1000  96  1016  
CF -2a 2241  900  231  823  
CF -3a 2451  800  549  669  
CF -4a 2571  700  1167  558  
CF -5a 2478  600  1903  496  
CF -6a 2254  550  1842  500  
CF -7a 2547  500  4557  402  
CF -8a 2795  450  10402  330  
CF -9a 2745  400  15756  299  
CF -10a 2675  350  24671  268  

AF 

AF-1a 1641  1000  41  1249  
AF -2a 1717  900  75  1075  
AF -3a 1734  800  124  946  
AF -4a 1758  700  222  816  
AF -5a 1905  600  559  646  
AF -6a 2574  550  2583  438  
AF -7a 2364  500  2690  434  
AF -8a 2461  450  4776  375  
AF -9a 2678  400  10608  306  

AF -10a 2781  350  20847  258  

GS 

GS-1a 2682  1000  308  764  
GS -2a 2754  900  614  670  
GS -3a 2874  800  1418  571  
GS -4a 2911  700  3044  493  
GS -5a 2920  600  6920  421  
GS -6a 2845  550  9515  396  
GS -7a 2749  500  13083  373  
GS -8a 3017  450  36866  306  
GS -9a 2754  400  42354  298  

GS -10a 2900  350  111397  247  
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Table 4. 13 Results of ITFT and ITSM for SMA 

Mixture type Ref. No. Stiff.M.(MPa) Stress (kPa) Cycles to failure Microstain (ε) 

Virgin 60/70 

60/70-1b 2321 600 365  530  
60/70-2b 2478 550 497  455  
60/70-3b 2150 500 453  477  
60/70-4b 1824 450 402  506  
60/70-5b 1942 400 579  422  
60/70-6b 2451 350 1215  293  
60/70-7b 2500 300 1729  246  
60/70-8b 2978 250 3565  172  
60/70-9b 2941 200 5462  139  
60/70-10b 3010 150 10251  102  

PP 

PP-1b 2618  1000  189  783  
PP-2b 2574  900  233  717  
PP-3b 2433  800  270  674  
PP -4b 2786  700  512  515  
PP -5b 2914  600  821  422  
PP -6b 3247  550  1306  347  
PP -7b 3547  500  2020  289  
PP -8b 4352  450  4217  212  
PP -9b 4812  400  7082  170  
PP -10b 5124  350  11290  140  

CR 

CR-1b 2660  1000  357  771  
CR -2b 2686  900  587  687  
CR -3b 2647  800  916  620  
CR -4b 2388  700  1046  601  
CR -5b 2247  600  1564  547  
CR -6b 2385  550  2945  473  
CR -7b 2615  500  6610  392  
CR -8b 2451  450  7876  376  
CR -9b 2345  400  10820  350  

CR -10b 2451  350  23301  293  

CF 

CF-1b 2412  1000  136  850  
CF -2b 2647  900  281  697  
CF -3b 2841  800  561  577  
CF -4b 2946  700  1046  487  
CF -5b 2713  600  1361  453  
CF -6b 2694  550  1825  419  
CF -7b 2954  500  3630  347  
CF -8b 2784  450  4299  331  
CF -9b 2978  400  8482  275  
CF -10b 3025  350  14664  237  

AF 

AF-1b 2657  1000  218  772  
AF -2b 2915  900  420  633  
AF -3b 2405  800  328  682  
AF -4b 2754  700  801  521  
AF -5b 2914  600  1612  422  
AF -6b 2903  550  2124  388  
AF -7b 2877  500  2829  356  
AF -8 2955  450  4385  312  
AF -9b 2967  400  6569  276  

AF -10b 3084  350  11632  233  

GS 

GS-1b 2157  1000  109  950  
GS -2b 2515  900  389  734  
GS -3b 2463  800  626  666  
GS -4b 2268  700  805  633  
GS -5b 2273  600  1739  541  
GS -6b 2463  550  3963  458  
GS -7b 2276  500  4295  450  
GS -8b 2380  450  8990  388  
GS -9b 2241  400  11938  366  

GS -10b 2204  350  21227  326  
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4.4.2.2 Fatigue laws 

Generally, the fatigue relationship between the initial strain and cycles to failure can be 

expressed as equation (4-5). It is a strain-fatigue equation (SHRP 1994). 

2)(1
k

tf kN                          (4-5) 

Where εt  - the initial strain (microstrain); 

      Nf – the cycles to failure; 

      k1 and k2 – materials parameters. 

The fatigue relationship can be also expressed by applied stress and cycles to failure as 

equation (4-6). It is a stress-fatigue equation. 

4)(3
k

tf kN                          (4-6) 

Where σt  - the magnitude of stress repeatedly applied at the centre of specimen (tensile 

stress level); 

      k3 and k4  - materials parameters. 

Taking the logarithm (base 10) for both sides of equation (4-5) gives: 

tf kkN logloglog 21                     (4-7) 

Hence logk1 and K2 denotes the intercept and the slope of the fitted fatigue line in 

the log-log plot. 

In order to obtain the fatigue line of each bituminous mixtures, εt against cycles to 

failure (Nf) was firstly depicted in the log-log plot for all testing data of bituminous mixtures; 

then linear regression analysis using the least square fitting method was carried out for data 

of log10(εt) and log10(Nf ). 

Regressed fatigue lines of 6 bituminous mixtures for ACWC in log (εt) and log (Nf) 

scales are plotted in Figure 4.28 and SMA in Figure 4.29. In these figures, all fatigue lines of 

ACWC and SMA converge to the focal point (at microstrains around 1000). This 

phenomenon of bituminous mixtures has been stated by Ferreira et al (1987). 
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Figure 4. 28 ITFT measurements for 20mm ACWC 

 

 

Figure 4. 29 ITFT measurements for 20mm SMA 

 

The material parameters of equation (4-5) and equation (4-6) of six types of bituminous 

mixtures of ACWC and SMA were obtained after regression respectively. The regression 

results of ACWC, including k1, k2, k3, k4 and coefficients of determination (R-squires), are 

listed in Table 4.14 and Table 4.15. The results of SMA are listed in Table 4.16 and Table 

4.17. 
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Comparison for results in Table 4.14 and Table 4.15 indicates that R-squires of 

strain-fatigue equations are similar to those of stress-fatigue equations. On the contrary, there 

is significant difference between Table 4.16 and Table 4.17. The R-squires of strain-fatigue 

equations are higher than those of stress-fatigue equation for SMA. Hence, the strain-fatigue 

equation is more suitable for describing the fatigue relationship of SMA mixtures; and it is 

used to characterize the fatigue of ACWC and SMA mixtures in this study. 

 

Table 4. 14 Material parameters of strain-fatigue equation for ACWC mixtures 

Mix types 
Temperature 

(℃) 

2)(1
k

tf kN   Cycles at 100 
microstrains k1 k2 R2

Virgin 60/70 20 1.75E+11 -3.089  0.992 1.16E+05 
PP 20 4.01E+11 -3.201  0.994 1.59E+05 
CR 20 1.70E+16 -4.736  0.996 5.73E+06 
CF 20 3.22E+14 -4.166  0.990 1.50E+06 
AF 20 6.89E+13 -3.947  0.984 8.79E+05 
GS 20 3.48E+17 -5.220  0.998 1.26E+07 

average 20 6.08E+16 -4.060  0.984 4.18E+06 

 
 

Table 4. 15 Material parameters of stress-fatigue equation for ACWC mixtures 

Mix types 
Temperature 

(℃) 

4)(3
k

tf kN   6)4(5
k

tf kN   

k3 k4 R2 k5 k6 R2

Virgin 60/70 20 2.67E+13 -4.009  0.966 2.67E+13 -1.002 0.966 
PP 20 2.81E+17 -5.277  0.987 2.81E+17 -1.319 0.987 
CR 20 8.73E+16 -4.773  0.988 8.73E+16 -1.193 0.988 
CF 20 3.40E+17 -5.135  0.980 3.40E+17 -1.284 0.980 
AF 20 1.13E+20 -6.169  0.983 1.13E+20 -1.542 0.983 
GS 20 7.41E+18 -5.434  0.992 7.41E+18 -1.358 0.992 

average 20 2.02E+19 -5.133  0.983 2.02E+19 -1.283 0.983 

 

 

Table 4. 16 Material parameters of strain-fatigue equation for SMA mixtures 

Mix types 
Temperature 

(℃) 

2)(1
k

tf kN   Cycles at 100 
microstrains k1 k2 R2

Virgin 60/70 20 1.18E+08 -2.023 0.987 1.06E+04 
PP 20 1.41E+09 -2.375 0.998 2.51E+04 
CR 20 1.04E+15 -4.317 0.983 2.42E+06 
CF 20 7.40E+12 -3.665 0.991 3.46E+05 
AF 20 8.22E+11 -3.317 0.987 1.91E+05 
GS 20 5.07E+16 -4.926 0.997 7.13E+06 

average 20 8.62E+15 -3.437 0.993 1.69E+06  
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Table 4. 17 Material parameters of stress-fatigue equation for SMA mixtures 

Mix types 
Temperature 

(℃) 

4)(3
k

tf kN   6)4(5
k

tf kN   

k3 k4 R2 k5 k6 R2

Virgin 60/70 20 4.65E+09 -2.592  0.960  4.65E+09 -0.648  0.960  
PP 20 3.02E+14 -4.120  0.979  3.02E+14 -1.030  0.979  
CR 20 1.64E+14 -3.898  0.974  1.64E+14 -0.975  0.974  
CF 20 6.71E+14 -4.193  0.986  6.71E+14 -1.048  0.986  
AF 20 4.62E+13 -3.779  0.984  4.62E+13 -0.945  0.984  
GS 20 2.77E+16 -4.736  0.978  2.77E+16 -1.184  0.978  

average 20 4.82E+15 -3.176  0.977  4.82E+15 -0.972  0.977  

 

Kennedy (1997) pointed out that a large portion of the difference between repetition 

loading of ITFT and that of other methods involving a biaxial state of stress in ITFT 

specimen. It is suggested stress being expressed in terms of a stress difference, i.e., the 

maximum principle stress minus the minimum principle stress, which is approximately 4σt in 

the failure zone. The relationship the fatigue life and stress difference is shown in equation 

(4-8) 

6)(5
k

tf kN                          (4-8) 

In this study, relationship between fatigue life and stress difference is also analysed for 

bituminous mixtures of ACWC and SMA. Results of k5 and k6 are listed in Table 4.15 and 

Table 4.17, respectively. It is clear that values of slope (k5) do not change, which are equal to 

k3, because this relation merely shifts along the log (Nf) axis. Values of k6 ranging from 

-1.542 to -1.002 and -1.184 to -0.648, however, are smaller than those of k4 for ACWC and 

SMA bituminous mixtures. The k5 for all bituminous mixtures are significantly larger than 

those of k1. That means the fatigue life of bituminous mixtures drop quickly as stress 

increases. 

The scatter plots of log k1 vs. log k2 for all bituminous mixtures are depicted in Figure 

4.30. There is a strong linear relationship shown in equation (4-9) between the intercepts and 

slops of strain-fatigue equation. 

                 (4-9) 
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Figure 4.30 demonstrates that the slope (k2) of fatigue line decreases with an increase of 

the intercept (lnk1). The smaller the intercept (lnk1) is, the larger the slope (k2) is; and the 

slower the fatigue decreases. 

 

Figure 4. 30 Relationship between fatigue parameters k1 and k2 

Generally, fatigue life at 100 microstrains (Nf100) is used as performance indicator for 

bituminous mixture design (Amir Tabalovic et al, 2006). Table 4.14 and table 4.16 list the 

computed cycles the failure of ACWC and SMA bituminous mixtures based on the regressed 

fatigue equation. Comparing to cycles to failure at 100 microstrains of ACWC and SMA, 

results of SMA are about less than 43.4% to 90.9% of that of the ACWC bituminous 

mixtures. This comparison reflects that the fatigue lives of SMA bituminous mixtures are a 

little smaller than that of ACWC because k1 values of SMA bituminous mixtures are smaller 

than that of ACWC, although SMA bituminous mixtures and ACWC have approximate 

order of magnitude of the slopes (k2). 

Comparing modified mixtures with virgin 60/70 mixture, cycles to failure at 100 

microstrains of modified mixtures are more than 37% to 671 times of the latter’s results. The 

figure clearly demonstrates the difference of fatigue lives between the virgin 60/70 mixture 

and the modified mixtures. 

Cycles to failure at 100 microstrains of all mixtures were ranked as following: 

GS > CR > CF > AF > PP > Virgin 60/70        ( for both ACWC and SMA) 
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4.4.2.3 Nonlinear characteristics of bituminous mixtures  

To obtain the relationship between the tensile stress and the initial strain at the stress, 

data of the stress and the strain are depicted for each bituminous mixture in the εt–σt plot.  εt 

(microstrain) and σt (kPa) denote the horizontal and the vertical axis respectively. Four 

methods, i.e., linear, logarithmic, power and exponential, are used to fit the data of each 

group. R-squares of four fitting for ACWC and SMA are shown in Table 4.18, Table 4.19. 

Table 4. 18 Fitting result for stress and strain for ACWC 

Mixture 
types 

R-squares of fitting 8)(7
k

tt k    

Linear Logarithmic Power Exponential k7 k8

Virgin 
60/70 

0.9543 0.9343 0.9655 0.8902 4.1041 0.7439 

PP 0.9307 0.9572 0.9862 0.9645 13.5100 0.5984 
CR 0.9227 0.9539 0.9875 0.9896 1.5171 0.9801 
CF 0.9199 0.9223 0.9802 0.9737 4.2846 0.7951 
AF 0.9364 0.9576 0.9833 0.9574 10.888 0.6797 
GS 0.9320 0.9556 0.9917 0.9829 1.8433 0.9528 

 

Table 4. 19 Fitting result for stress and strain for SMA 

Mixture 
types 

R-squares of fitting 8)(7
k

tt k    

Linear Logarithmic Power Exponential k7 k8

Virgin 
60/70 

0.9181 0.8968 0.9598 0.9201 4.9198 0.7489 

PP 0.9254 0.9805 0.9785 0.9232 21.224 0.5641 
CR 0.9007 0.9774 0.9743 0.9323 0.7427 1.0790 
CF 0.9318 0.9328 0.9806 0.9801 3.1556 0.8618 
AF 0.9293 0.9526 0.9837 0.9573 3.1674 0.8633 
GS 0.9165 0.9264 0.9781 0.9765 1.0154 1.0174 

 

It is found that for all the bituminous mixtures, the logarithmic and power equations are 

more suitable to express the relationship between stress and strain than linear and 

exponential equations. Further comparison of R-squares between logarithmic and power 

indicates that VIRGIN 60/70, CR, CF, GS have higher R-squares of power regression (in the 

shaded cells) than those corresponding values of logarithmic regression. In other mixtures, 

R-squares of power regression are slightly lower than those of logarithmic regression. 
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Therefore the good-of-fitness of power regression is the best among the four methods; the 

relationship between stress and strain can be described by the power equation. 

 8)(7
k

tt k                         (4-10) 

Where k7 and k8 are coefficients, their values for each bituminous mixture are listed in Table 

4.18 and Table 4.19. 

The average R-square for power equation of mixtures with modified bitumen (0.9824) 

is higher than that of mixtures with virgin 60/70 bitumen (0.9627). The high R-square 

indicates that the power equation can better describe the relationship between stress and 

strain for the mixtures with modified bitumen. 

Figure 4.31 shows scattered dots of data for SMA and ACWC and the regressed 

average curve. The nonlinear characteristics between stress and strain are clearly shown in 

this fatigue illustration. When σt is lower than 500kPa, the regressed curve exhibits an 

apparent nonlinearity. 

 

 

Figure 4. 31 Relationship between stress and initial strain for ITFT 

 
Data of the indirect tensile stiffness modulus and initial tensile strain was fitted by 

power regression as equation (4-11) and equation (4-12). The R-squares are 0.7322 and 
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0.8185 for ACWC and SMA; therefore there is a good power relationship between the ITSM 

and tensile strain. It actually embodies the nonlinearity of bituminous mixture. 

 

Figure 4. 32 Relationship between ITSM and initial tensile strain 

 
251.0109775  tITSMS       (R2=0.7322 for ACWC)           (4-11) 

213.096845  tITSMS       (R2=0.8185 for SMA)             (4-12) 

Figure 4.32 shows the data curve of equation (4-11) and equation (4-12). While tensile 

strain varies from 80 to 200 microstrains, a level which is frequently used in design, the 

stiffness modulus ( ITSMS ) varies from 3455 MPa to3654 MPa for ACWC and from 3631 

MPa to 3808Mpa for SMA. 

4.4.3 Moisture susceptibility 

Environmental factors, such as temperature and moisture, have significant effects on the 

durability of bituminous mixtures. Moisture can accelerate the deterioration of pavement 

performance with ⑴ loss of cohesion and stiffness of bitumen film, ⑵ failure of the 

adhesion between the aggregate and bitumen, ⑶ degradation or facture of individual 

aggregate particles when being subject to freezing (Terrel and AI-Swailm, 1994). 

The premature failure of pavement, such as rutting, fatigue cracking and ravelling of the 

pavement, due to moisture is a common problem faced by highway agencies around the 
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world. A performance and service life of pavement can be deteriorated drastically with 

moisture damage. 

Rainfalls are frequent in Hong Kong. Therefore the effects of moisture on properties of 

bituminous mixtures become an important research topic, especially for the wearing course 

materials directly exposed in natural environment. 

In this research, moisture susceptibility was only evaluated in laboratory; the effect of 

traffic and mixtures were not considered, effect of air voids and compaction method on 

bituminous materials in wearing course were excluded in this study. After testing, effects of 

moisture on ACWC and SMA bituminous mixture’s properties, including ITS, permanent 

deformation and fatigue, were analysed. 

No single test is proven to be better than the other. Hence moisture susceptibility of 

bituminous materials can be investigated by one of the quantitative methods. Generally, a 

standardized conditioning process of moisture susceptibility evaluation include: soaking, 

vacuum-saturating, freezing and thawing after vacuum-saturating. ACWC and SMA 

materials have low air voids and little water absorption (<2%). Hence, the freezing and 

thawing after vacuum-saturating method, proposed by AASHTO T283, is selected as the 

conditioning process for ITS, dynamic creep test and ITFT. The procedures are as follows: 

 Six specimens are compacted to target air void content. Group1 of three specimens is 

used as a control. Croup 2 is saturated by vacuum pump (20 to 80 precent saturation) with 

water, and then subject to one freeze (-18℃ for 16 hours) and one thaw cycle (60℃ for 24 

hours), then specimens are cooled in a 25℃ water bath for 2 hours. ITS is conducted with a 

loading rate of 51 mm/minute at 25℃ for all specimens in accordance with ASTM D4867 

(2002). Dynamic creep test was conducted in accordance with BSI DD 226 (1996). After 

testing, CSSs and SCSMs of bituminous materials under dry and soaked conditions were 

analysed. For ITFT, specimens were wrapped with Para film after being cooled in a 25℃ 

water bath for 2 hours in order to maintain specimens’ moisture during the whole fatigue 

testing. The ITFT was performed at 20℃ in accordance with BSI DD ABF (1995). 
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 As the same as the aforementioned evaluation of the permanent deformation and 

fatigue test described in the above sections, Virgin 60/70 bitumen and five types of modifiers 

were added in two kinds of wearing course designed mixtures (ACWC and SMA). 

Specimens of each mixture were prepared by the same methods as in the test under the dry 

condition. 

4.4.3.1 Indirect tensile strength 

ITS results of each mixture under the dry and soaked conditions are averaged based on 

results of three specimens. All results of ITS and its mean value, coefficient of variation are 

listed in Table 4.20 and Table 4.21, illustrated in Figure 4.33 and Figure 4.34 for ACWC and 

SMA respectively. The mean value mx of the multiple measurements is given as the best 

estimate of the ITS for each mixtures. The standard deviation sx indicates the scatter of the 

measurements and therefore quantifies the ITS variability. Alternatively, the standard 

deviation may be substituted by its ratio to the mean value, which is indicated as the 

coefficient of variation vx. 

Table 4. 20 air voids and ITS results of ACWC mixtures (at 25℃) 

Mixture types 
ITS_Dry (kPa) 

mx(vx) 
ITS_Soaked(kPa) 

 mx(vx) 
Retained ITS  

Air Void (%) 
mx(vx) 

Virgin 60/70 805.53 (0.18) 747.82 (0.07) 0.93  4.55 (0.033) 
PP 816.57 (0.12) 736.29 (0.09) 0.90  4.58 (0.057) 
CR 875.02 (0.05) 832.15 (0.03) 0.95  4.62 (0.084) 
CF 838.96 (0.07) 792.51 (0.06) 0.94  4.65 (0.035) 
AF 852.68 (0.11) 798.8 (0.10) 0.94  4.71 (0.033) 
GS 922.32 (0.06) 896.35 (0.04) 0.97  4.62 (0.037) 

average 851.85 (0.10)  800.65 (0.07) 0.94  4.62 (0.047) 
Note: mx denotes the mean value; vx denotes coefficient of variation 
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Table 4. 21 air voids and ITS results of SMA mixtures (at 25℃) 

Mixture types 
ITS_Dry (kPa) 

mx(vx) 
ITS_Soaked(kPa) 

 mx(vx) 
Retained ITS  

Air Void (%) 
mx(vx) 

Virgin 60/70 583.23 (0.20) 507.41 (0.17) 0.87  4.51 (0.041) 
PP 605.27 (0.18) 532.64 (0.15) 0.88  4.55 (0.037) 
CR 660.34 (0.04) 633.93 (0.05) 0.96  4.48 (0.030) 
CF 621.38 (0.08) 590.31 (0.10) 0.95  4.42 (0.028) 
AF 635.82 (0.08) 604.03 (0.12) 0.95  4.40 (0.021) 
GS 690.63 (0.05) 676.82 (0.07) 0.98  4.57 (0.022) 

average 632.78 (0.11) 590.86 (0.11) 0.93  4.49 (0.030)  
Note: mx denotes the mean value; vx denotes coefficient of variation 

 

Figure 4. 33 ITS results of ACWC mixtures (at 25℃) 
 

 

Figure 4. 34 ITS results of SMA mixtures (at 25℃) 
 

The commonly accepted evaluation method of moisture susceptibility for HMA 

mixtures has been proposed for a long time. Lottman et al made substantial efforts in the 

laboratory tests and field investigation of the moisture sensitivity for HMA mixtures, and 
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proposed a method for predicting and evaluating the moisture damage in asphalt concrete 

(Lottman 1978, Lottman 1982, Lottman 1986 and Lottman et al 1988). The requirement of 

ITSR ≥ 0.7 was one of Lottman’s contributions. 

Figure 4.35 depicts ITSR results of all bituminous mixtures for ACWC and SMA, it is 

found from these figures that bituminous mixtures with modified bitumen significantly 

improve retained ITS except for mixtures with PP modified bitumen. In fact all retained ITS 

results of ACWC mixes are higher than 0.7. Hence, all bituminous mixtures meet the 

requirement of moisture susceptibility of AASHTO T283 in terms of ITSR. ITSRs of 

Gilsonite modified (GS) mixtures for ACWC and SMA are almost the highest (0.97 and 

0.98). 

 

 

Figure 4. 35 Retained ITSs of bituminous mixtures 
 

All ITSs of bituminous mixtures for SMA are smaller than those for ACWC. On 

average, ITSs of mixtures for SMA are 74.3% of the dry mixtures and 73.8% of the soaked 

mixtures for ACWC respectively. However, on average except for virgin 60/70 and PP 

modified bitumen, ITSR of mixtures for SMA are higher than that of mixtures for ACWC. 

That is to say moisture susceptibility of bituminous materials for SMA is superior to those 

for ACWC. 
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4.4.3.2 Permanent deformation 

After dynamic creep testing, results of the dry and the soaked specimens were analysed. 

CSS, CSS ration (CSSR), SCSM, retained SCSM (SCSMR), US and US ratio (USR) were 

calculated and listed in Table 4.22 and Table 4.23 for ACWC and SMA respectively. CSS, 

SCSM and US of each bituminous mixture shown in these tables were averages of the three 

specimens. 

It is found that bituminous mixtures with modified bitumen significantly decrease CSS, 

SCSM and US in both dry and soaked conditions except for bituminous mixture with PP 

modified bitumen. Results of Gilsonite modified (GS) mixtures for ACWC and SMA are 

almost the lowest. 

All results of bituminous mixtures for SMA are smaller than those for ACWC. On 

average, CSS of mixtures for SMA are 62.1% of the dry mixtures and 61.2% of the soaked 

mixtures for ACWC respectively. That is to say moisture susceptibility of bituminous 

materials for SMA is superior to those for ACWC. 
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Table 4. 22 Results of CSS, SCSM and US (40℃) for ACWC 

Mixture 
types 

CSS_Dry 
CSS_ 

Soaked 
CSS ratio  

SCSM_ 
Dry (Mpa) 

SCSM_ 
Soaked (Mpa) 

Retained 
SCSM  

US_Dry (%) 
US_Soaked 

(%) 
US ratio  

Virgin 60/70 0.224 0.253  1.128  151.7  123.2  0.812  1.523  1.6354  1.074  
PP 0.211 0.262  1.241  158.2  114.1  0.721  1.447  1.6303  1.127  
CR 0.169 0.180  1.068  195.8  175.0  0.894  1.151  1.1321  0.984  
CF 0.189 0.196  1.036  179.6  156.8  0.873  1.207  1.2593  1.043  
AF 0.197 0.216  1.094  167.8  138.8  0.827  1.236  1.3197  1.068  
GS 0.167 0.170  1.019  199.7  180.9  0.906  0.920  0.8790  0.955  

average 0.198 0.221  1.113  170.6  141.6  0.825  1.313  1.3954  1.059  
 

Table 4. 23 Results of CSS, SCSM and US (40℃) for SMA 

Mixture 
types 

CSS_Dry 
CSS_ 

Soaked 
CSS ratio  

SCSM_ 
Dry (Mpa) 

SCSM_ 
Soaked (Mpa) 

Retained 
SCSM  

US_Dry (%) 
US_Soaked 

(%) 
US ratio  

VIRGIN 
60/70 

0.168 0.187 1.116 257.2 217.3 0.845 1.1422 1.207 1.057 

PP 0.145 0.176 1.217 263.5 211.6 0.803 1.028 1.126 1.095 
CR 0.105 0.110 1.047 275.4 240.7 0.874 0.9272 0.887 0.957 
CF 0.112 0.122 1.085 275.2 245.5 0.892 0.9772 0.968 0.991 
AF 0.125 0.132 1.052 267.1 231.6 0.867 0.9972 1.054 1.057 
GS 0.083 0.085 1.024 295.6 275.5 0.932 0.6592 0.624 0.947 

average 0.123 0.135 1.090 272.3 237.0 0.869 0.9552 0.978 1.017 



 137

1. Creep strain slope (CSS) 

Figure 4.36 illustrate CSS mean columns with their I-shape error-bars of bituminous for 

ACWC and SMA. It is apparent that the dry specimens have higher deviation than the 

soaked specimens. 

In the dry condition, CSSs of mixtures stabilities by modified bitumen are smaller than 

those of mixtures stabilized by virgin 60/70 bitumen. This result means that modified 

bitumen helps bituminous mixtures to lower their susceptibility to permanent deformation in 

dry condition. CSSs of mixtures stabilized by Gilsonite (GS) modified bitumen are smallest 

among all bituminous mixtures. It implies that harder bitumen results in less susceptibility to 

permanent deformation in dry condition. 

In the soaked condition, CSSs of mixtures stabilities by modified bitumen are also 

smaller than those of mixtures stabilized by virgin 60/70 bitumen except for Polypropylene 

(PP) modified mixture. The bituminous mixtures with modified bitumen have more 

significantly reduced CSSs than those of mixtures in dry condition. That is to say that 

modified bitumen with harder ability may be superior to virgin 60/70 in view of 

susceptibility to permanent deformation in soaked condition. 

 

 

Figure 4. 36 CSS results of bituminous mixtures at 40℃ under two conditions 
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Figure 4.37 illustrates results of CSSR of all bituminous mixtures for ACWC and SMA. 

All CSSR results are more than 1 as a result of the permanent deformation rate of bituminous 

mixtures increase after soaked condition. It is noted that the averages of CSSRs of mixtures 

with modified bitumen for ACWC and SMA is 1.092 and 1.085, the CSSRs of mixtures with 

virgin 60/70 bitumen for ACWC and SMA is 1.128 and 1.116. Hence the modified bitumen 

decreases not only the susceptibility to permanent deformation but also the moisture 

susceptibility to bituminous mixtures, especially to SMA. 

 

 

Figure 4. 37 Retained CSSs of bituminous mixtures (at 40℃) 

2. Secant creep stiffness modulus (SCSM) 

After calculation, SCSMs in both dry and soaked conditions and retained SCSMs of 

bituminous mixtures are summarized in Table 4.22 and Table 4.23 for ACWC and SMA 

respectively. 

Figure 4.38 depicts SCSMs’s mean columns and error bars. It is found that variations of 

groups under dry conditions have higher deviation than under soaked conditions. 
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(a) Dry                               (b) Soaked 

Figure 4. 38 SCSM results of bituminous mixtures at 40℃ under two conditions 

Figure 4.38(a) presents that in dry condition bituminous mixtures stabilized by 

modified bitumen have higher SCSM than those stabilized by virgin 60/70 bitumen. Hence 

modified bitumen is superior to virgin 60/70 bitumen in improving the deformation 

resistance of bituminous mixtures in dry condition. 

In soaked condition (see figure 4.38(b)), SCSM results exhibit that bituminous mixtures 

with modified bitumen also improve susceptibility to permanent deformation in soaked 

condition. This conclusion is the same as that in CSS analysis. 

Results of SCSMR are demonstrated in Figure 4.39. It is also found from this figure 

that the averages of SCSMR of mixtures with modified bitumen for ACWC and SMA are 

0.844 and 0.874, the SCSMR of mixtures with virgin 60/70 bitumen for ACWC and SMA 

are 0.812 and 0.845. Hence the modified bitumen decreases not only the susceptibility to 

permanent deformation but also the moisture susceptibility to bituminous mixtures, 

especially toms. This conclusion is also the same as that in the CSS analysis. Therefore the 

results of SCSM method and CSS method in analysing the permanent deformation of 

bituminous mixtures are consistent; SCSM indicates that the strength resists permanent 

deformation and CSS embodies the developing rate of deformation. Figure 4.40 indicates 

that SCSMR decreases with an increase of CSSR. 
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Figure 4. 39 Retained SCSMs of bituminous mixtures (at 40℃) 

 

 

Figure 4. 40 Retained SCSM vs. CSS ratio (at 40℃) 
 

Figure 4.40 illustrates the relationship between SCSMR and CSSR as shown in 

equation (4-13) and equation (4-14). The relationship can be expressed by a power function 

and the relationship coefficients are 0.942 and 0.798 for ACWC and SMA respectively. 
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15.19287.0  CSSRSCSMR  (R2=0.942)   for ACWC          (4-13) 

719.09224.0  CSSRSCSMR  (R2=0.798)    for SMA          (4-14) 

Where: SCSMR denotes retained SCSM, CSSR denotes CSS ratio. 

3. Ultimate strain (US) 

Results of Ultimate strain, including mean columns and error bars, of bituminous 

mixtures under dry and soaked condition after 3600 load cycles are depicted in Figure 4.41. 

Under dry condition, the ultimate strains of bituminous mixtures with modified bitumen are 

smaller than those with virgin 60/70 except mixtures with Polypropylene (PP) additive. That 

is to say bituminous materials with modified bitumen have better resistance to permanent 

deformation in dry condition. 

 

Figure 4. 41 Ultimate strains of mixtures at 40℃ under two conditions 

This conclusion is consistent with that in CSS analysis. Ultimate strains show that 

mixtures with modified bitumen also have lower strains than those mixtures with virgin 

60/70 bitumen in soaked condition.  

Ultimate strain ratios of all bituminous mixtures are depicted in Figure 4.42. Average 

USR results of mixtures with modified bitumen are 1.035 and 1.009 for ACWC and SMA. 

Hence the modified bitumen decreases not only the susceptibility to permanent deformation 
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but also the moisture susceptibility for bituminous mixtures, especially for SMA. This result 

confirms the results in CSS and SCSM analysis. 

 

 

Figure 4. 42 Ultimate strains ratios of mixtures (at 40℃) 

4.4.3.3 Fatigue properties 

After ITFT and ITSM, fatigue testing results of bituminous materials for ACWC and 

SMA under the soaked conditions are obtained and listed in Table 4.24 and Table 4.25, 

respectively. The results include maximum tensile stresses and maximum tensile strains at 

the centre of the specimen, indirect tensile stiffness modulus and cycles to failure. The 

maximum tensile strain (εt) is calculated by equation (4-4). 
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Table 4. 24 ITFT and ITSM results of bituminous mixtures for ACWC under the 
soaked condition 

Mixture type Ref. No. Stiff.M.(MPa) Stress (kPa) Cycles to failure Microstain (εt) 

Virgin 60/70 

60/70-1c 1483 600 80  829  
60/70-2c 1495 550 104  754  
60/70-3c 1614 500 166  635  
60/70-4c 1657 450 238  557  
60/70-5c 2185 400 701  375  
60/70-6c 3521 350 3734  204  
60/70-7c 3874 300 7401  159  
60/70-8c 3412 250 8612  150  
60/70-9c 3745 200 20484  109  
60/70-10c 3423 150 35216  90  

PP 

PP-1c 2085  1000  77  983  
PP-2c 2541  900  169  726  
PP-3c 2674  800  260  613  
PP -4c 2421  700  284  593  
PP -5c 2474  600  447  497  
PP -6c 2765  550  746  408  
PP -7c 2941  500  1118  349  
PP -8c 3845  450  2926  240  
PP -9c 3454  400  3007  237  
PP -10c 5124  350  11723  140  

CR 

CR-1c 2031  1000  58  1009  
CR -2c 2458  900  216  751  
CR -3c 2610  800  474  628  
CR -4c 2733  700  1050  525  
CR -5c 2875  600  2599  428  
CR -6 2913  550  4047  387  
CR -7c 2975  500  6773  345  
CR -8c 3007  450  11320  307  
CR -9c 3214  400  25592  255  

CR -10c 3541  350  70942  203  

CF 

CF-1c 2027  1000  75  1011  
CF -2c 2341  900  205  788  
CF -3c 2485  800  417  660  
CF -4c 2481  700  709  578  
CF -5c 2812  600  2177  437  
CF -6c 2914  550  3562  387  
CF -7c 2683  500  3749  382  
CF -8c 3021  450  9217  305  
CF -9c 3047  400  15310  269  
CF -10c 3711  350  57773  193  

AF 

AF-1c 2023  1000  88  1013  
AF -2c 2451  900  259  753  
AF -3c 2735  800  588  600  
AF -4c 2895  700  1169  496  
AF -5c 2820  600  1855  436  
AF -6c 3012  550  3222  374  
AF -7c 3321  500  6466  309  
AF -8c 3054  450  6989  302  
AF -9c 3524  400  17927  233  

AF -10c 3781  350  37431  190  

GS 

GS-1c 2241  1000  58  915  
GS -2c 2417  900  146  763  
GS -3c 2796  800  565  587  
GS -4c 2858  700  1255  502  
GS -5c 2874  600  2846  428  
GS -6c 2870  550  4415  393  
GS -7c 2907  500  7687  353  
GS -8c 2648  450  8177  348  
GS -9c 3045  400  30621  269  

GS -10c 3471  350  118861  207  
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Table 4. 25 ITFT and ITSM results of bituminous mixtures for SMA under the soaked 
condition 

Mixture type Ref. No. Stiff.M.(MPa) Stress (kPa) Cycles to failure Microstain (εt) 

Virgin 60/70 

60/70-1d 1641 600 120  750  
60/70-2d 2147 550 229  525  
60/70-3d 2711 500 416  378  
60/70-4d 2861 450 556  322  
60/70-5d 3051 400 774  269  
60/70-6d 3285 350 1127  218  
60/70-7d 3484 300 1659  177  
60/70-8d 3688 250 2562  139  
60/70-9d 3978 200 4406  103  
60/70-10d 5226 150 12187  59  

PP 

PP-1d 2130  1000  167  962  
PP-2d 2063  900  193  894  
PP-3d 2641  800  394  621  
PP -4d 2234  700  369  642  
PP -5d 2413  600  579  510  
PP -6d 3014  550  1060  374  
PP -7d 4021  500  2243  255  
PP -8d 4365  450  3234  211  
PP -9d 5146  400  5615  159  
PP -10d 6214  350  10533  115  

CR 

CR-1d 2458 1000  205  834  
CR -2d 2610 900  405  707  
CR -3d 2861 800  960  573  
CR -4d 2541 700  1021  565  
CR -5d 2247  600  1160  547  
CR -6d 3014  550  5559  374  
CR -7d 2866  500  6688  358  
CR -8d 2974  450  12015  310  
CR -9d 3004  400  20332  273  

CR -10d 3369  350  56463  213  

CF 

CF-1d 2385  1000  214  860  
CF -2d 2615  900  417  706  
CF -3d 2451  800  498  669  
CF -4d 2946  700  1457  487  
CF -5d 2713  600  1857  453  
CF -6d 2463  550  1797  458  
CF -7d 2268  500  1877  452  
CF -8d 3014  450  7002  306  
CF -9d 4021  400  27602  204  
CF -10d 4365  350  57188  164  

AF 

AF-1d 2451  1000  130  836  
AF -2d 2341  900  156  788  
AF -3d 2955  800  473  555  
AF -4d 2941  700  709  488  
AF -5d 2904  600  1109  424  
AF -6d 2922  550  1487  386  
AF -7d 2674  500  1519  383  
AF -8d 2657  450  2075  347  
AF -9d 2967  400  4263  276  

AF -10d 3561  350  11551  201  

GS 

GS-1d 2054  1000  84  998  
GS -2d 2440  900  319  756  
GS -3d 2367  800  487  693  
GS -4d 2322  700  846  618  
GS -5d 2185  600  1329  563  
GS -6d 2463  550  3608  458  
GS -7d 2615  500  7636  392  
GS -8d 2673  450  14123  345  
GS -9d 2883  400  35950  284  

GS -10d 3030  350  87136  237  
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1. Fatigue equation 

The stress-fatigue equation and the strain-fatigue equation, as shown in equation (4-5) 

and equation (4-6), were also used to fit the fatigue data of bituminous mixtures under the 

soaked condition. For each bituminous mixtures, fatigue equation’s material parameters were 

established using the same method as used in the dry condition; i.e.: strains (εt) and cycles to 

failure (Nf) were firstly depicted in the log-log plot; then the least square fitting analysis was 

carried out for data of log10(εt) and log10(Nf). 

The regressed fatigue lines of bituminous under the soaked condition for ACWC and 

SMA are demonstrated in Figure 4.43 and Figure 4.44. These figures show that fatigue lines 

of the soaked bituminous mixture deviate significantly for SMA  

 

 

Figure 4. 43 ITFT measurements for ACWC bituminous mixtures under the soaked 
conditions 
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Figure 4. 44 ITFT measurements for SMA bituminous mixtures under the soaked 
conditions 

 

The material parameters of stress-fatigue equations and strain-fatigue equations of 

bituminous mixtures are obtained based on regression. Results, including k1, k2, k3, k4 and 

coefficients of determination (R-squares), are listed in Table 4.26 and Table 4.27 for ACWC 

and SMA, respectively. 

 

Table 4. 26 Material parameters of strain-fatigue and stress-fatigue equations for 
bituminous mixtures of ACWC at the soaked condition 

 

Mix types 
Temperature 

(℃) 

2)(1
k

tf kN   4)(3
k

tf kN   

K1 K2 R2 K3 K4 R2

Virgin 60/70 20 7.85E+09 -2.738  0.942 3.41E+15 -4.878  0.931  
PP 20 3.99E+09 -2.578  0.967 5.25E+14 -4.274  0.954  
CR 20 1.18E+15 -4.430  0.995 5.43E+20 -6.255  0.990  
CF 20 8.63E+13 -4.014  0.997 2.78E+19 -5.823  0.988  
AF 20 6.44E+12 -3.614  0.995 1.49E+18 -5.349  0.985  
GS 20 8.95E+16 -5.129  0.998 4.59E+21 -6.580  0.978  

average 20 1.51E+16 -3.751  0.982 8.61E+20 -5.526  0.971  
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Table 4. 27 Material parameters of strain-fatigue and stress-fatigue equations for 
bituminous mixtures of SMA at the soaked condition 

 

Mix types 
Temperature 

(℃) 

2)(1
k

tf kN   4)(3
k

tf kN   

K1 K2 R2 K3 K4 R2

Virgin 60/70 20 1.70E+07 -1.800 0.973 4.70E+10 -3.020 0.977 
PP 20 1.11E+08 -1.951 0.997 1.45E+14 -4.023 0.963 
CR 20 2.16E+14 -4.116 0.999 3.63E+17 -5.086 0.962 
CF 20 1.71E+12 -3.375 0.999 8.15E+16 -4.887 0.913 
AF 20 2.08E+11 -3.150 0.999 5.46E+13 -3.865 0.961 
GS 20 2.54E+16 -4.829 0.999 5.57E+20 -6.249 0.982 

average 20 4.27E+15 -3.203 0.994 9.29E+19 -4.521 0.960 

 

For all bituminous mixtures under soaked condition, strain-fatigue equation have higher 

R-square than stress-fatigue equation (see Table 4.26 and Table 4.27). Hence the 

strain-fatigue equation have better good-of-fitness than the stress-fatigue equation, and thus 

more suitable to describe the fatigue relationships of bituminous mixtures than the latter 

equation. In this study, the strain-fatigue equation is adopted to characterize the fatigue 

properties of bituminous mixture under the soaked condition. Comparing with R-squares of 

ACWC and SMA, the S-squares of SMA is 0.994, higher than R-squares of ACWC (0.982). 

That is to say the strain-fatigue equation has better good-of-fitness for bituminous mixtures 

of SMA under the soaked condition. 

Under the soaked condition, k1 ranges from 3.99E+09 to 8.95E+16; k2 ranges from 

-5.129 to -2.578 for ACWC. The k1 and k2 vary from 1.70E+07 to 2.54E+16, and -4.829 to 

-1.800 for SMA respectively. Comparison of material parameters of bituminous mixtures for 

ACWC and SMA indicates that values of k1 of bituminous mixtures for SMA are 

substantially smaller than those for ACWC; most of k2 of bituminous mixtures for SMA is 

larger than those for ACWC. Hence the bituminous mixtures for ACWC have larger 

intercepts and sharper slopes (in the strain-fatigue scale plot, strain denotes horizontal 

coordinate, and fatigue denotes vertical coordinate) than those for SMA. 
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Figure 4. 45 Figure Log (k1) vs. k2 under soaked condition 
 

There is strong linear relationship between log (k1) and k2 for all bituminous mixture, 

shown in equation (4-15). Figure 4.45 demonstrates these relationships. 

6844.0)log(146.0 12  kk (R-square is 0.9997)      (4-15) 

2. Nonlinear characteristics of the conditioned bituminous mixtures 

 Stress (σt) and initial strains (εt) of bituminous mixtures obtained from the ITFT under 

the soaked condition were analysed by the same method as used for the dry ITFT. To obtain 

the best relationships between stresses and strains, four methods, i.e., linear, logarithmic, 

power and exponential, were used to fit data of each bituminous mixtures. R-squares of 

bituminous mixtures are shown in Table 4.28 and Table 4.29. 

 

Table 4. 28 Fitting results for stress and initial strains of bituminous for ACWC under 
soaked condition 

 

Mixture 
types 

R-squares of fitting 8)(7
k

tt k    

Linear Logarithmic Power Exponential k7 k8

VIRGIN 
60/70 

0.9314 0.9682 0.9311 0.8196 17.837 0.5226 

PP 0.9663 0.8969 0.9540 0.9478 18.464 0.5754 
CR 0.9648 0.9839 0.9904 0.9076 8.381 0.7014 
CF 0.9792 0.9677 0.9881 0.9334 9.279 0.6811 
AF 0.9567 0.9795 0.9856 0.8965 10.678 0.6658 
GS 0.9687 0.9672 0.9779 0.9178 5.776 0.7622 

average 0.9612 0.9606 0.9712 0.9038 11.736 0.6514 
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Table 4. 29 Fitting results for stress and initial strains of bituminous for SMA under 
soaked condition 

 

Mixture 
types 

R-squares of fitting 8)(7
k

tt k    

Linear Logarithmic Power Exponential k7 k8

VIRGIN 
60/70 

0.8816 0.9777 0.9766 0.7635 14.084 0.5876 

PP 0.9614 0.9033 0.9630 0.9574 36.835 0.4672 
CR 0.9588 0.9213 0.9622 0.9481 5.201 0.7787 
CF 0.9466 0.8449 0.9528 0.9493 13.040 0.6304 
AF 0.9573 0.9410 0.9611 0.9170 5.120 0.7833 
GS 0.9740 0.9447 0.9820 0.9532 5.394 0.7589 

average 0.9466 0.9222 0.9663 0.9148 13.279 0.6677 
 

For four fittings, most bituminous mixtures under the soaked condition have highest 

R-squares (in blue shaded cells) with the power equation. Hence the power equation is the 

best for characterizing the stress-strain relationship of the soaked bituminous mixtures in the 

ITFT. Results under the soaked conditions are shown in equation (4-16). 

 8)(7
k

tt k                            (4-16) 

Where k7 and k8 are coefficients, their values for each bituminous mixture are listed in Table 

4.28 and Table 4.29. 

For the soaked bituminous mixtures, k8 varies from 0.5226 to 0.7622 for ACWC and 

from 0.4672 to 0.7833 for SMA. It is lower magnitude as that of the dry bituminous mixtures. 

However, k7 varies from 5.776 to 18.464 for ACWC and from 5.12 to 36.835 for SMA. It is 

larger than that of the dry bituminous mixtures on average. Therefore the stress-strain 

relationships of the soaked conditioned bituminous mixtures are different from the dry 

bituminous mixtures. 

Figure 4.46 shows scattered plots of all stresses and strains of bituminous mixtures and 

their regressed curves. The nonlinear characteristics between stresses and strains are clear. 

R-square of power equation of bituminous mixtures for SMA under the soaked condition is 

0.8636, larger than that (0.816) of power equation for ACWC. That is to say that the power 

equation can better describe the relationship between stress and strain for SMA than those 

for ACWC under soaked condition. 
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For the soaked bituminous mixtures, when σt is lower than 500 kPa, the regressed curve 

is apparently nonlinear, this finding is the same as that of the dry bituminous mixtures (see 

Section 4.4.2).  

 

 

Figure 4. 46 Figure Relationships between stresses and initial strains under the soaked 
condition 
 

Data of the indirect tensile stiffness modulus and initial tensile strain were fitted by 

power regression as equation 4-17 and equation 4-18. The R-square are 0.7669 and 0.7322, 

therefore there is a good power relationship between the ITSM and tensile strain. It actually 

embodies the nonlinearity of bituminous mixture. 

251.010977  tITSMS       (R2=0.7669 for ACWC)           (4-17) 

    
355.023664  tITSMS       (R2=0.7322 for SMA)            (4-18) 
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Figure 4. 47 Figure Relationships between initial ISMs and fatigue tensile strains under 
the soaked condition 
 

Figure 4.47 shows the data curve of equation 4-17 and equation 4-18. While tensile 

strain varies from 80 to 200 microstrains, a level which is frequently used in design, the 

stiffness modulus ( ITSMS ) varies from 3455 Mpa to 3654 Mpa for ACWC and 4614Mpa to 

4994 Mpa for SMA. 

 

 

Figure 4. 48 Relationships between initial ITSMs and Cycles to failure under the 
soaked condition 
 

The relationships between cycles to failure and initial ITSMs are demonstrated in 

Figure 4.48. These relationships can be described using the power equation shown as 



 152

equation 4-19 and equation 4-20. It is clear that fatigue life increases with an increasing 

initial ITSM. Hence bituminous mixtures with higher initial ITSM may have longer fatigue 

life. This finding is consistent with the results from the analysis of dry ITFT. 

 

251.010977  ITSMf SN      (R2=0.3322 for ACWC)           (4-19) 

375.4)12(1 ITSMf SEN       (R2=0.4017 for SMA)             (4-20) 

4.4.3.4 Effects of fatigue properties on dry and soaked condition 

1. Fatigue lives at 80-200 microstrains 

Generally, fatigue life at 80-200 microstrains (Nf80, Nf200) can be used as a performance 

indicator for pavement materials. Figure 4.49 and Figure 4.50 demonstrates fatigue lines of 

bituminous mixtures for ACWC and SMA under the dry and soaked conditions. The lines 

are drawn based on the material parameters listed in Table 4.28 and Table 4.29.  

Table 4.30 and Table 4.31 tabulates fatigue lives at 80 and 200 microstrains of 

bituminous mixtures under dry and soaked condition, which are calculated based on 

strain-fatigue equations. For each condition, fatigue lives at 80-200 microstrains of 

bituminous mixtures for all bituminous mixtures are ranked as follows: 

GS>CR>AF>CF> PP>Virgin 60/70      (both dry condition and soaked condition) 
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Table 4. 30 Fatigue lives (Nf80, Nf200) of bituminous mixture for ACWC under the soaked and dry conditions 
 

Mixture types 

Dry ITFT Soaked ITFT 

2)(1
k

tf kN   
Cycles at 80 

μms 
Cycles at 200 

μms 

2)(1
k

tf kN   
Cycles at 80 

μms 

FLR80( Ratio 
of soaked to 

dry) (%) 

Cycles at 
200 μms 

FLR200( Ratio 
of soaked to 

dry) (%) k1 k2 R2 k1 k2 R2 

Virgin 60/70 1.75E+11 -3.089 0.992 2.31E+05 1.37E+04 7.85E+09 -2.738 0.942 4.83E+04 20.9% 3.93E+03 28.8% 

PP 4.01E+11 -3.201 0.994 3.25E+05 1.73E+04 3.99E+09 -2.578 0.967 4.95E+04 15.3% 4.67E+03 27.0% 

CR 1.70E+16 -4.736 0.996 1.65E+07 2.15E+05 1.18E+15 -4.43 0.995 4.38E+06 26.5% 7.56E+04 35.1% 

CF 3.22E+14 -4.166 0.99 3.80E+06 8.35E+04 8.63E+13 -4.014 0.997 1.98E+06 52.2% 5.01E+04 60.0% 

AF 6.89E+13 -3.947 0.984 2.12E+06 5.70E+04 6.44E+12 -3.614 0.995 8.53E+05 40.2% 3.11E+04 54.6% 

GS 3.48E+17 -5.22 0.998 4.05E+07 3.39E+05 8.95E+16 -5.129 0.998 1.55E+07 38.3% 1.41E+05 41.7% 

Ranking Nf80 GS>CR>CF>AF>PP>Virgin 60/70 GS>CR>CF>AF>PP>Virgin 60/70 

Ranking Nf200 GS>CR>CF>AF>PP>Virgin 60/70 GS>CR>CF>AF>PP>Virgin 60/70 

Ranking FLR80 CF>AF>GS>CR>Virgin 60/70>PP 

Ranking FLR200 CF>AF>GS>CR>Virgin 60/70>PP 
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Table 4. 31 Table Fatigue lives (Nf80, Nf200) of bituminous mixture for SMA under the soaked and dry conditions 
 

Mixture types 

Dry ITFT Soaked ITFT 

2)(1
k

tf kN   
Cycles at 80 

μms 
Cycles at 200 

μms 

2)(1
k

tf kN   
Cycles at 80 

μms 

FLR80( Ratio 
of soaked to 

dry) (%) 

Cycles at 
200 μms 

FLR200( Ratio 
of soaked to 

dry) (%) k1 k2 R2 k1 k2 R2 

Virgin 60/70 1.18E+08 -2.023 0.987 1.67E+04 2.61E+03 1.70E+07 -1.8 0.973 6.38E+03 38.3% 1.23E+03 47.0% 

PP 1.41E+09 -2.375 0.998 4.26E+04 4.83E+03 1.11E+08 -1.951 0.997 2.15E+04 50.5% 3.60E+03 74.4% 

CR 1.04E+15 -4.317 0.983 6.33E+06 1.21E+05 2.16E+14 -4.116 0.999 3.17E+06 50.1% 7.30E+04 60.2% 

CF 7.40E+12 -3.665 0.991 7.84E+05 2.73E+04 1.71E+12 -3.375 0.999 6.46E+05 82.3% 2.93E+04 107.4% 

AF 8.22E+11 -3.317 0.987 4.00E+05 1.92E+04 2.08E+11 -3.15 0.999 2.11E+05 52.6% 1.17E+04 61.3% 

GS 5.07E+16 -4.926 0.997 2.14E+07 2.34E+05 2.54E+16 -4.829 0.999 1.64E+07 76.6% 1.96E+05 83.8% 

Ranking Nf80 GS>CR>CF>AF>PP>Virgin 60/70 GS>CR>CF>AF>PP>Virgin 60/70 

Ranking Nf200 GS>CR>CF>AF>PP>Virgin 60/70 GS>CR>CF>AF>PP>Virgin 60/70 

Ranking FLR80 CF>GS>AF>PP>CR>Virgin 60/70 

Ranking FLR200 CF>GS>PP>AF>CR>Virgin 60/70 
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Figure 4. 49 Fatigue lines of bituminous mixtures for ACWC under the soaked and dry 
conditions 
 

 

Figure 4. 50 Fatigue lines of bituminous mixtures for SMA under the soaked and dry 
conditions 

 

The soaked ITFT’ ranking is apparently the same with the results of the dry ITFT. 

However, all the modified bituminous mixture is ranked higher than that stabilized by virgin 

60/70 bitumen. That is to say the modified bitumen can improve the resistance to fatigue 

damage and moisture damage. 
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For each bituminous mixture, ratios of fatigue lives at 80, 200 microstrains under the 

soaked condition to those under the dry condition are calculated and listed in Table 4.30 and 

Table 4.31. The higher the fatigue life ratio is, the better moisture susceptibility to fatigue is. 

In Table 4.30 and Table 4.31, ratios of the soaked conditioned to the unconditioned (dry) 

range from 15.3% to 52.2% for ACWC and 38.3% to 82.3% for SMA at 80 microstrains.  

The result ranges from 27.0% to 60.0% for ACWC and 47.03% to 107.4% for SMA at 200 

microstrains. For each condition, the Ratios at 80, 200 microstrains of bituminous mixtures 

for ACWC and SMA are ranked as follows: 

CF>AF>GS>CR>Virgin 60/70>PP    for ACWC 

CF>GS>PP>AF>CR>Virgin 60/70    for SMA  

2. Initial ITSMs 

The initial ITSM, which reflects the basic mechanic property of bituminous mixtures, 

was tested using indirect tensile stiffness modulus (ITSM) test before the ITFT. Then the 

initial strain of bituminous mixtures is calculated during ITFT. 

ITSM data of bituminous mixtures under the soaked and dry conditions were depicted 

by the scattered plots. ITSM data of each bituminous mixture were fitted by regression 

method. It’s found that the best good-of-fitness was obtained when linear regression was 

used. 

 

Figure 4. 51 Initial ITSM vs. fatigue stress under the soaked and dry condition 
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Figure 4.51 demonstrates regressed lines of each mixture for ACWC and SMA under 

the soaked and dry conditions. Slopes of fitted lines under the soaked condition are larger 

than that under the dry condition, that is to say the soaked condition causes larger effect of 

stress on decreasing rate of the initial ITSMs than the dry condition. 

The relationships between initial ITSM and stress under the soaked and dry conditions 

can be expressed by equation 4-21 to equation 4-24. R-squares of these four equations are 

very small, especially for the dry condition. Hence there is a large variation of the initial 

ITSMs caused by the stress. 

For ACWC 

 4.2656456.0  tITSMS   (R2=0.0456 for dry condition)      (4-21) 

3.38998173.1  tITSMS   (R2=0.3853 for soaked condition) (4-22) 

For SMA 

1.30755989.0  tITSMS   (R2=0.0529 for dry condition)   (4-23) 

5.42903008.2  tITSMS   (R2=0.3779 for soaked condition)  (4-24) 

 

4.5 Summary 

In this section, the conventional and five modified bitumen materials were studied in 

Hong Kong Road Research Laboratory to evaluate various bituminous wearing course 

materials for use in Hong Kong. The bituminous mixtures for evaluation were comprised of 

conventional asphalt concrete wearing course (ACWC) and stone mastic asphalt (SMA). 

Polypropylene (PP), Crumb rubber (CR), Cellulose fiber (CF), Asbestos fiber (AF) and 

Gilsonite (GS) were used as modifiers. Various bituminous mixtures were designed first by 

using Marshall test method. The test results showed that the bitumen properties significantly 

increased compared to the conventional penetration grade 60/70 bitumen. Samples of 

laboratory-prepared mixtures were tested for indirect tensile strength (ITS), rutting resistance, 
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fatigue resistance and indirect tensile stiffness modulus (ITSM) in dry and soaked condition. 

In general, the results of performance test indicated that the resistance of the bituminous 

materials with polymer modifiers against moisture, rutting and fatigue cracking were better 

than those of the conventional mixture.  
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CHAPTER FIVE PREDICT FLEXILE PAVEMENT 

SERVICE LIFE WITH NONLINEAR FATIGUE MODEL 

Fatigue crack has been recognized as one of the main forms for structural damage in 

flexible pavements. Under the action of repeated vehicular loading, deterioration of the 

asphalt concrete (AC) materials in pavements, caused by the accumulation and growth of 

micro and macro cracks, gradually takes place. Existing prediction models in asphalt 

concrete pavement typically do not take the interaction and dependencies between micro and 

macro mechanics into account. In this chapter, the fatigue damage models and failure criteria 

are established based on the Indirect Tensile Fatigue Tests (ITFT) and Indirect Tensile 

Stiffness Modulus (ITSM) tests carried out on different kinds of bituminous materials 

(Virgin 60/70, PP, CR, CF, AF and GS) in Chapter 4. Fatigue damage model, based on 

continuum damage mechanics, describes the formation of micro-cracks and crack 

propagation developed in the wearing course materials (ACWC and SMA). With the fatigue 

damage models, finite element analysis is carried out to study the crack resisting 

performance of the wearing course materials in a flexible pavement structure.  

 

5.1 Introduction 

In order to provide comfortable ride and withstand the effects arising from traffic 

loading and climate, pavement materials should be designed to achieve a certain level of 

performance and the performance should be maintained during the service life. Asphalt 

concrete is the most commonly used material in pavement because of its superior service 

performance in providing driving comfort, stability, durability and water resistance. As AC 

wearing course is the first layer in the pavement structure, the material should be able to 

sustain stresses caused by direct traffic loading without causing premature cracking. 

The fatigue resistance of bituminous mixture is its ability to withstand repeated bending 

without fracture. Fatigue manifests itself in the form of cracking from repeated traffic 
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loading. Little cracking on highway and airport runway can mean the start of something 

serious. Most analyses utilize flexure stresses or strains on the underside of the AC pavement 

layers to assess the pavement lives (Brown S.F. et al, 1990) and fatigue behavior of the AC 

mixtures is characterized by the slope and the relative level of the stress or strain versus the 

number of load repetition to failure (SHRP A-404, 1994; Brown E.R., 2001). These methods 

do not model crack propagation but require extensive tests and use of fracture mechanics to 

develop mechanistic relationships to describe crack development in asphalt concrete. This 

approach is inherently complex and the fracture mechanistic concept in fact does not 

describe the gradual deterioration of asphalt concrete material strength under cyclic loading. 

In fact, damage can be defined as continuum change in material subject to unfavorable 

mechanical and environmental conditions that result in a decrease in strength (Lee H.J. et al, 

2000; Conner B.P. et al, 2004). The micro-damage of the material leads to the crack 

initiation and the accumulation of micro-damage results in the propagation of crack (Ashraf 

M.G., 2003). Such characterization can give a more realistic description of the AC material 

response under traffic loading. This research studies the characterization of micro-damage of 

asphalt concrete materials during the fatigue cracking process.  

The main objective of the research presented in this Chapter is to characterize the 

fatigue cracking behavior in terms of micro-damage mechanics. A combined experimental 

and theoretical study of fatigue crack growth in asphalt concrete material had been made at 

Hong Kong Road Research Laboratory. Fatigue crack growth rates were measured and 

related damage, such as deterioration of stiffness modulus, was recorded in Chapter 4. The 

data obtained were used to develop micro-damage models to describe crack growth in 

asphalt concrete materials. To illustrate crack grown of the asphalt concrete materials under 

traffic loading in the wearing course and predict flexible pavement service life, a 

three-dimensional finite element analysis, using micro-damage models was carried out. 
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5.2 Features of the finite element model 

5.2.1 Model Geometry 

Conventional flexible pavements consist of multi-layered structure, i.e. surface 

(wearing Course), base course and sub-base on a sub-grade. As shown in Figure 5.1, 

pavement structure is modeled as multi-layered system, of which typical material stiffness 

and layer thicknesses of pavement in Hong Kong are used. 

 
Figure 5. 1 Multi-layered pavement structures 

 

The first step in finite element analysis is to create the finite element mesh. Three 

factors control the finite element mesh geometry: 

1. Pavement geometry, which control the general size of the finite element mesh; 

2. Load configuration, such as distance between wheels and axles; 

3. Degree of detail, i.e., locations where pavement response parameters will be 

predicted. 

In general, finite element mesh dimensions have to be small enough to allow detailed 

analysis of the pavement section. However, smaller mesh dimensions increase the number of 

element. As a result, memory and computational time increase. On the other hand, a coarse 

finite element mesh prevents detailed analysis. A compromise is to use a fine finite element 

mesh where a detailed analysis in wearing course and base course is conducted while using a 

coarse mesh elsewhere. The finite element mesh presented in Figure 5.2 has 14670 elements. 

This large number of elements is used to ensure reasonable representation of the interaction 
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of pavement structure under dynamic loads. Adhesion between each layer is considered as a 

function of friction and normal pressure on the layers. 

 

Figure 5. 2 Finite element meshing 
 

5.2.2 Boundary conditions 

 Boundary conditions for the finite element model have a significant influence on the 

predicted response of pavement structure. Therefore, potential boundary conditions for 

pavements need to be considered. 

 Edges parallel to the traffic direction (Y axis). Flexible pavements could have one 

of the three typical cross section geometries shown in Figure 5.3. At the pavement 

edge, two forces exist between the pavement edge and adjacent soil: vertical friction (F) 

and lateral passive pressure (P). The friction force (F) depends on relative movement, 

coefficient of friction and the lateral passive pressure from the adjacent soil. Lateral 

passive pressure (P) depends on soil type and weight of the soil expected to affect the 

pavement. For the configuration number “a” in Figure 5.3, the soil wedge is small and 

both force (F and P) can be neglected. In this case the pavement edge can be assumed 

to be free to move laterally and vertically. Lateral and vertical forces for configuration 

“b” and “c” may be significant. Both the friction force and the passive pressure are 

included in the 3D-FEM analysis. 
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 Edges perpendicular to the traffic direction (X axis). The analysis model should 

represent adequate length to reduce any edge effect error. However, analysis of an 

extended length increases the size of the problem and the time for analysis. An 

evaluation of section length was conducted with lengths from 5m to 30m. For section 

with length greater than 10m, no significant effect on the pavement response was 

found. The length of various sections included in this study was 15 m and the load was 

applied to the middle of these sections. 

 

 

(a) FULL Cross Section 

 

(b) At Grade Cross Section 

 

(c) Cut Cross Section 

Figure 5. 3 Flexible pavement cross sections 



 164

 

5.3 Material properties 

Flexible pavement materials are divided in into three groups: bituminous mixtures, 

granular materials and cohesive soils. The actual material behavior for each group is 

considered. 

Bituminous mixtures, wearing course, base course and road base are modeled as a 

nonlinear visco-elastic material under different load levels and temperatures. The dependent 

properties of bituminous mixtures are represented by dynamic stiffness modulus under 

different load levels and temperatures base on the ITFT and ITSM testing conducted in 

HKRRL (see chapter 4). 

Granular materials sub-base and sub-grade are modeled using the linear elastic model 

including modulus of elasticity, Poisson’s ratio, damping coefficient and bulk density (see 

Chapter 2).  

5.4 Loading cycles 

The 3-D finite element analysis can be used to simulate traffic loads under different 

vehicle speeds. At a speed less than 20 km/h, a truncated saw tooth load function is used 

while a step load function is used for speeds greater than 20 km/h. Figure 5.4 shows the 

truncated saw tooth load cycle used in the analysis.  

 

 

Figure 5. 4 The truncated saw tooth load cycle 
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The load cycle begins with a load magnitude equal to zero at time T0. After time T0, the 

load is increased linearly to a maximum value at time T1. The load magnitude remains 

constant between time T1 and time T2. After T2 the load is decreased linearly to zero at time 

T3. The length of time form T0 to T1, T1 to T2 and T2 to T3 are functions of speed and the 

length of the contact area between the traffic tire and pavement surface. The length of the 

contact area (tire print) is calculated by assuming the area to be a combination of a central 

rectangular with semicircles at the ends, as shown in Figure 5.5 (Yoder and Witczak, 1975). 

5226.0

A
L                              (5-1) 

Where, A= contact area, square meters. 

In the step function for speeds greater than 20 km/h, the load cycle T0=T1 and T2=T3. 

 

 

Figure 5. 5 Contact area (Tire print) of vehicle load 
 

Load cycle application in the 3-D finite element analysis considers that no load is 

applied at contract area on a pavement prior to time T0. After T0 the load cycle is applied at 

contract area. The times T0, T1, T2 and T3 are calculated as follows: 

V

L
jTi




6.3
                             (5-2) 

Where, L = length of the tire print, m; 
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      V = vehicle speed, km/h ; 

       i = 0, 1, 2 and 3, respectively; 

       j = 0.0, 0.3, 0.7 and 1.0, respectively for V≤ 30 km/h; 

        = 0.0, 0.0, 1.0 and 1.0, respectively for V>30 km/h. 

In initial studies a standard 80 kN (18-kip) single axle with dual wheel was assumed. 

5.5 Fatigue damage analysis and Service life prediction 

5.5.1 Continuum damage approach 

In the past twenty years, the field of Continuum Damage Mechanics (CDM) has 

expanded considerably from the initial concepts introduced by Kachanov (1958). Damage is 

considered as a deterioration process of material, consecutive but not identical to irreversible 

strain. In bituminous mixtures, the defects appear by de-bonding between the aggregates and 

the bitumen and accumulation of micro-cracking.  

With the framework of the phenomenological damage, the measure of damage can be 

characterized by the degradation of the stiffness modulus of the bituminous materials. If one 

lets S0 be the initial stiffness modulus of the bituminous materials in the undamaged state, 

then the instantaneous stiffness modulus S can be determined by the damage effect 

parameter D(0≤D≤1) as: 

0)1( SDS                              (5-3) 

According to elastic damage concept the stress-strain behavior of the damaged material 

can be represent by continuum equation (5-4) and the fatigue damage propagation equation 

(5-5). 

 )1( dE                             (5-4) 

2/)1( ppp
T DaK

dN

dD                        (5-5) 

Where  and  = Nominal stress and strain tensors 

           TK = Stress intensity factor 

           pa, = Damage parameters (material constants) 
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             E = Stiffness modules 

             D = Damage variable 

             N = Number of cycle 

Integral of damage propagation equation: 

                 
pp

TaKp
N

)2/1(

1


                       (5-6) 

Logarithm expression: 

                 cpN lglglg                          (5-7)   

Where 
)2/1(

1

paK
c

p
T 

   

The regression estimation is carried out according to the ITFT results, as shown in 

Figure 5.6 and Figure 5.7. The parameters regression results are presented in Table5.1 and 

Table 5.2 for ACWC and SMA respectively 

 

 

Figure 5. 6 Relationship between cycle to failure and stress from ITFT of ACWC  
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Figure 5. 7 Relationship between cycle to failure and stress from ITFT of SMA  
 

Table 5. 1 Table Material parameters of ACWC for damage continuum equations 

Mixture 
types 

Average stiffness 
modulus (MPa) 

Continuum damage parameters 
c p a 

Virgin 
60/70 

1855.9 2.67E+13 4.009 1.25E-14 

PP 2249.0 2.81E+17 5.277 9.78E-19 
CR 2758.0 8.73E+16 4.773 3.38E-18 
CF 2477.4 3.40E+17 5.135 8.24E-19 
AF 2161.3 1.13E+20 6.169 2.17E-21 
GS 2840.6 7.41E+18 5.434 3.63E-20 

 

Table 5. 2 Material parameters of SMA for damage continuum equations 

Mixture 
types 

Average stiffness 
modulus (MPa) 

Continuum damage parameters 
c p a 

Virgin 
60/70 

2459.5 4.65E+09 -2.592 -7.27E-10 

PP 3440.7 3.02E+14 -4.120 -3.12E-15 
CR 2487.5 1.64E+14 -3.898 -6.43E-15 
CF 2799.4 6.71E+14 -4.193 -1.36E-15 
AF 2843.1 4.62E+13 -3.779 -2.43E-14 
GS 2324.0 2.77E+16 -4.736 -2.64E-17 

 

5.5.2 Simulation results and evaluation 

The simulation results for flexible pavement with different bituminous mixtures 

wearing course are listed in Table 5.3 and Table 5.4, including number of Cycles (Nf), 

average damage effect parameter (DAver). , crack growth length (a) and crack growth rate 

(dNf/da). 
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Table 5. 3 Pavement crack propagation simulation results for ACWC 
Mixture 

Type 
crack growth length 

(a) 
number of Cycles (Nf) 

average damage effect 
parameter (DAver). 

crack growth rate 
(dNf/da) 

Virgin 
60/70 

5 38880 0.1440 14891 
10 61424 0.1937 18653 
15 81489 0.2244 21280 
20 99656 0.2462 23366 
25 114788 0.2616 25123 
30 129324 0.2745 26657 
35 143336 0.2857 28026 
40 156746 0.2954 29269 
45 170573 0.3046 30412 
50 185441 0.3137 31471 

PP 

5 46218 0.1628 17511 
10 61524 0.1939 22793 
15 76451 0.2174 26593 
20 93336 0.2391 29667 
25 109042 0.2560 32295 
30 114254 0.2611 34614 
35 139478 0.2827 36703 
40 156160 0.2950 38615 
45 171866 0.3054 40384 
50 187572 0.3149 42035 

CR 

5 50964 0.1734 19055 
10 68129 0.2049 24890 
15 85294 0.2293 29100 
20 92459 0.2381 32512 
25 99624 0.2462 35432 
30 126789 0.2724 38011 
35 153954 0.2934 40338 
40 171119 0.3049 42468 
45 188284 0.3153 44441 
50 205449 0.3248 46282 

CF 

5 48929 0.1690 18479 
10 65704 0.2010 23949 
15 82479 0.2257 27872 
20 99254 0.2458 31039 
25 116029 0.2627 33741 
30 132804 0.2774 36123 
35 149579 0.2903 38267 
40 166354 0.3019 40227 
45 183129 0.3123 42039 
50 199904 0.3218 43729 

AF 

5 49532 0.1703 18289 
10 67277 0.2036 23466 
15 85022 0.2290 27150 
20 102767 0.2496 30109 
25 120512 0.2669 32624 
30 138257 0.2818 34835 
35 156002 0.2949 36820 
40 173747 0.3066 38632 
45 191492 0.3171 40303 
50 209237 0.3268 41859 

GS 

5 56920 0.1854 20669 
10 77975 0.2196 26324 
15 99030 0.2455 30324 
20 120085 0.2665 33526 
25 141140 0.2840 36240 
30 162195 0.2991 38620 
35 183250 0.3124 40754 
40 204305 0.3242 42698 
45 225360 0.3348 44489 
50 246415 0.3445 46155 
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Table 5. 4 Pavement crack propagation simulation results for SMA 
Mixture 

Type 
crack growth length 

(a) 
number of Cycles (Nf) 

average damage effect 
parameter (DAver). 

crack growth rate 
(dNf/da) 

VIRGIN 
60/70 

5 43866 0.151831 14478 
10 58584 0.16322 18528 
15 73302 0.172627 21405 
20 88020 0.180707 23712 
25 102738 0.187828 25672 
30 117456 0.194222 27393 
35 132174 0.200039 28938 
40 146892 0.205389 30347 
45 161610 0.210352 31646 
50 176328 0.214985 32855 

PP 

5 39434 0.147841 16748 
10 53717 0.159719 21813 
15 68001 0.169417 25458 
20 82284 0.177688 28409 
25 96568 0.184942 30932 
30 110851 0.191432 33158 
35 125135 0.197321 35165 
40 139418 0.202725 37001 
45 153702 0.207729 38700 
50 167985 0.212396 40286 

CR 

5 45984 0.153631 16787 
10 62822 0.166095 21430 
15 79661 0.176254 24721 
20 96499 0.18491 27357 
25 113338 0.192496 29595 
30 130176 0.199279 31558 
35 147015 0.205432 33319 
40 163853 0.211078 34924 
45 180692 0.216303 36404 
50 197530 0.221175 37781 

CF 

5 47411 0.15481 17899 
10 63675 0.166656 23195 
15 79939 0.176408 26992 
20 96203 0.184768 30057 
25 112467 0.192125 32672 
30 128731 0.198724 34977 
35 144995 0.204723 37053 
40 161259 0.210237 38949 
45 177523 0.215349 40703 
50 193787 0.22012 42339 

AF 

5 48670 0.155827 17672 
10 66676 0.168586 22507 
15 84682 0.178968 25927 
20 102688 0.187806 28665 
25 120694 0.195546 30986 
30 138700 0.202464 33021 
35 156706 0.208737 34845 
40 174712 0.214491 36507 
45 192718 0.219816 38039 
50 210724 0.22478 39463 

GS 

5 54268 0.160127 19717 
10 74320 0.173223 25119 
15 94373 0.183882 28941 
20 114425 0.192956 32000 
25 134478 0.200905 34594 
30 154530 0.208009 36869 
35 174583 0.214451 38908 
40 194635 0.220361 40766 
45 214688 0.225829 42478 
50 234740 0.230927 44071 
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1. The relationship of (a) vs. (Nf) 

Figure5.8 and Figure 5.9 illustrate the relationship between the growth length (a) and 

number of cycles (Nf) for ACWC and SMA respectively.  

 

Figure 5. 8 The relationship between the crack growth length (a) and number of Cycles 
(Nf) for ACWC 
 

 

Figure 5. 9 The relationship between the crack growth length (a) and number of Cycles 
(Nf) for SMA 
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2. The relationship of (Daver) vs. (Nf) 

Figure 5.10 and Figure 5.11 illustrated the relationship between the average damage 

effect parameter (DAver) and number of cycles (Nf) for ACWC and SMA respectively.  

 

 

Figure 5. 10 The relationship between the average damage effect parameter (DAver) and 
number of Cycles (Nf) for ACWC 
 

 

Figure 5. 11 The relationship between the average damage effect parameter (DAver) and 
number of Cycles (Nf) for SMA 
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3. The relationship of (dN/da) vs. (Nf) 

Figure 5.12 and Figure 5.13 plots the crack growth rate ( dadN / ) against crack length 

(L) of all bituminous materials.  

 

 

Figure 5. 12 Fatigue crack growth rates of wearing course with ACWC mixtures 
 

 

Figure 5. 13 Fatigue crack growth rates of wearing course with SMA mixtures 
 

To predict the life of wearing course of the three asphalt concrete materials, a curve of 

integral has been carried out. Table 5.5 and Table 5.6 present the predicted fatigue lives. 

According to the results, the overall predicted fatigue lives of modified ACWC and SMA are 
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similar and the two types of bituminous materials have a higher fatigue resistance than 

mixtures with virgin 60/70 bitumen. 

Table 5. 5 The result of predicted fatigue life of ACWC  

Types of 
bituminous 

material 
Fatigue life (cycles) 

Fatigue life under 3000 cycles/day 
(years) 

Virgin 60/70 5.9379E+06 5.4  
PP 7.6135E+06 7.0  
CR 8.3518E+06 7.6  
CF 7.956E+06 7.3  
AF 7.697E+06 7.0  
GS 8.5512E+06 7.8  

 

Table 5. 6 The result of predicted fatigue life of SMA  

Types of 
bituminous 

material 
Fatigue life (cycles) 

Fatigue life under 3000 cycles/day 
(years) 

Virgin 60/70 6.0577E+06 5.5  
PP 7.2918E+06 6.7  
CR 6.9845E+06 6.4  
CF 7.7041E+06 7.0  
AF 7.3139E+06 6.7  
GS 8.1654E+06 7.5  

 
5.6 Sensitivity analysis 

After the fatigue analysis and prediction of the service life of flexible pavement, a 

sensitivity analysis is conducted to investigate the effect of different factors on pavement 

response. These factors are divided into two groups: 

1. Cross section attributes: 

 Sub-grade type; 

 Shoulder width; 

2. Load attributes: 

 Load repetitions 

 Vehicle speed 

 Axle configuration 
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 Axle load 

 

5.6.1 Cross section attributes 

5.6.1.1 Effect of sub-grade type 

The basic pavement cross section described above is analyzed with three types of 

sub-grade soil: clay, silt and sand. Loading is assumed to be an 80 kN single axle loading 

moving at a speed of 30 km/h. The variation in pavement deflection for the three cross 

sections is shown in Figure 5.14. As expected, the pavement with sandy sub-grade shows the 

lowest deflection, while the pavement with clayey sub-grade shows the highest deflection. 

Although there is a difference in the deflection magnitude among the three cross sections, the 

deflection basins of the three cross sections have the same shape. Essentially, for the applied 

load, the sub-grade stress does not exceed the yield stress. Therefore, all three sub-grades 

behave as elastic soils.  

 

Figure 5. 14 Effect of sub-grade type on pavement deflection 

5.6.1.2 Effect of shoulder width 

Shoulders provide lateral support to pavement structures (AASHTO, 1990). The 

conventional multi-layer elastic analysis cannot be used to evaluate the effect of shoulder 

versus no shoulder and degree of discontinuity at the pavement/shoulder joint. An evaluation 

is conducted for two shoulder conditions with an improved 3-D finite element model. One 
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analysis includes a cross section with a 2.5 m shoulder. The other analysis is designed for the 

condition with no shoulder. The shoulder structure for the 2.5 m width is assumed to be the 

same as the traffic lane of the basic section. Load is applied as an 80 kN single axle load 

moving at a speed of 30 km/h. The outer wheel centerline of this load is positioned 1 m from 

the outer edge of the traffic lane. 

 

Figure 5. 15 Effect of shoulder width on pavement deflection 

As shown in Figure 5.15, the surface deflection of the no-shoulder cross section is 33% 

higher than that of the section with the 2.5 m shoulder. That is to say the effect of lateral 

support provided by shoulder is significant. Thus, rational analysis and design procedures 

should include actual shoulder conditions. 

5.6.2 Load attributes  

5.6.2.1 Effect of vehicle speed 

Previous study (Papagiannakis et. al, 1990), have shown that static loads are more 

damaging to pavements than moving loads. A comparison is made on the effect on the 

pavement response of traffic moving at a creep speed, 5 km/h, a slow speed 30 km/h, and a 

relatively high speed, 60km/h. These results are presented in Figure 5.16. As can be seen 

from this figure, the pavement deflection at 30 km is significantly less than that at speed 5 
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km/h. However, the difference between the pavement deflections at speeds of 30 km/h and 

60 km/h is relatively small. 

 

Figure 5. 16 Effect of speed on pavement deflection 

5.6.2.2 Effect of axle configuration 

Three axle configurations are analyzed: ①80 kN single axle load with single wheels; 

②80 kN axle load with dual wheels and ③ 80 kN tandem axle load with dual wheels. 

These loads are applied to the basic pavement section at a speed of 5 km/h. Deflections 

results from these three loadings are shown in Figure 5.17. The lowest pavement deflection 

occurs for the dual tandem configuration, while the highest deflection occurs for single axle 

with single wheels. From these results, it can be concluded that replacing the dual wheels of 

a tandem axle with a single wheel will cause higher pavement deflection and associated 

increase in pavement damage. 

 

Figure 5. 17 Effect of Axle configuration on pavement deflection 
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5.6.2.3 Effect of axle load 

To investigate the effect of axle loads on pavement response, three single axle loads 

with dual wheels are considered: 80 kN, 100 kN, 150 kN. The surface deflection and the 

vertical deflection at different depths are predicted for these loads. The results are plotted in 

Figure 5.18 which shows that as the axle load increases, the pavement deflection increases.  

 

Figure 5. 18 Effect of Axle load on Pavement Deflection 
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CHAPTER SIX SUMMARY, CONCLUSION AND 

RECOMMENDATION 

6.1 Introduction 

Fatigue damage is the most important structural distress that is used in the design of 

pavement and models used for this design require significant improvement. Current fatigue 

model is phenomenological model. The phenomenological models are easy and simple; 

therefore, they are widely used. In addition, the traditional fatigue failure (number of load 

cycles to 50% reduction in the value of the initial stiffness) is an arbitrary definition that is 

not based on material behavior. There are limited studies worldwide on different kinds of 

modified bituminous material’s characterization in flexible pavement.  This dissertation 

focuses on the evaluation of fatigue characterization of modified bituminous materials 

popularly used in Hong Kong and the prediction of service life of flexible pavement with 

these modified bituminous materials. A associated laboratory testing and theory analysis 

have been carried out in order to establish a 3-D finite element model with a non-linear 

fatigue damage model for simulation the flexible pavement response under the real vehicle 

load and environment condition.  

6.2 Summary 

The performance of asphalt pavements is greatly influenced by environmental 

conditions. One of the most important environmental factors that significantly affect the 

mechanical properties of asphalt mixtures is temperature. Thus, accurate prediction of the 

temperature distribution within the pavement structure is important. 

In this dissertation, a developed finite element model is applied to calculate the 

temperature of pavements located in Hong Kong. The external input data to the model are 

the hourly values for solar radiation and temperature, and mean daily values of wind speed 

obtained from a meteorological station. The thermal response of a multilayered pavement 

structure is modeled by a transient thermal analysis using 3-D finite element method. The 
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calculated data is compared with the measured pavement temperatures to validate the 

improved model. 

To find out the characterizations of modified bituminous materials, the conventional 

and five modified bitumen materials were studied in Hong Kong Road Research Laboratory 

to evaluate various bituminous wearing course material’s properties for use in Hong Kong. 

The bituminous mixtures for evaluation comprised conventional asphalt concrete wearing 

course (ACWC) and stone mastic asphalt (SMA). Polypropylene (PP), Crumb rubber (CR), 

Cellulose fiber (CF), Asbestos fiber (AF) and Gilsonite (GS) were used as modifiers. 

Various bituminous mixtures were designed first by using Marshall test method. Samples of 

laboratory-prepared mixtures were tested for indirect tensile strength (ITS), rutting resistance, 

fatigue resistance and indirect tensile stiffness modulus (ITSM) in dry and soaked 

conditions. 

A 3-D non-linear finite element model was developed based on non-linear fatigue 

damage model to analyze flexible pavement response with virgin 60/70 bitumen and 

modified bitumen. The service life of a typical flexible pavement structure with different 

kinds of wearing course materials in Hong Kong was predicted by using this 3-D non-linear 

element model. The sensitivity study was also conducted using the 3-D non-linear element 

model of the effect of cross section parameters and load parameters on flexible pavements 

response. 

6.3 Conclusions 

Main conclusions in this dissertation are given chapter by chapter as follows. 

A literature review in chapter 2: 

1. Historically, conventional fatigue approaches and models do not take in the 

consideration of the entire fatigue damage process, but only the end points of crack 

initiation and propagation. 

2. The fatigue cracking appearing on the surface of an asphalt concrete pavement is 

caused not only by the crack initiation but more importantly by the crack 
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propagation which is largely attributed to the cyclic thermal strain and shrinkage as 

well. 

3. Caution should be exercised in applying the results of laboratory fatigue tests, either 

in controlled-strain or controlled-stress loading modes, to interpret the cumulative 

fatigue damage caused by compound loading. 

4. Full-size accelerated pavement testing provides an effective but expensive way to 

validate the correction factors needed for applying the laboratory fatigue test results 

to predict fatigue performance in field pavement. 

5. Stiffness deterioration of asphalt concrete must be considered in pavement design. 

From chapter 3, “IMPROVED MODEL TO PREDICT FLEXIBLE PAVEMENT 

TEMPERATURE” the following conclusions are drawn: 

The 3-D finite-element analysis is proved to be an interesting tool for simulating the 

transient behavior of asphalt concrete pavement temperature. The improved simulated model 

can, according to comparisons with field measurements, model the pavement temperature at 

different levels of bituminous layer with a good accuracy. 

When comparing measured and calculated temperature data hour to hour for a time 

period of one year, an average error less than 2.39 oC was obtained in depths close to surface. 

At depth 410 mm, the average error may reduce to 0.2327 oC. In hot months the average 

error is less than that in cold months. Thus, in hot months, the developed model presents 

better performance than in cold months. 

In Chapter 4, “MATERIALS PROPERTIES AND PERFORMANCE”, Virgin 60/70 

and 5 kinds of modified bitumen and two different wearing course materials (ACWC; SMA) 

are selected. The following conclusions are drawn: 

1. The optimum bitumen content has been increasing for modified mixtures. CR 

mixture has the highest bitumen content.  

2. Stability values for modified mixtures have been increasing for CR, CF, AF and GS 

mixtures but decreasing for PP mixtures.  
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3. Marshall Flows increase for CR, CF and GS but decrease for PP and AF mixtures. 

Voids filled with binder and voids filled with mineral aggregate values for modified 

mixtures are increased. 

4. Because of unfavorable loading condition of Marshall Test (tensile strength), the 

Marshall Stability of SMA is much smaller than ACWC.  

5. The modified bitumen with additives results in a reduction of the accumulated 

permanent deformation of an asphalt concrete mixture.  

6. There is a good correlation between CSS and SCSM: CSS decreases when SCSM 

increases. 

7. The strain-fatigue equation can satisfactorily characterize the fatigue data of 

bituminous mixtures. There is a strong linear relationship between the intercepts 

(log k1) and slopes (k2) of the fatigue equation. 

8. All fatigue lines of ACWC and SMA converge to the focal point (at microstrains 

around 1000).    

9. Cycles to failure at 100 microstrains of all mixtures are ranked as follows: GS > 

CR > CF > AF > PP > Virgin 60/70. 

10. Bituminous mixtures exhibit nonlinear characteristics between stress and strain, 

which can be expressed by the power equation. 

11. The modified bitumen can help bituminous mixture enhance their moisture 

susceptibility to ITS. 

12. All of bituminous mixtures meet the requirement of the moisture susceptibility to 

indirect tensile strength in terms of the Lottman’s criterion.  

13. In the dry condition, CSSs of mixtures stabilized by modified bitumen are smaller 

than those of mixtures stabilized by virgin 60/70 bitumen. This result means that 

modified bitumen helps bituminous mixtures lower their susceptibility to permanent 

deformation in dry condition. 
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14. In the soaked condition, CSSs of mixtures stabilized by modified bitumen are also 

smaller than those of mixtures stabilized by virgin 60/70 bitumen except for 

Polypropylene (PP) modified mixture. 

15. The modified bitumen decreases not only the susceptibility to permanent 

deformation but also decreases the moisture susceptibility for bituminous mixtures, 

especially for SMA. 

16. In dry condition, bituminous mixtures stabilized by modified bitumen have higher 

SCSM than those stabilized by virgin 60/70 bitumen. 

17. In soaked condition, SCSM results exhibit that bituminous mixtures with modified 

bitumen also improve susceptibility to permanent deformation in soaked condition. 

This conclusion is the same as that in CSS analysis. 

18. For each condition, fatigue lives at 80-200 microstrains of bituminous mixtures for 

all bituminous mixtures are ranked as follows: GS>CR>AF>CF> PP>Virgin 

60/70. 

19. The Ratios at 80, 200 microstrains of bituminous mixtures for ACWC and SMA are 

ranked as follows:  CF>AF>GS>CR>Virgin 60/70>PP for ACWC; 

CF>GS>PP>AF>CR>Virgin 60/70 for SMA.  

The flexible pavement service life was predicted and discussed in Chapter 5 “PREDICT 

FLEXILE PAVEMENT SERVICE LIFE WITH NONLINEAR FATIGUE MODEL”. A 

fatigue experiment based continuum damage mechanics was proposed. The indirect tensile 

fatigue testing was carried out to fit the damage variable parameters. Computer simulations 

based on nonlinear modeling were performed to study the fatigue resistance of asphalt 

concrete material on the crack initiation and propagation phase. The predicted fatigue life of 

three types of asphalt concrete material had been evaluated. The following conclusions were 

drawn based on the analysis performed: 

Gilsonite modified ACWC would have the longest fatigue life to crack initiation, 

followed by SMA and unmodified ACWC. However, the overall fatigue resistance including 
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the effect of crack propagation of the modified bituminous materials is better than that of the 

unmodified materials. 

The 12 types of asphalt concrete material should be used in various situations according 

to different climate and traffic conditions, such as Gilsonite modified ACWC was proposed 

to be used in dense traffic and high temperature areas for better performance of initiation 

cracking resistance and higher stiffness modulus. 

Sensitivity studies are conducted using the 3D finite element method of the effect of 

cross section parameters and load parameters on flexible pavements response. The sensitivity 

study shows that: 

The speed of the moving load has a significant effect on elastic and plastic pavement 

response. 

The confinement effect of shoulders is found to be able to reduce pavement deflection. 

The effect of different load attributes, axle load, number of axles and number of wheels, 

as well as cross section attributes, subgrade types and shoulder width, are investigated and 

found to be significant in flexible pavement response. 

6.4 Recommendations 

On the basis of the experimental test and finite element analysis described in this 

dissertation, a number of recommendations are provided for further study of asphalt concrete 

pavement. 

1. With respect to properties of modified bitumen, the following recommendations are 

made: 

(1). To investigate the softer bitumen (e.g. penetration grade 100) and effects of these 

bitumen on bituminous ‘s properties 

(2). The higher compacting and mixing temperature are used for modified mixtures. 

However, the short term ageing procedure for bitumen and bituminous mixtures 

are the same with those for conventional bitumen and mixtures. A standard ageing 

procedure for modified bitumen should be investigated. 
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2. Mix design of modified bituminous mixtures leads to the following 

recommendations: 

(1). The conventional mix design based on the Marshall method is a type of 

experiential method. To achieve a better performance of materials, the experiential 

method should be replaced by a performance related design method.     

(2). Gyratory compaction method for sample preparation should be further investigated 

and effect of this method should be compared with that of Marshall method. 

3. Evaluation of the modified bituminous mixture’s properties leads to the following 

recommendations: 

(1). Effects of the additives on modified bituminous mixture’s properties or on the 

improvement of material’s properties should be further studied, e.g. the effect of 

different additives contents on the fatigue properties of bituminous mixtures.  

(2). All fatigue tests were conducted at same temperature level (20 oC). All concepts 

proposed in this research were validated at this temperature; however, it would be 

necessary to evaluate the effect of temperature on the damage concepts. It is 

suggested that the concepts developed in this dissertation will should hold 

specimen at different temperatures. 

Evaluation of the flexible pavement fatigue crack and predicted pavement service life, 

The results of pavement response should be verified by long term pavement performance 

investigation.  
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Appendix A. 1 The 1st quarter of 2007 0.0mm-depth temperature distribution 
 

 

Appendix A. 2 The 2nd quarter of 2007 0.0mm-depth temperature distribution 
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Appendix A. 3 The 3rd quarter of 2007 0.0mm-depth temperature distribution 
 

 

Appendix A. 4 The 4th quarter of 2007 0.0mm-depth temperature distribution 
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Appendix A. 5 The 1st quarter of 2007 25mm-depth temperature distribution 
 

 

Appendix A. 6 The 2nd quarter of 2007 25mm-depth temperature distribution 
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Appendix A. 7 The 3rd quarter of 2007 25mm-depth temperature distribution 
 

 

Appendix A. 8 The 4th quarter of 2007 25mm-depth temperature distribution 
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Appendix A. 9 The 1st quarter of 2007 50mm-depth temperature distribution 
 

 

Appendix A. 10 The 2nd quarter of 2007 50mm-depth temperature distribution 
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Appendix A. 11 The 3rd quarter of 2007 50mm-depth temperature distribution 
 

 

Appendix A. 12 The 4th quarter of 2007 50mm-depth temperature distribution 
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Appendix A. 13 The 1st quarter of 2007 80mm-depth temperature distribution 
 

 

Appendix A. 14 The 2nd quarter of 2007 80mm-depth temperature distribution 
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Appendix A. 15 The 3rd quarter of 2007 80mm-depth temperature distribution 
 

 

Appendix A. 16 The 4th quarter of 2007 80mm-depth temperature distribution 
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Appendix A. 17 The 1st quarter of 2007 110mm-depth temperature distribution 
 

 

Appendix A. 18 The 2nd quarter of 2007 110mm-depth temperature distribution 
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Appendix A. 19 The 3rd quarter of 2007 110mm-depth temperature distribution 
 

 

Appendix A. 20 The 4th quarter of 2007 110mm-depth temperature distribution 
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Appendix A. 21 The 1st quarter of 2007 260mm-depth temperature distribution 
 

 

Appendix A. 22 The 2nd quarter of 2007 260mm-depth temperature distribution 
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Appendix A. 23 The 3rd quarter of 2007 260mm-depth temperature distribution 
 

 

Appendix A. 24 The 4th quarter of 2007 260mm-depth temperature distribution 
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Appendix A. 25 The 1st quarter of 2007 410mm-depth temperature distribution 
 

 

Appendix A. 26 The 2nd quarter of 2007 410mm-depth temperature distribution 
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Appendix A. 27 The 3rd quarter of 2007 410mm-depth temperature distribution 
 

 

Appendix A. 28 The 4th quarter of 2007 410mm-depth temperature distribution
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