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The asphaltic concrete is an essential material for flexible pavement 

construction. Its behaviour is however so complicated, especially the behaviour 

depended on the change of temperature and/or stain rate. The pavement design of 

Thailand has been still based on the standard of foreign countries. In fact most of 

them were created and developed based on the database observed under their 

environments. Those databases and methods from foreign countries may not be 

suitable to the condition of Thailand thereby this research focuses on the asphaltic 

concrete behaviour under the various temperatures and the changing rates which 

relate to the environment in the tropical countries such as Thailand. This study 

consists of two main parts which are to study the asphaltic concrete behaviour based 

on the laboratory test and to analyse the test result and then to model the asphaltic 

concrete behaviour. The fonner is composed of four tests which are the static and the 

cyclic indirect tensile tests and the static and the cyclic unconfined compress tests. All 

test results are analysed using the conventional pavement engineering method such as 

analyses result employing the time-temperature superposition. By all results of 

analysis they can be next used to produce the database for the road design in Thailand. 

The later studied the behaviour of asphaltic concrete can be used to validate the 

constitutive model based on the hyperplasticsity theory. The main feature of this 

theory is that it enables to define the constitutive law by setting the potential energy 

equation and the flow potential equation. This constitutive model also relies on the 

kinematic hardening plasticity and the rate-dependent plasticity principle. Following 

this study both the model and the parameters can be future benefits to numerical 

application in the pavement analysis and design. 
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g Gibbs free energy

0E initial stiffness

0k initial strength value

 internal coordinate

  ˆˆ internal parameter (or plastic strain) with internal coordinate

ij internal variable (or plastic strain) tensor

  HH ˆˆ kernel function

ve linear visco-elastic strain

E long-time equilibrium modulus

Macaulay brackets

m material constant for the transition of modulus

A, p material constants for Schapery continuum model
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 Poisson’s ratio
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RW pseudo strain energy density function
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CHAPTER 1

Introduction

1.1 Research background

The high progress of economy and population lead to an increase in a

demand of road infrastructure. To support the large amount of traffic, the pavement

construction is now enlarged, and the increase of capacity of the pavement structure is

also focused on. Whether the pavement structure will favourably support an

abundance of traffic or not, it depends on the design approach and its material

assumption. The appropriate design assumption is important for producing not only

the durable pavement but the economical pavement as well. There are two general

approaches for the flexible pavement or asphalt pavement design. The former is an

empirical method which involves a lot of experiences and data both from laboratory

and field test. The letter is an analytical method which depends on the characteristic

of stress-strain-strength existing in the pavement material.

The empirical method was widely used in 1950-1980 owing to the

simplicity and the rapidity. By this method, the design parameter is easily understood;

however, the stress-strain of materials can not be explicitly evaluated. This may be the

weakness because those previous properties are necessary for calculating in design.

Moreover, the development of design chart normally comes from the load repetitions

data which is not more than 10 MSA (Million Single Axle). If the amount of traffic

used for design is higher than 10 MSA, the designed data from design chart is

extremely inexact. In addition to this method, it is not suitable for Thailand since the

data employed for design chart developed is not from the same material or

environment in country.

Many researches in United State of America and Europe then persevered

in developing procedures for the design of analytical method. In 1962 the valuable

article “The Application of Elastic Theory to Flexible Pavement”, which explains the
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reasons supporting the elastic analysis theory for the flexible pavement design, was

represented by Whiffin and Lister (1962). The elastic theory has been used in place of

an old way because of the fact that it can be employed to analyse the lifetime of

application. In addition, this method leads to the development of new techniques both

in soil mechanics and asphalt technology and brings the chance to be able to choose

the materials with high quality for a pavement construction.

Afterwards the methods for analysing flexible pavement material known

as a numerical method was tried to analyse for an explanation of the behaviour of

flexible pavement material. For instance, the asphaltic concrete is based on the basic

elasto-viscoelatic principles to clarify the viscous behaviour happened in the material

(Huang, 2004). This assumption of analytical and numerical methods can be used to

assume only that the pavement materials can behave as elastic and/or viscoelastic. In

fact these materials however have the behaviours which are more sophisticated than

these above behaviours. Consequently, both of previous methods may not be

appropriate for predicting the actual behaviours of pavement materials.

An asphaltic concrete can be theoretically categorised as a

thermorheologically (or linear visco-elastic in a particular temperature) material.

Consequently, many researches tried to prove that the asphaltic concrete also exhibits

the thermo-visco-elasto-plastic behaviour. This is because the stress-strain-strength

characteristic of asphaltic concrete will be changed when the temperature and/or

strain rate are transformed. At any temperature, the asphaltic concrete will deform

slowly and permanently if a load is slowly applied. On the other hand, if a higher rate

of loading is applied, the asphaltic concrete will behave much stiffer and might

subject to fracture or crack. Furthermore, the asphaltic concrete will relax differently

when there is the temperature changing at any strain rate.

This research focuses on the development of a new constitutive model to

explain sophisticated behaviour of asphaltic concrete under the effects of both strain

rate and temperature. The developed constitutive model namely rate-dependent

hyperplasticity model (Likitlersuang et al., 2009) can exhibit the thermo-elasto-

viscoplastic behaviour of asphaltic concrete under shear loading. This model is based
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on the principle of continuous hyperplasticity framework (Houlsby and Puzrin, 2006).

The model is verified against both the experimental data from laboratory and is

compared with existing constitutive model for asphaltic concrete. More analytical

studies for evaluation of conventional pavement engineering properties such as

resilient modulus, rutting curve and temperature shift function are also carried out

with consideration of the temperature effect. In addition, the time-temperature

superposition analysis the principle of time-temperature superposition with growing

damage (Schwartz et al., 2002) is used to demonstrate the effect of time and

temperature on asphaltic concrete behaviour.

1.2 Research objectives

This research aims to conduct a rigorous evaluation of asphaltic concrete

behaviour in proposed performance and mechanistic behaviour. The main studies can

be categorised three sections as follows:

(1) The constitutive model for asphaltic concrete based on a rate-

dependent hyperplasticity model (Houlsby and Puzrin, 2003) is developed.

(2) To prove that the developed constitutive model can be used to predict

the asphaltic concrete behaviour under the changes of temperature and strain rate.

(3) The asphaltic concrete is tested to study the strength and plastic

deformation characteristic. The tests consist of the static and cyclic indirect tensile

tests (S-IDT and C-IDT) and the static and cyclic unconfined compression tests (S-

UC and C-UC). Two factors affecting the asphaltic concrete, which are temperature

and strain rate, are studied.

(4) The test results are firstly analysed by a conventional pavement

engineering knowledge such as regression analysis of resilient modulus and

permanent deformation (rutting). The time-temperature superposition with growing

damage developed by Schwartz et al. (2002) is moreover used for studying and

explaining the effect of temperature and strain rate resulting in the asphaltic concrete.
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1.3 Research methodology

The main procedure for achieving previous objective comprises the

numerical analysis, experimental testing, and the conventional analysis of

experimental results. The details of these three parts are clarified as shown in the

following items.

(1) In numerical analysis, the rate-dependent hyperplasticity model for

predicting the asphaltic concrete under the effect of temperature and strain rate is

developed. This model is then calibrated against viscoelastic damage model and

experimental data (Schwartz et al., 2002). After calibration, this model is predicted to

compare with the IDT and UC test results of this research.

(2) In experimental study, the behaviour of asphaltic concrete are studied

under S-IDT and C-IDT tests and S-UC and C-UC tests. The tested specimens of both

static and cyclic tests are designed with 5.5% by aggregate weight of AC 60/70 based

on Marshall Method. They are produced by means of controlling the density using

Superpave Gyratory Compactor (SGC). Two factors observed in static load test are

the various temperatures and the diverse rates of loading. These different temperatures

which are 10, 25, 40, and 55oC are used for both S-IDT and S-UC tests. For the

selected rate of loading, the specimens of S-IDT test are studied at 0.0008, 0.0025,

0.0083, and 0.0250 s-1, and the specimens of S-UC tests is studied at 0.0006, 0.0017,

0.0056, and 0.0167 s-1. For the factor studied in cyclic load test, the specimens of

which have rate of loading 1 Hz (1:9), is tested at similarly temperature as static

scheme.

(3) In the analysis of experiment, the database and/or empirical formula

to analyse are created under various temperatures and strain rates. This process is

based on the conventional pavement engineering method and the principle of time-

temperature superposition with growing damage.
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1.4 Research expected contribution

According to the whole research composing of a numerical

implementation, an experimental testing, and a conventional analysis of experimental

test, the expected contribution is concluded as follows:

(1) The rate-dependent hyperplasticity model relied on the

hyperplasticity approach were produced for an attainable prediction under the

principles of continuous hyperplasticity framework, the kinematic hardening

plasticity, and the rate-dependent plasticity. The thermo-elasto-viscoplastic behaviour

would be shown clearly by numerical study that the numerical method can provide an

accurate prediction closer to the actual behaviour of materials than the empirical

method and analytical method. This introduces the usefulness and the new alternative

to apply to the finite element program for the pavement problem. In addition, this

research may lead to the increase in concern of numerical study on the pavement

material work.

(2) Following the experimental testing and analyse of experimental

testing, the result can be used for evaluation of asphaltic concrete properties. The

outcome can be the material database of the asphaltic concrete and also to design for

the pavement construction in tropical countries especially Thailand. For example, the

maximum stress ( max ), the strain at maximum stress ( peak ), and the secant Young’s

modulus at 50% of the maximum stress (E50) under different temperatures and strain

rates can be estimated by means of the testing results of the static test. As for the

value of resilient modulus (Mr) from C-IDT test it can be used to design the layer of

the asphaltic concrete. In C-UC test, the simple equation obtained from this test can

be employed for rutting prediction of pavement structure. Additionally, the indirect

tensile stress/strength and the unconfined compression stress/strength at changed

temperatures and strain rates are able to be estimated by the analysis of time-

temperature superposition.
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CHAPTER 2

Literature review

2.1 Introduction

This literature review can be categorised into three parts: (1) conventional

of pavement engineering knowledge, (2) constitutive modelling for asphaltic concrete

and time-temperature superposition, and (3) rate process theory and hyperplasticity

approach. In the first part, the flexible pavement structure, the failure criteria, the

critical stress/strain of flexible pavement, the asphaltic concrete behaviour, and the

asphaltic concrete characteristic are discussed. In the second part, the famous

constitutive model such as a viscoelatic model and an elasto-visco-plastic model are

reviewed. The time-temperature superposition reported by Schwartz et al. (2002) is

also looked over. In the last part, the rate process theory is reviewed to completely

understand the asphaltic concrete behaviour. The hyperplasticity approach is briefly

described. The development of rate dependent hyperplasticity model is also reviewed.

In addition, the summary of the literature review is presented at the end of this

chapter.

2.2 Flexible pavement structure

A typical flexible pavement structure is made up of layers each of which

comprises different material and superimposes together as shown in Figure 2.1. The

better-qualified material is located on higher layers due to the fact that they must

sustain a higher value of stress. Besides, by the reason of sustaining lower stress, a

inferior materials are beneath. The meaning and function of each layer are indicated

as follows:

(1) Seal coat: A seal coat is a thin asphalt surface treatment. It makes use

of the skid resistance because the aggregates in the surface probably could slip by the

polishing of the traffic. In addition, it is used to waterproof the surface.
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Figure 2.1 Tropical cross section of a flexible pavement

(2) Surface course (Wearing course): The surface course is the top course

of asphalt pavement, which is normally constructed of the dense grade hot mix asphalt

(HMA). This course is used for the purpose of resisting the distortion under the traffic

and providing a smooth and skid-resistant riding surface. It is also employed to

protect the entire pavement and subgrade soil from water which is a cause of its

weakness. Therefore, the toughness and waterproofing are the essential properties of

surface course.

(3) Binder course (Asphalt base course): It is the asphalt layer below the

surface course. In order to fulfill the surface course, the binder course is produced.

Since the thickness of hot mix asphalt is too much, the hot mix asphalt is hard to be

compacted in one layer. Thus, it must be placed in two layers. Furthermore, for more

economical design, a part of surface course is replaced by the binder course.

Accordingly, the binder course does not need high quality as the surface course, and it

generally consists of the larger aggregates and less asphalt.

(4) Tack coat and Prime coat: A tack coat is an extremely light application

of asphalt, which is regularly diluted with water to be asphalt emulsion. Because it is

necessary to bind each layer of an asphalt to the layer below, a tack coat is used for

not only ensuring a bond between the surface being paved and the overlying course

but also binding the asphalt layer to an old asphalt pavement. A prime coat is an

application of low-viscous cutback asphalt to an absorbent surface. It is useful to bind

between the granular base and an asphalt layer.

(5) Base course and Subbase course: A base course is the layer of material

suddenly below the surface or binder course. It plays an important role in distributing
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the traffic load safely to the subgrade soil. Its component can be the crushed rocks and

gravels, including cement-stabilized base material. For the subbase course, it is the

layer of the material beneath the base course. The materials of subbase course usually

consist of an economical material which is available in local area. Its functions are

truly similar to the base course. However, the slight difference to be economical is

that it regularly comprises the weaker and cheaper material than the base material.

(6) Selected materials: The selected materials are generally composed of

the marginal material in local area. This layer is produced where the pavement is

heavily loaded or where the subgrade soil is very weak.

(7) Subgrade soil: This soil is the natural soil underlying the pavement

about one meter. On the other hand, the subgrade soil is approximately one-meter

deep part beneath the finished level of embankment. It is also the one-meter part

below the excavated surface in case of cut. Moreover, the stabilized or treated soil

replacing unsuitable natural soil is counted as the subgrade soil.

2.3 Failure criteria in flexible pavement

For the development of design approach at present, the majority of failure

usually occurred in the asphaltic concrete surface is mainly focused. The failures

mentioned next are arisen from the properties of an asphaltic concrete, the

environment, and the repeated traffic loads. It is noticed that each failure on the

surface may be appeared similarly, although the cause of each failure may be

different. The failure problems normally happened in the asphaltic concrete surface

can be separated as follows:

2.3.1 Permanent deformation

The pavement change found in the shape of surface layer or layer of a

pavement structure is called permanent deformation. This deformation generally

occurs in wheel path where the vehicle loads pass along or the areas where the vehicle

stop frequently. Permanent deformation can occur only in the surface layer or only in

the layer of pavement structure, or it can also occur in both surface layer and layer of
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pavement of structure. This problem results from losing the sustaining of layer of

material used in construction. This situation leads to the deformation caused by a

pavement sedimentation or flowing of this layer.

The deformation normally has two types: (1) permanent deformation

occurred in the wheel path of traffic loads and paralleled the traffic direction is called

rutting as shown in Figure 2.2(a). (2) permanent deformation existed in the area where

the vehicles stop frequently or move the traffic direction slowly and perpendicularly

is call shoving as illustrated in Figure 2.2(b). The rutting of permanent deformation is

mostly found in the rural highways because the traffic can be more quickly. Both

rutting and shoving are generally discovered in the urbanized roads especially at the

intersection and zones of traffic jam.

(a) (b)

Figure 2.2 (a) Distress of rutting (b) Distress of shoving

2.3.2 Thermal cracking or Horizontal cracking

Temperature change is the cause for the thermal cracking in an asphalt

pavement as displayed in Figure 2.3(a). When the rates of tensile stresses caused by

low temperatures are more than the rates of tensile strengths of asphaltic concrete

mixture, thermal cracking exists horizontally. This problem in the asphalt pavement is

mainly caused by the properties of asphalt at low temperature because of the fact that

under low temperature an asphalt becomes stiff and fragile. The behaviour possibly

happens according to grade, crude source, age, and strain rate of each asphalt.
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(a) (b)

Figure 2.3 (a) Distress of thermal cracking (b) Distress of fatigue cracking

2.3.3 Fatigue cracking or Alligator cracking

When the asphalt pavement supports repeated loads for too long, a creep

can occur. This behaviour follows from the horizontal tensile strain below the

asphaltic concrete surface and leads to fatigue cracking. Figure 2.4(b) illustrates the

characteristic of fatigue cracking. The primary factors resulting in fatigue cracking

are: (1) the structure design of pavement (2) the properties of asphalt (3) the asphalt

content (4) the air void content in mineral aggregate (VMA) and the characteristics of

an aggregate in asphaltic concrete mixture (5) the in place properties of pavement

materials (6) temperature and (7) traffic (Finn, 1978).

2.4 Problem and Improvement

The first problem found is the database used for designing material or

evaluating materials property. Generally, the flexible pavement design in many

tropical countries such as Thailand refers to the standard of America or Europe. These

quoted standards were produced from the experimental database of cold climate zone

which is totally different from the database collected in the tropical areas. For

employing the design standard from elsewhere simply and directly, it may not be

suitable for another local area. Consequently, it is essential to transform database,

temperatures of cold climate countries, into the herein temperatures which truly exist

in the tropical zone.
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The second significant one is the assumptions for analysing the asphaltic

concrete. This assumption makes use of considering viscoelastic behaviour. Actually,

the behaviours of all materials do not express only the elastic behaviour. As the stress-

strain relation beyond the first yield shows us, there is the plastic behaviour in a

pavement material. For instance, when the material is loaded until it is reached the

first yield and then reloaded back to the original condition, the loading path can not be

back to the old point. This is called the plastic strain or permanent strain.

Following the problem above, the assumptions for analyzing behaviours

of asphaltic concrete are not adequate to describe the behaviour of material. Thus,

other knowledge and methods are required to improve the prediction of asphaltic

concrete such as the plasticity theory. From previous theory, the constitutive model

are produced to explain the thermo-elasto-viscoplastic behaviour of asphaltic concrete

and to define the plastic strain and failure strain.

2.5 Critical stress/strain of flexible pavement

The multi-layered system structure of flexible pavement consists of

various stiffness of pavement layer. Figure 2.4 exhibits the multi-layered pavement

structure of which base layer is granular material. The critical stress/strain occurring

in the pavement layer results from the applied wheel load (FHWA, 1987). In the

figure, the points 1, 2, 3, and 4 represent the location of critical stress/strain point. In

reference to many researches, the pavement material has an ability to resist the stress

rather than the strain. Moreover, at the failure of materials the strain is less variable

than the stress failure. Therefore, for the design of flexible pavement using analytical

method, the strain is employed to be the determiner of failure in each pavement layer.

When the strain exists over the limitation of pavement layer, a fatigue cracking and

rutting happen according to the manner of strain. The fatigue cracking is influenced

by the tensile strain and rutting results from the compressive strain. In flexible

pavement design, both of aforementioned are the failure criteria.

The stress and strain are discovered in a pavement layer, when the

pavement structure is pressed by a wheel load. The stress and strain existing in the
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pavement layer above can be separated into three kinds. The first one is the vertical

stresses/strains which press each level of pavement layer and result in the higher

density and rutting. The next one is the vertical stresses/strains which affect an

unstable structure of pavement especially when the wheel load is very heavy. The last

one is the radial stresses/strains which are caused by the deflection beneath the

pavement layer of which the category is the asphaltic concrete. These stresses/strains

resulting from wheel load cause cracking which occurs in the pavement layers and

spreads from the bottom to the surface.

Figure 2.4 Critical stress and strain at each layer of flexible pavement

Number (1) is a vertical compressive strain occurring in a surface layer of

asphaltic concrete. It becomes critical when the traffic is extremely congested or very

weighty. Taking place of vertical compressive strain in a pavement layer leads to the

density of surface and then rutting. In design, the vertical compressive strain in an

asphaltic concrete layer is not as the critical strain appointing the failure of pavement

owing to the reason that during construction an asphaltic concrete is usually

compacted to be very dense.
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Number (2) is a radial tensile strain existing below the surface layer and

located at the joint between surface and base layer. This strain is influenced by the

deflection of the pavement caused by the wheel load. Following from the traffic

passed along, the radial tensile strain beneath a surface is continuously accumulated

until the asphaltic concrete can not be sustained this traffic load. The situation brings

about the cracking below the asphaltic concrete surface. The radial tensile strain

happening beneath an asphaltic concrete surface is counted as the critical strain for the

design of pavement structure.

Number (3) is a vertical compressive strain taking place in the granular

material base layer. Normally, the material used in the construction of base layer must

be very firm and well-constructed; therefore, the vertical compressive strain occurring

in the base layer above is not as the critical strain which is employed for considering a

design of flexible pavement. The vertical compressive strain taking place in the base

layer built from the local low-qualified material is the cause of rutting.

Number (4) is a vertical compressive strain happening in a subgrade soil

surface of flexible pavement. Since the subgrade soil layer has the lower elastic

modulus than the others, the vertical compressive strain taking place in the subgrade

soil layer is higher than the others as well. This occurrence leads to the rutting. This

strain is also the critical strain used in the flexible pavement design.

2.6 Asphaltic concrete behaviour

At present, the asphaltic concrete behaviour is mostly based on the

assumption of viscoelastic and/or elastic material. A strength value of material in the

assumption depends on the stress and strain level. In fact, the assumption above is not

adequate to reach the material behaviours due to the reason that the behaviours of

asphaltic concrete employed in a road construction are not only elastic. Therefore, for

approaching material behaviours, the constitutive model is used to appropriately

predict the material behaviours. Before referring to the constitutive model theory, the

real behaviours of asphaltic concrete are considered and some important aspects of

their behaviours are identified in the following section.
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The behaviour of asphaltic concrete mixture is mentioned. An asphaltic

concrete consists of asphalt cement and aggregate. The behaviour of the asphaltic

concrete really depends on the asphalt cement. In different temperature, an asphalt

cement can exhibit the viscous and elastic behaviour. Depending on the various

temperatures, these can be separated into three ranges: (1) in high temperature (i.e.

100oC), the behaviour of the asphalt cement becomes as the viscous fluid which is

concentrated and lubricating like oil. (2) in low temperature (i.e. 0oC), the asphalt

cement behaviour acts as the elastic solid which can be changed back to the original

condition. (3) in intermediate temperature (i.e. room temperature), in the environment

between high temperature and low temperature, both of viscous and elastic behaviour

are expressed, which is known as the viscoelastic behaviour.

To define the effects of temperature and strain rate, Kim (2009) presented

the qualitative of strain rate versus the temperature which displays the stress-free

temperature and the strain rate as illustrated in Figure 2.5 This relation can be used to

explain the mode of damage of asphaltic concrete. For instance, an asphaltic concrete

specimen will be collapsed with the fracture (tensile) mode at the high strain rate and

the low temperature conditions. However, the asphaltic concrete will be failed by the

plastic flow at low strain rate and high temperature condition. Another failure

possibility is the microcracking at the intermediate strain rate and the low temperature

condition.

Figure 2.5 Asphaltic concrete affected of temperature and strain rate
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2.7 Characteristics of asphaltic concrete

There are two main characteristics of asphaltic concrete which have

frequently been considered on the most critical for the analysis and/or the design of

flexible pavement. The first one is the fracture characteristic such as resilient modulus

(Mr) used to describe the stiffness of asphaltic concrete. The last one is the permanent

deformation characteristic or the rutting of asphaltic concrete. Both of these

characteristics are employed as the failure criteria in the Asphalt Institute Method.

2.7.1 Resilient modulus

Hveem and Carmany (1948) and Hveem (1955) introduced the concept of

resilient behaviour of pavements. Seed et al. (1955) at the University of California at

Berkeley then followed the progress formed by Hveem, who had developed the

repeated load test. After pursuing, the term modulus of resilience was proposed and

later changed to be resilient modulus (Seed et al., 1962) as displayed in Figure 2.6.

Figure 2.6 Definition of resilient modulus

As figure above the resilient modulus value, which expresses in term of

deviator stress (q) and recoverable strain ( r ), can be described by elastic principle as

presented in the following equation:

r

r

q
M


 (2.1)
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For an asphaltic concrete, the resilient modulus is able to investigate from

IDT test for a resilient modulus of bituminous mixtures. Therefore, the ASTM D 4123

developed the simply equation which used to calculate the resilient modulus as

expressed below:

d

P
M r






)2734.0(
(2.2)

where P is dynamic load,  is Poisson ratio which normally is equal to 0.35 (ASTM

D 4123),  is total recoverable deformation, and d is specimen thickness.

Meor and Teoh (2008) studied the effects of temperature on the resilient

modulus of dense asphalt mixes incorporating steel slag fully or partially replacing

natural granite aggregates and then subjected to short term the oven aging. Two mix

types designated as SSDA (asphalt mixture incorporating 100% steel slag as

aggregates) and SSGDA (asphalt mixture incorporating 50% steel slag and 50%

granite aggregates) were evaluated. The specimens were tested at 10ºC, 25ºC and

40ºC. Some parts of research can be concluded the effect of resilient modulus with

temperatures which provided from two asphaltic mixtures as shown in Figure 2.7.
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Figure 2.7 Resilient Modulus of short term oven aged SSDA and SSGDA mixes at

6.0% binder content (Meor and Teoh, 2008)
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Phromsorn et al. (2003) investigated the properties of indirect tensile

strength and the resilient modulus of asphaltic concrete in Thailand. The asphaltic

concrete samples were thoroughly collected from five regions which are central,

north, north-east, east, and south. For the resilient modulus, the samples were tested

with four different temperatures which are 15, 25, 35, and 45oC. The result of average

of resilient modulus of the asphaltic concrete in Thailand with four different

temperatures is displayed in Figure 2.8.
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Figure 2.8 Result of the average of resilient modulus: five regions in Thailand

(Phromsorn et al., 2003)

2.7.2 Permanent deformation

A permanent deformation or rutting in an asphaltic concrete develops

gradually with increasing of load applications, usually appearing as longitudinal

direction in the wheel paths accompanied by small upheavals to the sides. The

permanent deformation can be described in terms of cumulative permanent strain or

plastic strain ( p ) versus the number of loading cycles (N) as illustrated in Figure

2.9(a). The cumulative permanent strain curve can be divided into three zones:

primary creep, secondary creep, and creep rupture or tertiary creep. The changing of

slope in secondary and tertiary represents the flow number (FN). The classic power-
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law model, mathematically expressed by Equation 2.3, is typically used to analyse the

test results:

b
p aN (2.3)

where a and b are regression constant defined in Figure 2.9(b)

(a) (b)

Figure 2.9 (a) Typical relationship between total cumulative permanent strain and

loading cycles (b) Regression constants a and b

Jahromi and Khodaii (2008) studied the characteristics and properties of

carbon fibre reinforced asphalt mixtures, which might improve the performance of

asphaltic concrete. To evaluate the effect of fibre contents on asphaltic mixtures,

laboratory investigations were carried out on the samples with fibres and the samples

without fibbers. Some parts of research can be concluded the correlation between a

permanent strain and a stiffness as illustrated in Figure 2.10. A increase in the resilient

modulus properties of specimens was followed by a decrease in the permanent

deformation.

Thammavong and Lavansiri (2006) studied the feasibility and the

suitability of foamed asphalt to stabilize reclaimed asphalt pavement (RAP). For the

investigation of permanent deformation, the repeated load deformation test also

utilizes the UTM, following the Australian standard test method (AS 2891.12.1-

1995). Some parts of research can be concluded the results of permanent deformation

test of foamed asphalt mixtures as expressed in Figure 2.11. The 50%RAP and

0%RAP foamed asphalt mixtures show superior to 100%RAP foamed asphalt
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mixtures that whether they experience lower accumulated strain than 100% RAP

samples.
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2.8 Constitutive model for asphaltic concrete

The knowledge of structure mechanics and continuum mechanics

contribute to the numerical method. This method based on the finite element and the

finite difference method has been most widely used. These methods attempt to satisfy

the realistic constitutive model. In the view of complexities in the material behaviour,

the constitutive model is developed for decreasing the weakness in the prediction of

material behaviour. The constitutive model theory which can approach the material

behaviour is mentioned in this section.

2.8.1 Viscoelastic model

The elastic property of solid and viscous behaviour of liquid is controlled

by the viscoelastic material. The theory of viscoelasticity is naturally applied to the

analysis of layered system because the behaviour of HMA of which viscoelastic

material depends on the time of loading. The behaviour of linear viscoelastic can be

described by mechanics model. These models are established with two basic elements

which are a linear spring with spring constant (E) and a dashpot (pistons moving in a

viscous fluid) with coefficient of viscosity ( ).

The basic model consists of an elastic model and a viscous model. Firstly,

the elastic model, which is appropriate with an elastic material, is characterized by a

linear spring as illustrated in Figure 2.12(a), and obeys Hook’s law. Secondly, the

viscous model, which is appropriate with a viscous material, is characterized by a

dashpot as illustrated in Figure 2.12(b), and obeys Newton’s law. For the viscous

model,a stress is depending on the time rate of strain (i.e.
t


 ). The equations of

both elastic model and viscous model are expressed by

Elastic model:  E (2.4)

Viscous model:





t
(2.5)

where  is stress,  is strain, and t is time.
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Figure 2.12 Mechanical models for viscoelastic materials

The Maxwell model is a combination of elastic and viscous model in

series as shown in Figure 2.12(c). This model corresponds to a viscoelastic fluid.

Under constant stress, the total strain is the sum of strain of both an elastic model and

a viscous model. This equation can be written as follows:






















0000

1
T

t

E

t

E
(2.6)

where
0

0
0

E
T


 is relaxation time: it characterizes the rate of decay of the force. The

subscript 0 is used to indicate a Maxwell model.

The Kelvin model is quite different from Maxell model. This model is a

combination of elastic and viscous model in parallel as indicated in Figure 2.12(d).

This model is capable of predicting viscoelastic solid. Both of elastic and vicious

models have the same strain which is shown in equation below, but the total stress is

the sum of two stresses (i.e.
t

E



 11 ).
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





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11

exp1
T

t

E
(2.7)

where
1

1
1

E
T


 is retardation time it characterizes the rate of decay of the

displacement. The subscript 1 is used to indicate a Kelvin model. If 0 is applied

instantaneously to the model, the linear spring will be activated. In addition, if this

strain is kept constant, the stress will gradually relax and, after a long period of time,

will become to zero (i.e. 









0

0 exp
T

t
).

The Burgers model is a combination of Maxwell and Kelvin models in

series as illustrated in Figure 2.12(e). Under constant stress, the strain equation can be

written as follows:













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




1100

exp11
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t

ET

t

E
(2.8)

For the Burgers model, the total strain consists of an instantaneous elastic strain

(
0E


), a viscous strain (

00TE

t
), and a retarded strain ( 




















11

exp1
T

t

E
). Although a

Burgers model well represents the behaviour of viscoelastic material, a single Kelvin

model is usually not sufficient to define the long period of time.

The generalized model can be used to characterize any viscoelastic

material as shown in Figure 2.12(f). Under constant stress, the strain of this model can

be written as:












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


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
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
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





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n

i ii T

t

ET

t

E 100

exp11 (2.9)

where n represents the number of Kelvin models. The generalized model can explain

the effect of load duration. Under the single load application, the instantaneous and
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the retarded elastic strain predominates, and the viscous strain is negligible. However,

under a large number of load repetitions, the accumulation of viscous strains is the

cause of permanent deformation.

2.8.2 Viscoelastic damage model

Park et al. (1996) initially developed a simple constitutive model for the

uniaxial stress-strain behaviour of asphaltic concrete with time-dependent damage

growth, called a viscoelastic damage model. For this model, the constitutive model is

defined by referring from the pseudo strain energy density function ( RW ) and internal

state evolution law. The following equations constitute the viscoelastic model used in

the characterization of asphaltic concrete. The pseudo strain energy density function

can be defined as:

  2
2

1 RR SCW  (2.10)

where C(S) is material damage function of single damage parameter (S) and R is

pseudo strain. The R , which bases on an elastic-viscoelastic correspondence

principle, can be written as:

 



t

R

R

R

R

R dt
t

ttE
E

0
d

d1
(2.11)

where RE is reference modulus (i.e. initial modulus),  tE is relaxation modulus, Rt

is reduced time, and t is time. To implement numerically the viscoelastic damage

model, a series function is used to represent the relaxation modulus,  tE (Park and

Kim, 2001):

  








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







N

i
m

i

i

t

E
EtE

1
1

(2.12)
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where E is long-time equilibrium modulus, iE is elastic modulus associated with a

relaxation time, i is relaxation time, and m is material constant for the transition of

modulus. In Substituting Equation 2.12 into Equation 2.11 and integrating for a

process at constant strain rate, the pseudo strain is expressed as:
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(2.13)

where  is constant strain rate and time. t can be computed from  t . The relation

between a stress and a strain is defined in term of pseudo strain as:

  R

R

R

SC
W





 (2.14)

The model also uses an internal state evolution law for damage to micro-

crack growth:



















S

W
S

R
 (2.15)

where  is material-dependent constant for damage function. For the prediction of

temperature effect, Schapery (1999) and Schwartz et al. (2002) introduced the

features into the model to describe the effect of temperature, using time-temperature

superposition as explained in the next topic.

2.8.3 Elasto-visco-plastic model

The characteristic of asphaltic concrete does not show only the completely

elastic behaviour as described in previous topic. The theory of the elasto-visco-plastic

(EVP) is generally applied to the stress-strain analysis of pavement engineering. EVP

theory can be described by the mechanical model as shown in Figure 2.13. This model
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composes of three basic elements which are a linear spring with spring constant (E), a

slip friction with coefficient of friction (k), and a dashpot (pistons moving in a viscous

fluid) with the coefficient of viscosity ( ).

Figure 2.13 Elasto-visco-plastic model

2.8.4 Elasto-visco-plastic model (Schapery continuum model)

Schapery (1999) was to develop the viscoplastic constitutive model for an

uniaxial loading. The axial viscoplastic strain is assumed by strain hardening model:

 
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1

1 
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
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
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 
 

pt
p

vp dtg
A

p (2.16)

where p is total viscoplastic strain,  g is uniaxial stress loading function, and A

and p are material constants. As for the constant stress creep condition  g is

independent of time and  g is assumed a power law as qB . For this case, the

presentation of viscoplastic strain become as in equation below.

  1

1

1

11

1

1 









 
 ppq

p

vp t
D

p (2.17)

where D = A/B. B and q are material properties. For asphaltic concrete material, the

viscoplastic parameter p, q, and D were calculated by using the uniform load and

uniform time creep and recovery test.



26

2.9 Time-temperature superposition

The properties of viscous material e.g. asphaltic concrete can be assumed

to be a function of time and temperature. In general, it is difficult to describe the

mechanic behaviour of asphaltic concrete under previous two functions. Fortunately,

the asphalt binders are the simple of thermorheological material, which means an

effect of time can be replaced by an effect of temperature, and vice versa. The

asphaltic concrete property as a function of time (or frequency) such as the complex

modulus (E*) or shear dynamic modulus (G*) at varies temperatures can be shifted

along the horizontal log time (or log frequency) axis to form a single characteristic of

master curve. The E* and G* can be estimated following as the dynamic modulus test

(AASHTO TP 62) and the shear dynamic modulus test (AASHTO TP 7). For example

in Figure 2.14, the modulus at any temperature can be modelled with a single curve at

a reference temperature named as a master curve. All curves are shifted by means of

the temperature shift parameter (aT(T)) which is defined:

R

T
t

t
Ta )( (2.18)

where t is time (before shifting), and Rt is reduced time or time at reference

temperature (after shifting) (see Figure 2.14).

Figure 2.14 Data shifting to construct master curve

Schapery (1999) developed the Schapery continuum damage model which

explains the conceptual of visco-plasticity with growing damage. This model consists
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of the visco-elastic correspondence principles, the microstructure damage, and strain

hardening visco-plastic. Schapery continuum damage model is the separation of total

strain t into its components:

vpdvet  (2.19)

where ve is linear visco-elastic strain, d is strain due to microstructure damage, and

vp is visco-plastic strain. For calculation the temperature shift parameter

corresponding the total strain t , Schapery (1999) concluded the components of t ,

as Equation 2.19, may be interchanged using the time-temperature superposition.

)()()( TaTaTa TvpTdTve  (2.20)

where aTve(T), aTd(T) and aTvp(T) are temperature shift parameter for visco-elastic,

microstructure damage, and visco-plastic behaviour, respectively.

Schwartz et al. (2002) presented the time-temperature superposition with

growing damage, which it was verified by the uniaxial compression constant strain

rate tests at large-strain values. According to the uniaxial compression test results, the

master curves (stress vs. reduced time) and corresponding time-temperature shift

functions curve are obtained. The procedure producing both of previous curves is

called cross-plot method. Note that since the strain value is fixed, this plot is similar

to a modulus versus a log time curve.

The procedure of cross-plot is schematically illustrated in Figure 2.15 and

can be explained as follows. Firstly, a given magnitude of strain reference is selected.

For this strain at a given temperature, the magnitude of stress and time are determined

for each strain rate. Secondly, these values are constructed the relation of log stress

and log time for the given strain magnitude. Finally, a log stress and a log time curve

for each temperature are shifted to produce the master curve, and the temperature shift

function is constructed by the same procedure as the dynamic modulus test and the

shear dynamic modulus test.
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Figure 2.15 Schematic of time-temperature superposition principle by using cross plot

2.10 Rate process theory

A rate process theory is the theory used for explaining the strength

behaviour of material and the particle rank of material. For instance, the particle rank

of soil is defined by mean of an activated energy (Ea) and frequency (f) which force

the movement of soil particle as shown in Figure 2.16

Mitchell and Soga (2005) concluded that the movement of soil particle

varies according to the frequency of activated energy ( f ). As for this condition

the strain rate equation can be written following as:
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Figure 2.16 Imitation of the activated energy of soil when it is forced by shear
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where X is various constant, k is Blotzman’s constant (1.38x10-23 J/K), h is Planck’s

constant (6.624x10-32 J/s), Ea is activated energy, R is universal gas constant (8.3114

J/(K.mol)), and  is absolute temperature. In case of solid with stable temperature

1
2






k
. Accordingly, the strain rate can be written as 


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sinh or
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
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




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r
r sinh in which r represents the constant using the same numerative unit as

the strain rate.

2.11 Hyperplasticity approach

For the plasticity theory, there has been an emphasis on the use of

thermodynamic principle to develop a new approach to a plasticity modelling called

hyperplasticity. There are two types of hyperplasticity approach which based on the

law of thermodynamics. Firstly, the hyperplasticity theory for rate-independent

material is proposed by Houlsby and Puzrin (2006). For this theory, the entire

constitutive model is identified by two scalar potential functions. These functions are
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an energy function and a yield function (y). This section uses here the example of

Gibb free energy (g):

Energy function:  ijij ,gg  (2.22)

Yield function:   0,,  ijijij
gyy (2.23)

where ij is stress tensor, ij is internal variable (or plastic strain) tensor, and ij is

generalized stress.

In the formulation described by Houlsby and Puzrin (2000), the following

derivative relationships are obtained:

ij

ij

g




 ,

ij

ij

g




 , and

ij

g

ij

y




 (2.24)

where ij is plastic strain rate, ij is strain tensor, and  is arbitrary non-negative

multiplier.

Secondly, the hyperplasticity theory for rate-dependent material is

developed by Houlsby and Puzrin (2006). This model is also identified two potential

functions. The energy function does not change from rate-independent model, yet the

yield function is replaced by flow potential  w . Many rate-dependent materials are

considered the thermally activated processes. Therefore, for more understanding, the

rate process theory (Mitchell and Soga, 2005) may be used in the sophisticated

geotechnical problem. Its equation can be written as follow:

 
 



































1

0

2 1
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cosh d
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where k is strength parameter,  is viscosity coefficient, and r is constant with the

dimensions of strain rate. The Macaulay brackets is ; 0x , 0x ; and xx  ,

0x .



31

For the realistic modelling which gives a smooth transition between an

elastic and an elastic-plastic behaviour, an extension of single yield surface to

continuous hyperplasticity is considered by Houlsby and Puzrin (2006). This

approach employs an infinite number of yield surface expressed in term of an internal

coordinate   . However, a finite number N of a surface must be practically employed

instead of an infinite number of yield surface as defined in equation below.

Energy function:
    N

ijijijg  ,...,, 1
(2.26)

Yield function:
         0,,,,,, 11  N

ijij
N

ijijij
gy  (2.27)

The kinematic hardening mechanism is selected as a key stage in

developing a model. The hardening term is expressed in the energy function. For this

case, the presentations of Gibbs free energy function become as below equation.
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where  is stress, 0E is initial stiffness,  is “internal coordinate” which effectively

specifies size of the yield surface, and   ˆˆ is internal parameter that plays the

role of the plastic strain. The “kernel function”   HH ˆˆ , which defines the basic

shape of the stress-strain curve is defined for this specific model as:

 
 

 30 1
12

ˆ 



a

E
H (2.29)

where a is shape parameter controlling the rate of change of tangent stiffness (see

detail Likitlersuang et al., 2007). Strain hardening or softening can be introduced by

allowing k to be dependent on ̂ . Here we adopt an exponentially decaying function

which allows more consistent modelling of the response at large strain:

   00 expˆ  kk (2.30)
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where  is cumulative total plastic strain, k0 is initial strength value, and 0 is

reference strain which controls the rate of reduction of strength.

In 2007 Likitlersuang and Houlsby developed the rate-dependent

hyperplasticity model for predicting the behaviour of Bangkok Clay. The Gibbs free

energy functional and the flow potential are defined as Equation 2.28 and 2.25

respectively. The incremental stress-strain response is then given by:
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where  xS represents extended signum function   ;0,1S  xx

  ;0,1S1  xx   0,1S  xx . To predict the behaviour of stress and strain of

rate-dependent material, 6 parameters ( 0E , k0,  , r, 0 , a) are used.

2.12 Summary

From these three parts of literature review, the typical of flexible

pavement structure, the failure criteria, the critical stress/strain of flexible pavement,

the asphaltic concrete behaviour, and the asphaltic concrete characteristic are

discussed in details by the investigation of the conventional engineering knowledge.

Moreover, the asphaltic concrete behaviour is approached by the study of viscoelatic

model and elasto-visco-plastic model. The effect of time-temperature of asphaltic

concrete can be then comprehended by studying the principle of time-temperature

superposition with growing damage (Schwartz et al., 2002). We can also define the

strength behaviour of material and the particle rank of material by the rate process

theory depending on the relation of potential-distance relation and strain rate equation

(Mitchell and Soga, 2005). Lastly, the hyperplasticity theory (Houlsby and Puzrin,

2006) and development of hyperplasticity model (Likitlersuang and Houlsby, 2007)

are concluded.
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CHAPTER 3

Experimental programme

3.1 Introduction

This chapter consists of description of experimental programme and its

result. Firstly, the material, the specimen preparation, testing apparatus, and testing

procedure are briefly described. The salient features of test procedure are furthermore

explained. Next, the illustration of testing results is presented. The stress-strain

relation under the static indirect tensile test (S-IDT) and the static unconfined

compression test (S-UC) are shown. The resilient modulus at the different

temperatures studied from the cyclic indirect tensile test (C-IDT) is determined. The

flow number (FN) at various temperatures by cyclic unconfined compression test (C-

UC) is also concluded here.

3.2 Material properties

Materials employed in this study are designed according to Marshall

Method. This is because it is still a standard design in Thailand and other developing

countries. The penetration grade of AC 60/70 is selected as asphalt binder. The

limestone with nominal max size of 12.5 mm is used in this study. All materials

based on the standards for highway construction (DH.-S) and the standards for

materials (DH.-SP) of Department of Highway, Thailand.

The engineering properties of AC 60/70 are the specific gravity of 1.02

and the asphalt lost by absorption of 0.24%. For the aggregate, the properties are the

bulk specific gravity of 2.70 and the LA abrasion of 25%. The gradation for mixing is

shown in Figure 3.1. All of these materials are practically used for the road

construction in Thailand. These selected materials are designed with 5.5% by weight

of AC 60/70.
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Figure 3.1 Gradation of aggregate

3.3 Specimen preparations

The asphaltic concrete mixtures are compacted by Superpave Gyratory

Compactor (SGC) as shown in Figure 3.2. The SGC is operated by computer. The

mould of SGC is rotated through a 1.25  0.02 degree pivot angle. While the mould is

being rotated at 30 rev/min, a 600  18 kPa static load is placed on the specimen

through the use of ram. The specimen dimension is 100 mm diameter with 65 mm

height for the indirect tensile tests; on the other hand, the specimen of 100 mm

diameter with 150 mm height is prepared for unconfined compression tests. After

compaction using SGC the density of 2400-2450 kg/m3 (based on Marshall mixed

design) and the air void content of 3-5% were achieved.
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Figure 3.2 Superpave gyratory compactor

3.4 Test apparatuses

The main apparatuses used are composed of the Instron UTM-1.2MN for

the static load condition and the Controls UTM-14kN for the cyclic load condition.

Since the Controls UTM-14kN is unable to provide enough capacity of loading for the

static test, the Instron UTM-1.2MN is chosen for the static condition. Firstly, the

Instron UTM-1.2MN is employed for studying the properties of asphaltic concrete as

presented in Figure 3.3(a). Instron UTM-1.2MN can be used for both a static scheme

and a cyclic scheme. This machine is however used only for the static scheme in this

occasion, only a works ability of static scheme is presented in this part. Instron UTM-

1.2MN is able to control the loading rates in both a stress and a strain condition. The

loading are provided by hydraulic actuator which is controlled by electronic

pneumatic servo-valve. The maximum capacity of Instron UTM-1.2MN is 1.2MN.

IST Systems FastTrack and Labtronic 8800 Test Control Systems is used to control

the Instron UTM-1.2MN. These controlling systems are connected to the computer

system. The software called Merlin is employed to communicate between the operator

and the machine via the controlling systems. The limitation of Instron UTM-1.2MN is

an open-air system which cannot control the temperature during test. To manage the

desired temperature, the specimens are cured using the temperature chamber. While

Chamber for preparing
specimens

Compressed air

Air regulator
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transferring the specimens to the Instron UTM-1.2MN, the foam box is employed to

control the temperature of specimens.

Secondly, the Controls UTM-14kN is used for studying the temperature

properties of asphaltic concrete as shown in Figure 3.3(b). The effectivenesses of

Controls UTM-14kN are a load manner and a loading wave shape. Several loading

wave shapes such as a haversine wave and a square wave are provided by pneumatic

actuator of the machine. Moreover, the Controls UTM-14kN gives the maximum load

at 14 kN with 0 to 70 Hz. There are four paths of the machine: (1) Reaction load

frame, it is designed for 100 mm diameter specimen in both an indirect tensile and an

axial load. Pneumatic actuator is controlled by electronic pneumatic servo-valve. (2)

Temperature chamber, a specimen can be set in the selected temperature from 0oC to

60oC by employing this chamber. (3) Control and Data Acquisition System (CDAS) is

employed to control an operation, and it is connected to the computer system, LVDTs,

and the load system to deal with the data. (4) Software is used to communicate

between the operator and the machine via CDAS.

(a) (b)

Figure 3.3 (a) Instron UTM-1.2MN (b) Controls UTM-14kN
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3.5 Experimental procedures

In this section the procedures of all tests are explained. The test modes are

composed of indirect tensile (IDT) and unconfined compression (UC). All of these

tests base on static and cyclic conditions. They are performed under different factors

such as strain rate and temperature that are interpreted as follows:

3.5.1 Static and cyclic indirect tensile tests

In the static study the specifications of static test are based on the Static

Indirect Tensile Test (S-IDT) or ASTM D 4867. The temperature at 25oC and the rate

of loading at 0.0083 s-1 are recommended for the static condition referring to ASTM

D 4867. Resulting from the purpose in studying the effect of rate of loading and

temperature to the asphaltic concrete behaviour, the values of both rate of loading and

temperature are varied. Four different loading rates of 0.0250, 0.0083, 0.0025, and

0.0008 s-1 are applied to investigate the effect of loading rate on the micro-cracking

development until reaching the failure. Following the S-IDT test, the temperatures

selected are 10oC, 25oC, 40oC, and 55oC. These temperature ranges practically occur

on the pavement layer in Thailand. The specimen size of 100 mm diameter and 65

mm height is used for this test. The radial strains are measured by two strain gauges

(gauge length 20 mm). The S-IDT test setup utilised in this research is shown in

Figure 3.4(a). All of specimens are tested using UTM-1.2MN and data collecting

system as shown in Figure 3.4(b). The UTM-1.2MN is however unable to control the

selected temperatures during testing; consequently, the temperature chamber (Figure

3.3b) is used for setting the required temperatures and the foam box is also employed

for managing the temperatures when transferring to the specimens. The programme of

S-IDT is shown in Table 3.1.

In the cyclic condition the specifications of testing is also based on ASTM

standard, which consists of the Indirect Tension Test for Resilient Modulus of

Bituminous Mixtures (C-IDT) or ASTM D 4123. Following this standards, the

indirect tensile strength value (ITS) at 25oC is used for the prediction of resilient

modulus (Mr) at all temperatures. The C-IDT test is nevertheless applied to be suitable
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for the asphaltic concrete in the conditions of real field. For this research, the ITS

values at each temperature are used separately. For instance, the ITS value at 10oC is

the amplitude for determining the resilient modulus at 10oC.

(a) (b)

Figure 3.4 (a) Schematic of S-IDT test setup (b) Instruments for S-IDT test

For the apparatuses employed in C-IDT test, Figure 3.3(b) illustrates the

Controls UTM-14kN, and Figure 3.5 shows the test utilised. To measure the

horizontal deformation, the LVDT (Linear Variable Differential Transducer) is then

installed. After that a specimen is loaded in the haversine function across its diametric

plane. As mentioned above, the temperatures at 10oC, 25oC, 40oC, and 55oC are also

selected for C-IDT test. The peak loading forces of S-IDT test used for each

temperature are 2.48, 0.97, 0.35, and 0.14 kN. These values are equivalent to 10% of

ITS at any particular temperature for each test. The specimens are continuously

loaded by 1 Hz frequency with 155 cycles which first 150 cycles are for preload

condition and last 5 cycles are for measuring the resilient modulus. The format of this

load duration is 1 by 9 as illustrated in Figure 3.6. The seating stress or 10% of

maximum stress is applied to remain the contacting between the actuator and the

specimen during every loading cycle. The programme used for the C-IDT test is

shown in Table 3.1.

Data collecting
system

UTM

Computer control
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Figure 3.5 Schematic of C-IDT test setup

Figure 3.6 Shape and condition of loading

Table 3.1 Testing programme for the IDT test

Temperature (oC)
Type Condition

Strain rate
( per sec) 10 25 40 55

0.0250 × × × ×

0.0083 × × × ×

0.0025 × × × ×
Static

0.0008 × × × ×
Indirect tensile test

Cyclic
1 Hz Load frequencies and

1:9 Load duration
× × × ×
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3.5.2 Static and cyclic unconfined compression test

For the static unconfined compression test (S-UC), the standard of S-IDT

test is applied to the specification of this condition. The specimen dimension of this

static condition is 100 mm diameter and 150 mm height. According to the main

studying in the influence of rate of loading and temperature, both of these values are

varied. Following this object, four different strain rates which are 0.0006, 0.0017,

0.0056, and 0.0167 s-1 is studied to investigate the effect of loading rate on the micro-

cracking development until attaining failure. The temperatures selected are 10oC,

25oC, 40oC, and 55oC. In the static condition, the S-UC specimen is loaded along the

specimen height. The vertical strains are afterwards measured by two strain gauges

and the internal displacement gauge of Instron UTM-1.2MN. The S-UC test setup

utilised in this research is shown in Figure 3.7(a). All specimens are tested using

Instron UTM-1.2MN as same as the S-IDT test is run as expressed in Figure 3.4(b).

For managing the selected temperature of specimen, the solution is same as the way

of S-IDT test. Table 3.2 expresses the programme for S-UC.

For the cyclic condition, the specifications of testing are based on NCHRP

report 465. This report consists of the Test Method for Repeated Load Testing of

Asphalt Concrete Mixture in Uniaxial Compression. Similarly to C-IDT, the C-UC

test is tested using Controls UTM-14kN as illustrated in Figure 3.3(b). The setup

utilised in this research is shown in Figure 3.7(b). According to the stress level of

passenger car, each specimen is loaded with this level at 207 kPa. A specimen 100

mm diameter by 150 mm height is prepared before it is loaded in the haversine

function. LVDT which is used for collecting the vertical deformation is then installed

to estimate the permanent deformation. The temperatures selected for C-UC test are

also 10oC, 25oC, 40oC, and 55oC. The specimens are continuously loaded by 1 Hz

frequency with 40,000 cycles or until they are failed. The format of this load duration

is 1 by 9 as illustrated in Figure 3.6. The seating stress or 10% of maximum stress is

applied during load duration.
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(a) (b)

Figure 3.7 (a) Schematic of S-UC test setup (b) Schematic of C-UC test setup

Table 3.2 Testing programme for the UC test

Temperature (oC)
Type Condition

Strain rate
( per sec) 10 25 40 55

0.0006 × × × ×

0.0017 × × × ×

0.0056 × × × ×
Static

0.0167 × × × ×

Unconfined
compression test

Cyclic
1 Hz Load frequencies and

1:9 Load duration
× × × ×

3.6 Experimental results

This section describes the results of the series of performance tests i.e. S-

IDT, S-UC, C-IDT, and C-UC. An analysis on the influence of temperature and/or

strain rate is conducted. The experimental results can be summarised following as:

3.6.1 Static indirect tensile test (S-IDT)

The mechanical responses of the S-IDT tests varied temperature from

10oC, 25oC, 40oC, and 55oC are shown in Figures 3.8 to 3.11 respectively. At the
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lowest temperature 10oC in Figure 3.8, the asphaltic concrete shows the highest peak

stress and completely tensile behaviour. It can be observed the strength suddenly

drops (softening) after peak due to the fact that at low temperature the asphaltic

concrete behaves as a brittle material especially at the quickest test (0.0250 s-1). The

failure mechanism exhibits almost pure tensile mode as shown in Figure 3.12.

At standard temperature (25oC) the S-IDT behaviour can be competently

expressed similarly at 10oC, but for the stress-strain curve of lowest strain rate

(0.0008 s-1), it displays both a tensile and a compressive modes. This can be

investigated from Figure 3.9 that the initial stiffness is very steep, but the stress-strain

relation trends to rebound after reaching peak region. This is because the boundary of

tension zone at the diametric plane is smaller than the compression zones near the top

and the bottom cap. That means the compression behaviour might dominate.

Moreover, the stress-strain behaviours of specimens at 40oC (Figure 3.10) are similar

to those at 25oC. It can be even observed more effect of compression zones around the

top and the bottom cap especially at the slowest test (0.0008 s-1). At the highest

temperature (55oC) the stress-strain behaviour can be measured only the quickest test

(0.0250 s-1); nevertheless, its behaviour is not in purely tensile mode. There is

moreover no the tensile behaviour observed at the other strain rates (see Figure 3.11).
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Figure 3.8 Stress-strain behaviour of S-IDT tests with different strain rates at 10oC
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Figure 3.10 Stress-strain behaviour of S-IDT tests with different strain rates at 40oC
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Figure 3.11 Stress-strain behaviour of S-IDT test at 55oC

(a)

(b)

Figure 3.12 Example of failure mechanism of asphaltic concrete under S-IDT test at

(a) 10oC and strain rate of 0.0083/sec (b) 55oC and strain rate of 0.0008/sec
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3.6.2 Static unconfined compression test (S-UC)

The experimental results and analyses of S-UC test are presented. Figure

3.13 to 3.16 summarise the measured stress and strain responses of the S-UC tests for

all four temperatures. At 10oC (Figure 3.13) the maximum stress typically occurred at

the strain value of approximately 1.5%. The magnitude of maximum stress increased

with increasing of strain rate; however, the strain rate hardly influenced the strain at

peak. The overall characters of data from 25oC, 40oC, and 55oC are similar to those

finding from 10oC. Nevertheless, there are the evident anomalies in the data of 40oC

and 55oC at the rate of 0.0056 s-1. The curves are slightly flatter and the maximum

stress values are smaller than what we expected. In the S-UC mode, all of specimens

tested are perfectly failed in the compression mode. The typically failure mode was

observed as shown in Figure 3.17.
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Figure 3.13 Stress-strain behaviour of S-UC tests with different strain rates at 10oC
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Figure 3.14 Stress-strain behaviour of S-UC tests with different strain rates at 25oC
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Figure 3.15 Stress-strain behaviour of S-UC tests with different strain rates at 40oC
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Figure 3.16 Stress-strain behaviour of UC tests with different strain rates at 55oC

Figure 3.17 Typical failure mechanism of asphaltic concrete under S-UC test

3.6.3 Cyclic indirect tensile test (C-IDT)

Following the outcome of C-IDT test, the resilient modulus under the

changes of temperature which are at 10oC (283K), 25oC (298K), 40oC (313K), and

55oC (328K) are 14.47, 5.39, 0.66, and 0.26 GPa respectively. This result shows that

the resilient modulus decrease when the temperature increase. Additionally, it can be
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found that the increase in the value of resilient modulus form into an exponential

function as presented in Equation 3.1 and Figure 3.18.

)095.0exp(1000.7 12 rM GPa; 974.02 R (3.1)

Mr = 7.00x1012exp(-0.095)

R2 = 0.974
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Figure 3.18 Variation of resilient modulus with temperatures

3.6.4 Cyclic unconfined compression test (C-UC)

It is noticeable that the asphaltic concrete displays the perfectly elastic

behaviour at 10oC. This means that the asphaltic concrete which is at 10oC does not

exhibit the permanent deformation behaviour. In the asphaltic concrete the permanent

deformation can be observed at 25oC (Figure 3.19). The total strain which happens in

the zone of primary creep and the ends in the zone of secondary creep is 0.45%

approximately. The specimen does not fail in the testing limit of 40,000 cycles

(Figure 3.19). The permanent deformation under the preferred four temperatures is

displayed in Figure 3.19 to 3.21 for 25oC, 40oC, and 55oC respectively.

The permanent deformation can be investigated when the relation between

the strain and the number of cycle is at 40oC (Figure 3.20). The asphaltic concrete

specimen is failed at the 12,000 cycle. The relation between the strain and the number

of cycle at the highest selected temperature (55oC) is quite same as when it is at 40oC.
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The FN is however less than FN of 40oC. The FN of 55oC is approximately 3,000 as

shown in Figure 3.21
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Figure 3.19 Relation of Strain and number of cycle for prediction the FN at 25oC
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Figure 3.20 Relation of strain and number of cycle for prediction the FN at 40oC
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Figure 3.21 Relation of strain and number of cycle for prediction the FN at 55oC

3.7 Summary

In this chapter the asphaltic concrete behaviour can be evaluated by four

the experimental tests. The material properties, testing apparatus, specimen

preparation, and testing procedure are explained. The S-IDT and S-UC test show that

the changing of both strain rate and temperature influence stress-strain relation. The

C-IDT and C-UC are proved that the temperature affects to the resilient modulus and

the resistance of permanent deformation properties.
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CHAPTER 4

Analysis of experimental result

4.1 Introduction

This chapter refers to the result of experimental test in Chapter 3. The

analyses of those experiments are described here. The stress-strain-strength

characteristics of asphaltic concrete which are maximum stress, strain at peak, and the

secant Young’s modulus at 50% of maximum stress of static indirect tensile test (S-

IDT) and static unconfined compression test (S-UC) are also concluded. The relation

of resilient modulus and temperature tested by cyclic indirect tensile test (C-IDT) is

then produced. An analysis on the influence of Poisson’s ratio on the C-IDT test is

conduct. The simple power-law equation for estimating the permanent deformation is

summarised. The constant parameters for defining the simple power-law equation are

also presented in a form of empirical formulas. From the S-IDT and S-UC, the time-

temperature shift function is produced using cross plot method.

4.2 Static indirect tensile test (S-IDT)

As an experimental result, the maximum stress ( max ), the strain at peak

( peak ), and the secant Young’s modulus at 50% of maximum stress (E50) of S-IDT

test are measured as presented in the Table 4.1. Figure 4.1 to 4.2 show the variation of

E50 and max with temperature of the S-IDT test. It can be concluded that both E50 and

max roughly increase following the increase of strain rate and temperature. However,

the data of strain at peak of S-IDT tests are even scattering and cannot be concluded

as shown in Figure 4.3. The range of peak from S-IDT tests is 0.23- 0.91% (average

0.5%). Comparing with concrete which has the tensile strain before failure around

0.8-1.0%, the tensile strain at peak of asphaltic concrete closes to the typical value of

concrete.
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Table 4.1 Summarise of stress-strain-strength values from S-IDT tests

Temperature
(T, oC)

Strain
rate

(  , s-1)

Secant Young’s
modulus at 50%

of maximum
stress (E50, MPa)

Maximum
stress

( max , kPa)

Strain at
peak

( peak , %)

0.0008 646.49 1015.80 0.91
0.0025 1126.86 1558.38 0.67
0.0083 2492.28 2411.35 0.48

10

0.0250 3560.99 3688.94 0.32
0.0008 294.80 372.10 0.49
0.0025 305.78 570.27 0.63
0.0083 525.04 938.89 0.81

25

0.0250 1117.31 1180.08 0.59
0.0008 N/A N/A N/A
0.0025 168.96 168.96 0.55
0.0083 180.38 340.67 0.55

40

0.0250 393.07 446.27 0.85
0.0008 N/A N/A N/A
0.0025 N/A N/A N/A
0.0083 N/A N/A N/A

55

0.0250 280.24 181.29 0.23
N/A = Not Available (Test cannot be performed.)
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Figure 4.3 Variation of peak with temperature of S-IDT tests

4.3 Static unconfined compression test (S-UC)

As an experimental result, the max , peak , and the E50 of S-UC test is

measured as summarised in Table 4.2. Figure 4.4 to 4.5 show the variation of E50 and

max with the temperature of the S-UC test. It can be concluded that both E50 and
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max roughly increase following the increase of strain rate and temperature. However,

there are the evident anomalies of E50 under the S-UC condition at the strain rate of

0.0167 and 0.0056 s-1 data and at the temperature of 25oC and 40oC (see Figure 4.4).

This is because it is difficult to control the first touch between the specimen and the

loading plate perfectly. Resulting from those, there is a slightly effect at the beginning

stress-strain curve of highest strain rate. The range of strain at peak of S-UC tests is

scattering around 1.10-1.90% (average 1.50%) and can be zoned by upper and lower

bound as shown in Figure 4.6. This value is smaller than what is typically found in a

concrete (the compressive strain at failure of concrete is around 3%).

Table 4.2 Summarise of stress-strain-strength values from S-UC tests

Temperature
(T, oC)

Strain
rate

(  , s-1)

Secant Young’s
modulus at 50%

of maximum
stress (E50, MPa)

Maximum
stress

( max , kPa)

Strain at
peak

( peak , %)

0.0006 742.84 5685.64 1.58
0.0017 1107.29 7894.84 1.53
0.0056 1409.99 11202.93 1.13

10

0.0167 1419.54 15910.43 1.52
0.0006 325.71 1827.37 1.57
0.0017 508.35 2807.38 1.68
0.0056 864.86 4251.71 1.36

25

0.0167 741.44 5824.72 1.64
0.0006 172.29 1032.94 1.83
0.0017 300.72 1307.77 1.67
0.0056 365.01 1678.48 1.10

40

0.0167 303.62 2405.62 1.66
0.0006 102.31 636.89 1.90
0.0017 166.60 778.01 1.58
0.0056 179.99 827.23 1.64

55

0.0167 240.33 1145.52 1.64
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4.4 Cyclic indirect tensile test (C-IDT)

Following the result of C-IDT test as explained in Section 3.6.3, the

equation employed to estimate the resilient modulus (Mr) at different temperature can

be determined in Equation 2.2. The Equation 4.1 shows the relationship of Mr with

absolute temperature ( ) in Kelvin. The physical meaning of Equation 4.1 can be

shown that where  is 0 K or -273oC approximately, the resilient modulus value is

7.00x1012 GPa.

)095.0exp(1000.7 12 rM GPa; 974.02 R (4.1)

According to Equation 4.1, an estimated resilient modulus is based on the

Poisson’s ratio of 0.35. Relying on ASTM D 4123, the Poisson’s ratio of 0.35 is

recommended for calculating Mr, but it may not fit to the actual experiment finding.

The study of resilient modulus directly measured from the stress-strain curve and the

changing values of Poisson’s ratio from 0.20, 0.35 and to 0.50. The data scatter

around the range of 5.02.0  as shown in Figure 4.7. For this analysis, each

Poisson’s ratio value is considered by relying on the least square method to find more

suitable one instead of the recommend value of 0.35. As for this study the direct
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measurement is hypothesised as it is possible to be the most proper. We can provide

the suitable value of Poisson’s ratio by means of least square parameter ( 2
21 )( xx  )

where x1 is measured value and x2 is calculation value. When the Poisson’s ratio are

0.20, 0.35, and 0.50, the least square parameter are 48.04, 10.85, and 1.39

respectively.
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Figure 4.8 Relation of stress-strain at last cycle under C-IDT test
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An investigation of stress-strain relation in the final cycle expresses that

the permanent strain in the asphaltic concrete exists more obviously when the

temperature is higher. This can be observed during unloading that the asphaltic

concrete does not show purely recoverable behaviour.

4.5 Cyclic unconfined compression test (C-UC)

The simple power-law equation for estimating the permanent deformation

can be written in from of a function of number of cycle as presented in Equation 2.3.

The constants a and b are the regression constant which defined from the relation of

strain and number of cycle in log-log plot as illustrated in Figure 2.9(b). The previous

equation and constants can be produced by C-UC test as presented in Section 3.6.4.

Figure 4.9 to 4.11 display the relation of strain and number of cycle for producing the

classic power-law model at 25oC, 40oC, and 55oC.
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Figure 4.9 Relation of strain and number of cycle for producing the classic power-law

model at 25oC

The relation of the constant a and b increase and decrease as it run in form

of the exponential function. This relation is illustrated in semi-log plot as shown in

Figure 4.12 and 4.13. These graphs can be employed to estimate the constants a and b

at the various temperatures by the linear regression analysis as presented in Equation
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4.2 and 4.3. These equations show the relationship of constant a and b with absolute

temperature in Kelvin. Equation 4.2 and 4.3 are able to be defined in physical

meaning as when  is 0 K or -273oC approximately, the constant a and b value are

93.6 and 1.0x10-5.
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Figure 4.10 Relation of strain and number of cycle for producing the classic power-

law model at 40oC
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Figure 4.11 Relation of strain and number of cycle for produce the classic power-law

model at 55oC
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Figure 4.13 Variation of b parameter with temperature

)025.0exp(60.93 a ; 632.02 R (4.2)

)032.0exp(1000.1 5  b ; 847.02 R (4.3)
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4.6 Time-temperature superposition

From the results of the series of S-IDT and S-UC tests varied

temperatures and rates of strain, the time-temperature superposition of asphaltic

concrete can be analysed based on the framework of Schwartz et al. (2002) as

described in Section 2.9. However, the analysis is extended to both S-IDT and S-UC

tests. The reference strain of S-IDT and S-UC tests are selected at 0.5% and 1.5%

since they are represented the average strain at peak of tension and compression tests

respectively. The relation between the stress at a reference strain ( ref ) and a reduce

time ( Rt ) of both S-IDT and S-UC tests can be approximated by linear relationship as

shown in Figure 4.14. The relationship between a temperature shift parameter ( Ta )

and temperature (T) can be concluded:

2353.20913.0log  TaT
(4.4)

where T is temperature in oC. The regression analysis illustrated that the Equation 4.4

has 9978.02 R as shown in Figure 4.15.
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Figure 4.14 Stress-reduce time master curve from S-IDT and S-UC tests
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log aT = -0.0913T + 2.2353

R2 = 0.9978
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Figure 4.15 Time-temperature shift function from S-UC and S-IDT tests

4.7 Summary

We can conclude from S-IDT and S-UC test that the stress-strain-strength

characteristic of asphaltic concrete relied on the changing of strain rate and

temperature. From the result of C-IDT test, the empirical equation of resilient

modulus and temperature can be used for the database of pavement design. The study

of elastic parameter demonstrates that the most proper value of Poisson’s ratio is 0.50.

In C-UC test the permanent deformation can be predicted by the simple power-law

equations by mean of using a and b as constant parameters. From S-IDT and S-UC we

can produce the time-temperature shift function based on the framework of Schwartz

et al. (2002). The analysis of time-temperature superposition shows that it is truly

useful for estimating a compressive strength value at the various temperatures and the

strain rates. For example, to determine the compressive strength when its temperature

is at 40oC and its strain rates is 0.0056 s-1, aT(40oC) is firstly determined. The

aT(40oC) value of 0.04 can be then used to find out a strain rate by using this equation,

oldnew Ta   )( ( ref ). The calculated strain rate is 0.000224s-1. It is concluded

that the compressive strength at the strain rate 0.0056s-1 and the temperature 40oC can

be replaced by the result at the standard temperature 25oC and the strain rate

0.000224s-1.
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CHAPTER 5

Development of constitutive model for asphaltic concrete

5.1 Introduction

This chapter presents a development of constitutive model for the shear

response of asphaltic concrete, taking into account of strain rate and temperature

effects. This constitutive model is expanded from Likitlersuang and Houlsby (2007).

The viscous behaviour of model corresponds to the results of Rate Process Theory,

and it is used to define the strain-rate and time dependent behaviour. After developing

the model, a series of unconfined compression test reported by Schwartz et al. (2002)

and Schapery continuum model are verified with the new model.

5.2 Constitutive equations

In this research the constitutive model for predicting the shear response

behaviour of asphaltic concrete under the various selected temperatures and the strain

rates are modified from the rate-dependent hyperplasticity model which is proposed

by Likitlersuang and Houlsby (2007). The important parameters are considered as

functions of temperature. The particular form of the flow potential (Equation 2.25) is

chosen so that it results in viscous behaviour corresponding to rate process theory (for

a useful information of this theory see Mitchell and Soga, 2005). An important feature

of the rate process theory is that it also suggests how the parameters should vary with

temperature. The viscous component of the stress visc in the model is related to the

plastic strain rate  through an expression of the form:















r
sinh viscr (5.1)

where  is viscosity coefficient and r is constant with the dimensions of strain rate.

However, and very importantly, rate process theory (see Mitchell and Soga, 2005)

leads to an expression of the form:
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
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










C

B
A viscsinhexp (5.2)

where A, B, and C are constants. The meaning of these constants is  Cr ,

  BAr exp ,and    ABAC exp . Rate process theory does not allow the

form of variation of 0E and 0k to be determined, but as  represents measure of

viscous strength and 0k is a measure of cohesive strength it is reasonable to model

them with the same overall functional form. For simplicity, 0E is modelled in form of

variation with temperature. Consequently, 0E is  EE exp1 , and 0k is

  kk exp1 . For modifying the rate-dependent hyperplasticity model (Likitlersuang

and Houlsby, 2007) using the rate process theory, the Gibb free energy function is

defined as:
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where E1 is reference Young’s modulus, E is reference temperature of E term, and

 is absolute temperature. The flow potential is specified as:
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where k1 is reference strength parameter, and k is reference temperature of k term.

According to these both equations, the stress-strain relation can be expressed as:
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To predict the behaviour of stress and strain of asphaltic concrete under

different temperatures and strain rates, the rate-dependent hyperplasticity model used

9 parameters (E1, E , k1, k , 0 , a, A, B, C).

5.3 Model calibration and effect of temperature

The two models are calibrated against each of the sets of data from

Schwartz et al. (2002), in which they report tests on a 12.5 mm dense graded

Superpave mixture from the Maryland State Highway Administration (MSHA) at

temperatures 5oC, 25oC, 40oC, and 60oC. The first model is Schapery continuum

model which reported by Park et al., (1996) and Schapery (1999) as reported in

Chapter 2. The model calibration here is limited to only the viscoelastic damage

model. This is because the viscoplastic model requires data from creep and recovery

tests and use of the nonlinear least-squares optimization technique. Besides, there is

no the report of creep and recovery results in Schwartz et al. (2002).

The viscoelastic behaviour requires the relaxation modulus,  tE , which is

defined by the series function in Equation 2.12. The viscoelastic parameters in

Equation 2.12 are usually evaluated by curve fitting of the master relaxation modulus

curve as shown in Figure 5.1. The microstructural damage, modelled by the material

damage function  SC , could be simply fitted with an exponential function. The

exponential damage function at 5oC, 25oC, 40oC, and 60oC is presented in Figure 5.2

to 5.5. The temperature shift function  TaT for the time-temperature superposition

can be fitted by an exponential function as presented in Schwartz et al. (2002).

For predicting the constitutive behaviour, the relation between a stress and

a strain is defined in term of pseudo strain as expressed in Equation 2.14. The pseudo

strain can be estimated using the power-law series in Equation 2.13. The six

parameters (  ,,,, Rii EEE and m ) and two material functions (  SC and  TaT )

are presented in Tables 5.1 and 5.2 respectively.
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Figure 5.2 Material damage function  SC at 5oC
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Figure 5.3 Material damage function  SC at 25oC
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Figure 5.4 Material damage function  SC at 40oC
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Figure 5.5 Material damage function  SC at 60oC

Table 5.1 Fitted parameter values of the viscoelastic damage model at different

temperatures

Temperature (oC)
Parameters

5 25 40 60

E (MPa) 3.50x102

Ei (MPa) 5.00x104

i (s) 2.50x10-3

ER (MPa) 8.22x103 1.91x103 5.58x102 2.28x102

 (-) 4.76 1.67 2.41 2.87
m (-) 0.50 0.40 0.35 0.36

Table 5.2 Curve fitted function parameters of the viscoelastic damage model at

different temperatures

Function Temperature (oC) Expression

5    SSC 75.0exp1000.1 8 

25    SSC 03.0exp1075.1 5 

40    SSC 32 1070.1exp1088.6 
 SC

60    SSC 51000.8exp27.3 

 Ta  6775.21116.1exp Ta *

* from Schwartz et al. (2002)
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For the second model (rate-dependent hyperplasticity model) in Equation

5.5, the appropriate parameter values were also determined for each temperature as

shown in Table 5.3. The process of fitting involved some optimization of parameter

values, but the values do not represent rigorous least square optimal values. In some

cases (e.g. at high temperature) it was found that the results were insensitive to the

values of certain parameters, and in these cases little importance was attached to the

values of those parameters. It was found that all the data could be fitted with adequate

accuracy with 02.00  and the shaping parameter 3a .

To study the new constitutive model, we start to determine the

temperature parameters (A, B, and C) based on Equation 5.2. For calculating these

parameters, the values of  and r are plotted in Figures 5.6 and 5.7 respectively and

fitted with functions of the appropriate form, with A = 2.65x1015 K-1s-1, B = 1.28x104

K, and C = 5.64x10-3 MPaK-1. The only one of these constants that can be interpreted

in a straightforward physical manner is B, which is equal to RF , where R is the gas

constant (8.3144 JK-1mol-1) and F is the activation energy for the thermally

activated rate process. The estimated value of the activation energy is therefore 106

kJ/mol, which compares well with values reported by Mitchell and Soga (2005) of

226 kJ/mol for concrete and 113 kJ/mol for soil asphalt.

The derived values of the constants at each temperature are shown in

Table 5.4. Additionally, Figures 5.8 and 5.9 show plot of E0 and k0 (on a logarithmic

scale) against 1 and demonstrate that the data can satisfactorily be fitted by the

above expressions with E1 = 1.08x10-8 GPa, E = 5.45x103 K, k1 = 5.73x10-4 MPa,

and k = 2.71x103 K.
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Table 5.3 Fitted parameter values of the rate-dependent hyperplasticity model at

different temperatures ( 0 = 0.02 and a = 3.0)

Temperature
(oC)

Absolute
temperature

 (K)

0E

(GPa)

k0

(MPa)



(MPa s)
r

(s-1)

r

(MPa)

5 278 2.93 11.00 264 0.00574 1.52
25 298 1.29 4.15 8.95 0.19 1.66
40 313 0.39 3.51 0.71 2.44 1.74
60 333 0.12 2.07 0.16 12.5* 1.97

* Quality of fit to data not significantly affected by this value

Table 5.4 Derived parameter values of the rate-dependent hyperplasticity model as

functions of temperature ( 02.00  , a = 3.0)

Temperature
Absolute

temperature












 EEE exp10 












 kkk exp10 












B

A

C
exp 














B
Ar exp  Cr

(oC)  (K) (GPa) (MPa) (MPa s) (s-1) (MPa)
5 278 3.54 9.88 213.00 0.00737 1.57
25 298 0.95 5.13 9.67 0.17 1.68
40 313 0.39 3.32 1.23 1.43 1.77
60 333 0.14 1.97 0.11 17.70 1.89
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Figure 5.6 Variation of  with temperature
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Figure 5.8 Variation of E0 with temperature
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Figure 5.9 Variation of k0 with temperature

The four sets of unconfined compression tests (each at a different

temperature) reported by Schwartz et al. (2002) involved nominal strain rates of

0.0005, 0.0015, 0.0045 and 0.0135 s-1. Figures 5.10 to 5.13 show all the stress-strain

curves at 5oC, 25oC, 40oC, and 60oC respectively, including test data from Schwartz et

al., 2002 (dotted line), the viscoelastic damage model predictions (light color) and the

rate-dependent hyperplasticity model predictions (dark color). In Figure 5.10 (at the

lowest temperature), there is only one complete stress-strain curve available at 0.0005

s-1 strain rate. Both the viscoelastic damage and rate-dependent hyperplasticity models

provide a good fit to the experimental data in the intermediate range of temperatures

25oC and 40oC as presented in Figures 5.11 and 5.12. However, the viscoelastic

damage model exhibits rather more softening behavior than the experiments,

especially for the fastest test (the strain rate of 0.0135 s-1) and for the highest

temperature (40oC). For the highest temperature, in Figure 5.13, the rate-dependent

hyperplasticity model predicts rather less viscous behavior as compared to the

experiments (the four dark lines are closer together than dotted lines in Figure 5.13).

The agreement between the tests and the hyperplasticity theory is

generally good, especially the prediction of peak strength as shown in Figure 5.14(a).

The fitting of strain to peak strength is not quite as good as illustrated in Figure
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5.14(b). Overall the fit of the rate-dependent hyperplasticity model is as least as good

as that of the viscoelastic damage model, but the new model is slightly simpler in

structure. The new model has the particular advantage that the entire specification of

the model is captured within two scalar functions (the Gibbs free energy and the flow

potential).
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Figure 5.10 Stress-strain curve of asphaltic concrete at 5oC for different strain rates
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Figure 5.11 Stress-strain curve of asphaltic concrete at 25oC for different strain rates



74

0.0

500.0

1000.0

1500.0

2000.0

2500.0

3000.0

3500.0

4000.0

0 0.01 0.02 0.03 0.04 0.05
e (-)

s
(k

P
a

)

0.0135/sec
0.0045/sec

0.0015/sec

0.0005/sec

Figure 5.12 Stress-strain curve of asphaltic concrete at 40oC for different strain rates
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Figure 5.13 Stress-strain curve of asphaltic concrete at 60oC for different strain rates
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Figure 5.14 Comparisons of experimentally observed and theoretically predicted

value (a) peak strength; (b) strain at peak strength

5.4 Summary

The constitutive model created from the rate-dependent hyperplasticity

(Likitlersuang and Houlsby, 2007) and the rate process theory (Mitchell and Soga,

2005) is performed to predict the stress-strain-temperature-time response of asphaltic
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concrete. This constitutive model is then compared with the well-known model of

Park et al., (1996) and Schapery (1999). The constitutive model has been calibrated

against a series of unconfined compression test reported by Schwartz et al. (2002) and

viscoelastic damage model, and is shown to fit a suite of shear tests at different

temperatures and a wide range of strain rates. However, the stress at the peak point of

this model is little higher than the same point of experimental testing.

The prediction of viscoelastic damage model shows that the stress-strain

curve of this model is quite equal to the curve of experimental test. This model relies

on the assumption of internal state evolution law (damage law) which expresses in

term of damage parameter; therefore, the stress-strain curve after post peak suddenly

drops. In practical the rate-dependent hyperplasticity model is based on only law of

thermodynamic to create two potential equations, and the stress-strain relation can be

defined by these potential equations. Thus, it is easy to apply this model to the

numerical method.

For viscoelastic damage model, it is depended on many theories such as

law of thermodynamic, time-temperature superposition principle, and internal state

evolution law. Consequently, many parameters and function parameters are

necessarily to be the accessories in prediction of the constitutive behaviour. The

viscoelastic damage model is furthermore founded on curve fitting analysis. Table 5.5

shows all required tests for parameter evaluation of both viscoelastic damage and rate-

dependent hyperplasticity models. This example only presents the models feature

based on compressive behaviour. It can be concluded that the viscoelastic damage

model requires creep and recovery tests by SuperPave Performance Tester (SPT)

apart from unconfined compression tests. However, it is also needed some numerical

techniques such as curve fitting and finite different method to define the model

parametric function. On the other hand, the rate-dependent hyperplasticity model

requires unconfined compression tests varied strain rates and temperatures. The

parameter determination involves simple optimisation technique.
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Table 5.5 List of experimental programme for model parameter determination based

on unconfined compression test

Model Parameters Experimental program
Testing

equipment

E , Ei , i
Creep and recovery tests (at least
three different temperatures)

UTM*

ER,  , m,
 SC

Static unconfined compression test
(at least three different strain rates)

UTMViscoelastic
damage model

 Ta
Creep and recovery tests or
Unconfined frequency sweep test (at
least three different temperatures)

UTM or SPT*

Rate-dependent
hyperplasticity

model

E1, E , k1,

k , A, B,

C, 0 , a

Static unconfined compression test
(at least three different strain rates
and three different temperatures)

UTM

* UTM = Universal Testing Machine and SPT = SuperPave Performance Tester
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CHAPTER 6

Numerical prediction

6.1 Introduction

This chapter focuses on the prediction of rate-dependent hyperplasticity

model reported in Chapter 5 against the stress-strain curve. This is because the

viscoelastic damage model needs more result of advanced experimental testing than

the result of this research. The stress-strain relations are obtained from the

experimental tests in Chapter 3. For prediction of this model, the series of static

indirect tensile test (S-IDT), static unconfined compression test (S-UC), and cyclic

indirect tensile test (C-IDT) at different strain rate and/or temperature are used.

6.2 Numerical implementation

The constitutive model is developed in this chapter for the asphaltic

concrete material based on hyperplasticity approach. In order to validate a model with

static and a cyclic test, a model for the asphaltic concrete at the different strain rates

and the temperatures is introduced in the Chapter 5. An original model was explained

in the form of functional. To implement this model into computational code, it is

necessary to modify the continuous form to be discrete form or that means the

integration sign is replaced by summation. In practice, the infinite numbers of

surfaces have to be replaced by the finite number N of surfaces. Each surface i is

labelled ( Ni 1 ), and the factor Ni plays the same role as an internal coordinate

 . In the following equations the model is presented in terms of the finite number of

yield surfaces, as it requires less sophisticated mathematics and leads more directly

implementation. Note that the integrals have to be replaced by the summations. The

Gibb free energy function is defined as:
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The flow potential is specified as:

    











































 



1
expexp

cosh
1

exp
1

012
N

i

ikii

C
N

ikH

N

B
CAw (6.2)

After differentiation (see more detail Likitlersuang et al., 2009) the rate-
dependent hyperplasticity model can be written as:
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The prediction of model parameters for asphaltic concrete is together

studied for static and cyclic conditions, but the input parameters of each mode are

separate. As we have known that their conditions of loading are completely different;

for example, the test under static condition displays a large strain, and the test under

cyclic condition shows small strain.

A flow chart illustrated in Figure 6.1 is employed for the prediction of

static test and cyclic test. To predict the constitutive model, the potential equations

which are an energy function and a flow potential function are firstly defined. In case

of static condition the 9 parameters are specify to be the initial parameters, and the

rate-dependent constant (2 constants) are then determined by the condition of testing.

For the cyclic condition, the amplitude of stress (10% of ITS) is set up according to

the standard cyclic loading, and the time step ( t ) is set up to be constant at 0.05 sec

for the loading condition and the unloading condition, and at 0.9 for the rest condition.

After that the increment of strain (  ) of Equation 6.3 is calculated. This computed

strain is then calculated to estimate the increment of stress (  ). Following this

calculation, stress ( ), and strain (  ) are updated. Finally, all previous processes are

continuously repeated until the completed stress-strain relation is achieved. Note that
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the loading condition used for prediction the model can be roughly approximated by

triangular shape as presented in Figure 6.2.

Define two potentials
- Energy function
- Flow potential

Set up initial parameters
(E1, E, k1, k, 0, a, A, B, and C)

In put

Solve for

Update and

Calculate

Static condition
Set up rate-dependent constants
(έ and t)

Cyclic condition
Set up amplitude of stress
Loading condition ( t = 0.05)
Unloading condition ( t = 0.05)
Rest condition ( t = 0.9)

Figure 6.1 Calculation flow chart for rate-dependent hyperplasticity model

Figure 6.2 Shape and condition of loading in the calculation
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6.3 Model prediction of static condition

The rate-dependent hyperplasticity model presented in Section 6.2 is

predicted against the sets of S-IDT test and S-UC test from AC 60/70 mixed material.

The temperature conditions of both tests are varied at 10oC, 25oC, 40oC, and 55oC.

The loading rates are applied to the IDT test at 0.0008, 0.0025, 0.0083, and 0.0250 s-1

and to the UC test at 0.0006, 0.0017, 0.0056, and 0.0167 s-1.

The parameters which are best fitted for the rate-dependent hyperplasticity

model by least square method are expressed in Table 6.1. According to these

parameters, the comparisons between the rate-dependent hyperplasticity model and

the testing results under the changing of temperature are shown in Figure 6.3 to 6.6

for S-IDT test and 6.7 to 6.10 for S-UC test respectively.

Table 6.1 Summarised parameters of the rate-dependent hyperplasticity model for S-

IDT and S-UC tests

Parameters unit S-IDT test S-UC test
E1 GPa 3.10x10-3 2.00x10-5

E K 2.32x103 3.91x103

k1 MPa 7.00x10-7 6.00x10-6

k K 4.20x103 4.07x103

A s-1. K-1 9.00x1015 9.00x1018

B K 1.39x104 1.55 x104

C MPa. K-1 9.00x10-4 2.70x10-3

0 - 1.00 x10-2 3.50 x10-2

a - 4.0



82

0.0

500.0

1000.0

1500.0

2000.0

2500.0

3000.0

3500.0

4000.0

0.0 0.5 1.0 1.5 2.0 2.5
e (%)

s
(k

P
a

)
0.0250/sec

0.0083/sec

0.0025/sec

0.0008/sec

Figure 6.3 Stress-strain curves of asphaltic concrete under S-IDT test at 10oC
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Figure 6.4 Stress-strain curves of asphaltic concrete under S-IDT test at 25oC
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Figure 6.5 Stress-strain curves of asphaltic concrete under S-IDT test at 40oC
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Figure 6.6 Stress-strain curves of asphaltic concrete under S-IDT test at 55oC
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Figure 6.7 Stress-strain curves of asphaltic concrete under S-UC test at 10oC
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Figure 6.8 Stress-strain curves of asphaltic concrete under S-UC test at 25oC
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Figure 6.9 Stress-strain curves of asphaltic concrete under S-UC test at 40oC
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Figure 6.10 Stress-strain curves of asphaltic concrete under S-UC test at 55oC

According to the comparison between the prediction of the rate-dependent

hyperplasticity model and the result of S-IDT test, the reference stiffness and strength

parameters E1 and k1 at any temperatures are 3.10x10-3 GPa and 7.00x10-7 where E1

and k1 are the exponential constant. The reference temperatures for stiffness and

strength E and k are 2.32x103 and 4.20x103 where E and k are the gradient of
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exponential decay. The parameter of temperature and strain rate A, B, and C

approximately are 9.00x1015 s-1.K-1, 1.39x104 K, and 9.00x10-4 MPa.K-1. For

temperature and strain rate parameters, the only one of these constants that can be

interpreted in a straightforward physical manner is B, which is equal to RF , where

R is the gas constant and F is the activation energy for the thermally activated rate

process. The estimated value of activation energy is therefore 116 kJ/mol, which

compares well with values reported by Mitchell and Soga (2005) of 226 kJ/mol for

concrete and 113 kJ/mol for soil asphalt. The shape controlling parameters of stress-

strain graph 0 and a are 1.00 x10-2 and 4.0. As for parameter a it slightly affect to

the rate-dependent hyperplasticity model.

Following the comparative relation between the predicting and S-UC test,

the values of the E1 and k1 at any temperatures are 2.00x10-5 GPa and 6.00x10-6 MPa.

The values of E and k for reference strength parameters are 3.91x103 K and

4.07x103 K. Following the values of temperature and strain rate A, B, and C, they

approximately are 9.00x1018 s-1.K-1, 1.55x104 K, and 2.70x10-3 MPa.K-1 respectively.

The estimated value of the activation energy is 128 kJ/mol. As for the shape

controlling parameter of stress-strain graph 0 and a moreover are 3.50 x10-2 and

4.0.

6.4 Model prediction of cyclic condition

The prediction of rate-dependent hyperplasticity model is also presented

comparing with the sets of C-IDT test. The series of testing are operated under the

various temperatures. The conditions of temperature in this C-IDT test are also

controlled to be 10oC, 25oC, 40oC, and 55oC. The format of this load duration is 1 by

9 according to ASTM D 4123. In C-IDT test, the model parameters are summarised in

Table 6.2. These parameters are well agreed by the least square method. The predicted

results of model compared with the last five cycles of C-IDT test result under the

changing of temperature are shown in Figure.5.11 to 5.14.
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Table 6.2 Summarised parameters of the rate-dependent hyperplasticity model for C-

IDT and S-IDT tests

Parameters Unit C-IDT test S-IDT test
E1 GPa 1.00x10-11 3.10x10-3

E K 7.99x103 2.32x103

k1 MPa 7.00x10-7

k K 4.20x103

A s-1. K-1 4.88x107 9.00x1015

B K 6.68x103 1.39x104

C MPa. K-1 4.88x10-2 9.00x10-4

0 - 1.00 x10-2

a - 4.0
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Figure 6.11 Stress-strain curves of asphaltic concrete under C-IDT test at 10oC
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Figure 6.12 Stress-strain curves of asphaltic concrete under C-IDT test at 25oC
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Figure 6.13 Stress-strain curves of asphaltic concrete under C-IDT test at 40oC
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Figure 6.14 Stress-strain curves of asphaltic concrete under C-IDT test at 55oC
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Figure 6.15 Comparison of stress-strain curve between experimental test and rate-

dependent hyperplasticity model in the last cycle

The prediction of rate-dependent hyperplasticity model against the C-IDT

test shows that E1 and k1 are 1.00x10-11 GPa and 7.00x10-7 MPa. As for reference

temperature E and k are 7.99x103 K and 4.20x103 K. From the parameter in term
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of E, E1 in the cyclic condition is smaller than E1 in the static condition, yet E of

cyclic condition is higher than E of static condition. For the parameters of k term (k1

and k ) of both conditions, they are equal because the values of k1 and k do not

influence to the stress-strain response. The parameter of temperature and the strain

rate A, B, and C approximately are 4.88x107 s-1K-1, 6.68x103 K, 4.88x10-2 MPa.K-1.

The estimated value of the activation energy is 55 kJ/mol. Finally, the shape

controlling parameters of stress-strain graph of cyclic condition are equal to their

values in static condition as 0 is 1.00 x10-2 and a is 4.0. This model used the same

parameters as S-IDT are k1, k , 0 , and a. Figure 6.15 shows the last cycle of model

comparing with experimental data. An investigation of this figure expresses that the

model can predict the cyclic stress-strain curve at any temperature well.

6.5 Summary

In the predicting between the constitutive model and the experimental test,

three sets of suitable parameter acquired from S-IDT, S-UC, and C-IDT tests are

arisen. For comparison with S-IDT test, the model predictions at 10oC and 25oC show

the good result as illustrated in the stress-strain curve. Nonetheless, the results at 40oC

and 55oC are not quite good. For comparison with S-UC test, the stress-strain

behaviour is predicted not well only at 10oC and high strain rates at 0.0167 and

0.0056 s-1. Due to the fact that the brittle behaviour (stress-strain curve suddenly drop

after peak) cannot be well predicted by rate-dependent hyperplasticity model, the

model result does not match the test result. For comparison with C-IDT test, although

the stress-strain curve at 55oC of both model and test result are slightly different, it is

obvious that the model predictions show quite perfect result.
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CHAPTER 7

Concluding Remarks

7.1 Introduction

The research finding can be pointed out into four points i.e. a numerical

implementation, an experimental testing, a time-temperature superposition, and a

future study.

7.2 Numerical implementation

This section indicates the practical use of constitutive model for

predicting the asphaltic concrete behaviour. The model used in this research is the

rate-dependent hyperplasticity model developed by Likitlersuang et al. (2009). The

model was developed for predicting the shear behaviour of asphaltic concrete under

different strain rate and temperature. The key feature of developed model can be

summarized as follows:

In a static condition, the model prediction is compared with the data of S-

IDT and S-UC tests. The result of model predicting shows that the model can be used

to predict the asphaltic concrete behaviour at the wide range of changed temperatures

and strain rates. In a cyclic condition, the rate-dependent hyperplasticity model is

expressed to fit the cyclic loading same as traffic load effectively.

An advantage in using the rate-dependent hyperplasticity model is found

that two potential equations can be employed to define the stress-strain relation. It is

convenient and concise to apply the model to the numerical method comparing with

other model in pavement engineering. Since this model can be used to examine the

stress-strain behaviour well, they are possible to be developed for structural analysis

of flexible pavement. There are few limitations in the development of rate-dependent

hyperplasticity model. The model describes shear behaviour, and it displays in terms

of one-dimensional variables  , . The Gibbs free energy function does not contain
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the terms which would correspond to thermal expansion or to heat capacity (see

Houlsby and Puzrin (2006)). Furthermore, the behaviour of asphaltic concrete, in

common with other geomaterials, includes important shear-dilatancy effects

(especially at high shear stress levels) which are not taken into account here.

7.3 Experimental tests

The research demonstrates an investigation of strain rate and temperature

effect on a crack propagation as well as a stress-strain-strength characteristic of

asphaltic concrete both an indirect tensile mode and an unconfined compression mode

by varied four strain rates and temperatures. The experimental data shows that the

effects of strain rate and temperature strongly influence the mechanical behaviour of

asphaltic concrete. Both Young’s modulus and peak load of indirect tensile mode and

unconfined compression mode rise following the increase of strain rate and the

decrease of temperature. For the indirect tensile test, at the low temperature and high

strain rate the asphaltic concrete obviously shows the brittle behaviour. At the high

temperature (i.e. 55 oC), the pure tensile mode could not be observed, since the

asphaltic concrete no longer behave as a brittle material. Finally, it can be concluded

from this study that the strain rate and the temperature considerably affect to the

measured peak strength and the stiffness of asphaltic concrete.

The testing result can prove that a temperature obviously affects to a

resilient modulus (Mr) and a constitutive behaviour. The resilient modulus is

decreasing when the temperature increases. The permanent strain or plastic strain of

asphaltic concrete rises when the temperature is higher.

The test result verifies that the temperature change evidently influences

the value of permanent deformation. The flow number (FN) is reducing when the

temperature increases. However, at the low temperature (10oC) the permanent

deformation cannot be observed in the first 40,000 cycles. This is because a material

perfectly displays the purely elastic behaviour. At 25oC the asphaltic concrete can not

be observed a failure in the creep rupture. The analysis of C-UC test results can be

employed to evaluate the properties of AC 60/70 mixed material used in the flexible
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pavement construction. This result of C-UC test furthermore demonstrates that the

asphaltic concrete mixture produced by means of this research might not be suitable

for the road in very hot condition.

7.4 Time-temperature superposition

The time-temperature superposition principle is selected to explain the

effect of temperature and strain rate. The outstanding of this research is to prove that

both a compressive and a tensile mode can be modelled with the single temperature

shift function. Therefore, the master curve and the temperature shift parameter

produced from both test series can be established. In accordance with both analysis

results, the master curve and the temperature shift parameter are beneficial for

evaluating the visco-elastic property of pavement design in Thailand.

The analysis of time-temperature superposition shows that it is very useful

for estimating the strength value at the various temperatures and the strain rates. This

time-temperature superposition analysis is also beneficial to solve the complication

that only the loading rate controlling can be used without temperature controlling to

study the stress-strain-strength characteristic of asphaltic concrete.

For limitation, the results of this research can be practically employed in

the pavement research in Thailand or other tropical countries, and the results must be

viewed with some cautions as they are based on temperature at 10oC to 55oC and

dense grade mixture.

7.5 Future study

Because this research presents only the one-dimensional rate-dependent

hyperplasticity model for the prediction of asphaltic concrete, to predict the practical

behaviour truly occurred in the road this model need to be developed into two-

dimension or three-dimension. To explain the pavement engineering problem

happened in the real field, either two-dimensional model or three-dimensional model

is then applied to the finite programme.



94

Due to the fact that most database system of asphaltic concrete which is

available in Thailand is still not complete enough, this may because the apparatuses

for studying the asphaltic concrete are very expensive. Besides, the pavement design

in Thailand is depended on the empirical formula/chart instead of studying the real

properties of asphaltic concrete. Consequently, the asphaltic concrete study is

expanded. For an experimental test, the completed set of laboratory test of dense

grade asphaltic concrete should be studied by changing the type of its asphalt cement

such as AC 40/50 and AC 85/100 and also changing the aggregate type such as the

limestone, granite and the basalt.
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Pavement design in many tropical countries like Thailand refers to the standard of America or Europe. These quoted 
standards were produced from experimental database of cold climate zone which is totally different from database 
collected in tropical area. To directly employ the design standard from one place to another may not be always 
appropriate. One way is to transform the database to check for important factors such as temperature, where cold 
climate countries environment is significantly differently from those in the tropical zone. The objective of this article 
is to evaluate the behaviour of asphaltic concrete under the varying temperature and strain rate by using the 
principle of time-temperature superposition both in compressive and tensile modes. A series of unconfined 
compression and indirect tensile tests were performed to failure or at large strain level. For both test series, the 
temperature was varied from 10 to 55·C and four different loading rates were applied. The constitutive results of two 
tests were cross-plotted to produce the master curve and temperature shift function. 

Keywords: asphaltic concrete; unconfined compression test; indirect tensile test; strain rate; temperature; time­
temperature superposition 

1. Introduction 

In general, the method that has been selected for the 
structural design of pavement in Thailand is analytical, 
based on the standard of the Asphalt Institute (AI) or 
AASHTO. Because this method depends on the 
database of each locality or country where the test 
outcome from one zone might not be appropriate for 
another zone, due diligence is needed. When the 
pavement design in Thailand is translated using 
research articles from America which are not cali­
brated with database or test results of Thai local 
materials, the applicability becomes questionable. This 
might be one of the causes of permanent deformation 
or rutting as generally detected on the roads of 
Thailand. According to the analytical method, the 
asphaltic concrete was assumed to be visco-elastic. 
However, the asphaltic concrete may show a plastic or 
irreversible behaviour. For example, in the case of the 
cycle carriage load occurred on the road, although the 
stress is lower than the yield strength of asphaltic 
concrete, irreversible strain takes place leading to 
failure. This irreversible strain signifies the plastic 
behaviour. 

Many researches tried to prove that the asphaltic 
concrete exhibits thermo-visco-elasto-plastic beha­
viour. This is because the stress-5train-strength 
characteristic of asphaltic concrete will be changed 
when the temperature and/or strain rate are 
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DOl: 10.1080/19373260903017282 
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transformed. At any temperature, the asphaltic con­
crete will deform slowly and permanently if the load is 
slowly applied. On the other hand, if a higher rate of 
loading is applied, the asphaltic concrete will behave 
much stiffer and might exhibit a fracture or crack. In 
addition, the asphaltic concrete will relax differently 
when there is the temperature variation at various 
strain rates. To define the effects of temperature and 
strain rate, Kim (2009) presented the qualitative strain 
rate versus stress-free temperature behaviour, as 
illustrated in Figure 1. This relation can be used to 
explain the mode of damage of asphaltic concrete. For 
instance, the asphaltic concrete specimen will collapse 
with the fracture (tensile) mode at high strain rate and 
low temperature conditions. However, the asphaltic 
concrete will fail by plastic flow at low strain rate and 
high temperature condition. Another possible failure 
mode is through microcracking at intermediate strain 
rate and low temperature condition. 

In theory, the asphaltic concrete can be simply 
assumed as a thermo-rheologicalLy simple (or linear 
visco-elastic) material. This material can be charac­
terised in terms of a common time and temperature 
parameter, a so-called reduced time and then the time­
temperature superposition can be applied. Schwartz 
et al. (2002) demonstrated a simple technique to 
explain the time-temperature superposition with 
growing damage based on the uniaxial compression 
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Asphaltic concrete damage 

Fracture (tension) 

Temperature 

Figure 1. Effect of temperature and strain rate on asphaltic 
concrete. 

constant rate test. They concluded that the master 
curve and temperature shift parameter can also be 
obtained from the uniaxial compression test. 

This research aims to study the time-temperature 
superposition of asphaltic concrete, which is extended 
from the previous work reported by Schwartz et al. 
(2002). A series of unconfined compression (UC) and 
indirect tensile tests (IDT) each were used to evaluate 
the time-temperature superposition of asphaltic con­
crete. These two test series were carried out under wide 
ranges of temperatures and strain rates. The tempera­
ture conditions of both tests were varied at 10°C, 25°C, 
40°C and 55°C, such as that experienced in practice on 
the pavement layer in tropical countries like Thailand. 
The loading rates were applied to the ue test at 
0.0006,0.0017,0.0056 and 0.0167 s-', and to the!DT 
test at 0.0008, 0.0025, 0.0083 and 0.0250 s -\, which 
was presented by ehompoorat and Likitlersuang 
(2008). The strain rates of both tests are commonly 
found in the traffic loads which are also specified by 
AASHTO T 283 (AASHTO 2001). 

2. Theoretical background 

2.1. Elasto-visco-plastic model 

The characteristic of asphaltic concrete not only shows 
a completely elastic behaviour, but also shows plastic 
behaviour beyond first yield (or at large strain level). 
For instance, when the asphaltic concrete is loaded 
until it reaches the first yield and then is reloaded back 
to the original condition, the loading path will return 
to the origin. This shifted deformation comes from 
plastic strain or permanent strain. Apart from the 
plastic behaviour at large strain, it is well-known that 
the asphaltic concrete also shows the viscous behaviour 
such as time-delayed response from the traffic load. 

Therefore, elasto-visco-plastic (EVP) theory is 
generally applied to the stress-strain analysis of 
pavement engineering. EVP theory can be described 
by the mechanical model as shown in Figure 2. This 
model is composed of three basic elements which are a 

j.-- e''P --i.*-I-4t-- e< -..j 

1-4 e---+l-I 

Figure 2. Elasto-visco-plastic model. 

cr 

linear spring with spring constant (E), a slip friction 
with coefficient of friction (k) and a dashpot 
(pistons moving in a viscous fluid) with coefficient of 
viscosity (Jl). 

2.2. Time-temperature superposition 

The properties of viscous material, for example, 
asphaltic concrete can be assumed to be a function of 
time and temperature. In general, it is difficult to 
describe the mechanic behaviour of asphaltic concrete 
under previous two functions. Fortunately, asphalt 
binder is thermorheologically simple material, which 
means that the effect of time can be replaced by the 
effect of temperature, and vice versa. The asphaltic 
concrete property as a function of time (or frequency) 
such as the complex modulus (£*) or shear dynamic 
modulus (G*) at various temperatures can be shifted 
along the horizontal log time (or log frequency) axis to 
form a single characteristic master curve. The £* and 
G* can be estimated following the dynamic modulus 
test (AASHTO TP 62) and the shear dynamic modulus 
test (AASHTO TP 7). For example in Figure 3, the 
modulus at any temperature can be modelled with a 
single curve at reference temperature named as a 
master curve. All curves are shifted by means of the 
temperature shift parameter (aT(1)) which is defined: 

(1) 

where, t is time (before shifting), and tR is reduced time 
or time at reference temperature (after shifting) (see 
Figure 3). 

Schapery (1999) developed the Schapery conti­
nuum damage model which explains the concept of the 
visco-plasticity with growing damage. This model 
consists of the visco-elastic correspondence principle, 
microstructure damage, and strain hardening visco­
plastic behaviour. Schapery's continuum damage 
model is the separation of total strain et into its 
components: 

(2) 
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log E· or log G· log E· or log G· 
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Figure 3. Data shifting to construct master curve. 

where, eve is the linear visco-elastic strain, Ild is the 
strain due to microstructure damage, and tvp is the 
visco-plastic strain. For calculation of the temperature 
shift parameter corresponding to the total strain Illt 

Schapery (1999) concluded the components of Ilt 

may be interchanged using the time- temperature 
superposition. 

(3) 

where, aTve(T), aTd(T) and aTvp(T) are temperature 
shift parameter for visco·elastic, microstructure da· 
mage, and visco· plastic behaviour, respectively. 

Schwartz et al. (2002) presented the time- tempera­
ture superposition with growing damage, which it was 
verified by the uniaxial compression constant strain 
rate tests at large·strain values. According to the 
uniaxial compression test results, the master curves 
(stress vs. reduced time) and corresponding time­
temperature shift functions curve are obtained. The 
procedure producing both curves falls under the cross­
plot method. Note that since the strain value is fixed, 
this plot is similar to a modulus versus log time curve. 
The procedure of cross·plot is schematically illustrated 
in Figure 4 and can be explained as follows. First, a 
given magnitude of strain reference is selected. For this 
strain at a given temperature, the magnitude of stress 
and time are determined for each strain rate. Secondly, 
the relation of log stress and log time for the given 
strain magnitude are constructed. Finally, the log 
stress and log time curves for each temperature are 
shifted to produce the master curve, and the tempera­
ture shift function is constructed by the same 
procedure as the dynamic modulus test and shear 
dynamic modulus test. 

3. Experimental programme and result 

The materials employed in this study are designed 
according to the Marshall method. The grade of 
asphalt cement is AC 60/70 and the nominal maximum 

size of aggregate is 12.5 rom. All of these materials are 
practically used for road construction in Thailand. 
These selected materials are designed with a mix of 
5.5% by weight of AC 60/70. The specimen dimension 
used is 100 rom diameter with 65 rom height for the 
lOT test. On the other hand, the specimen of 100 rom 
diameter with 150 mm height is prepared for the UC 
test. The asphaltic concrete mixtures are compacted by 
Superpave Gyratory Compactor (SGC) which is 
controlled by computer. The mould of SGC is rotated 
through a 1.25 ±0.02 degree pivot angle. While the 
mould is being rotated at 30 rev/min, a 600± 18 kPa 
static load is placed on the specimen through the use of 
a ram. The density of 2400-2450 kg/m3 (based on 
Marshall mixed design) and air void content of 3-5% 
were achieved after compaction using SGC. 

The universal testing machine with static loading 
condition is employed in this study. The UC specimen 
is loaded along the specimen height in static condition; 
on the other hand, the lOT specimen is loaded across 
its diametric plane in static condition. The radial and 
axial strains are measured by means of four strain 
gauges (two for radial strain and two for axial strain). 
To investigate the effect of loading rate on the 
development of micro-cracking until failure, four 
different strain rates which are 0.0006, 0.0017, 0.0056 
and 0.0167 S-I for UC test and 0.0008, 0.0025, 0.0083 
and 0.0250 S-I for lOT are applied. The temperatures 
selected in this study are 10°C, 25°C, 40°C and 55°C. 

Figures 5 to 8 summarise the measured stress and 
strain responses of the UC tests for all four tempera· 
tures. At 10°C (Figure 5), the maximum stress typically 
occurred at the strain value of - 1.5%. The magnitude 
of maximum stress increased with increasing strain 
rate; however, the strain rate hardly influenced the 
peak strain. The overall characteristic and quality of 
the data from 25°C, 40°C, and 55°C are similar to 
those from 10°C. Nevertheless, there are evident 
anomalies in the data of 40°C and 55°C at the rate 
of 0.0056 s - I . The curves are slightly flatter and the 
maximum stress values are smaller than expected. 
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Figure 4. Schematic of time-temperature superposition principle using cross plot. 
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Figure 5. Stress-strain behaviour of UC tests with different 
strain rates at 10°C. 

In the UC mode, all of the specimens tested failed 
perfectly in compression mode. The typically failure 
mode observed is shown in Figure 9. 

The mechanical responses of all four temperatures 
during the lOT tests are shown in Figures 10 to 13. At 
the lowest temperature (Figure 10), the asphaltic 
mixture has the highest peak stress, and it effectively 
shows the tensile behaviour. It can be observed the 

6000.0 
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4000.0 .-... 
3000.0 C 

t) 

2000.0 

1000.0 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 
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Figure 6. Stress-strain behaviour of UC tests with different 
strain rates at 25°C. 

strength suddenly drops after peak due to the fact that 
at low temperature, the asphaltic concrete behaves as a 
brittle material especially for the fastest test 
(0.0250 S-I). The failure mechanism exhibits almost 
pure tensile mode as shown in Figure 14. 

At standard temperature (2S°C), the lOT beha­
viour can be competently expressed similarly as at 
lOoC, but for the stress- strain curve of the lowest 
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3000.0..-------------------, 
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Figure 7. Stress-strain behaviour of UC tests with different 
strain rates at 40°C. 

1400.0.------------------, 

8(%) 

Figure 8. Stress-strain behaviour of UC tests with different 
strain rates at 55°C. 

strain rate (0.0008 S-I), it displays both tensile and 
compressive modes. This can be investigated from 
Figure 11 where the initial stiffness is very steep, but 
the stress-strain relation trends rebound after reaching 
the peak region. This is because the boundary of the 
tension zone at the diametric plane is getting smaller, 
and the compression zones near the top and bottom 
cap are getting bigger. This means that compression 
behaviour might dominate. Moreover, the stress-strain 
behaviour of specimens at 40°C (Figure 12) is similar 
to those at 25°C. The effect on compression zones 
around the top and bottom cap is more obvious 
especially at the slowest test (0.0008 s -I). 

At the highest temperature (55°C), the stress-strain 
behaviour can be measured only by the fastest test 
(0.0250 S-I); nevertheless, its behaviour is ' not in 
purely tensile mode. There is also no the tensile 
behaviour observed at the other strain rates (see 
Figure 15). 

4. Analysis of experimental results 

The analysis can be separated into two parts: (i) the 
strength and stiffness, (ii) and the time-temperature 

Figure 9. Typical failure mechanism of asphaltic concrete 
under UC test. 
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Figure 10. Stress-strain behaviour of IDT tests with 
different strain rates at 10°C. 

superpositIon. Firstly, we focus on the strength and 
stiffness of asphaltic concrete both compression and 
tension mode. The maximum stress (O'max) and the 
secant Young's modulus at 50% of maximum stress 
(E50

) of UC and IDT tests are measured as presented 
in Tables 1 and 2, respectively. Figures 16 to 19 show 
the variation of E50 and O'max with temperature from 
the UC and IDT tests. It can be concluded that both 
~ and O'max roughly increase with the strain rate and 
temperature. However, there are evident anomalies of 
E50 under the UC condition at the strain rate of 0.0167 
and 0.0056 S-I data and at temperature of 25°C and 
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Figure II. Stress-strain behaviour of lOT tests with 
different strain rates at 25°C. 
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Figure 12. Stress-strain behaviour of lOT tests with 
different strain rates at 4Q°C. 
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Figure 13. Stress-strain behaviour of lOT test at 55°C. 

40°C (see Figure 16). This is because it is difficult to 
control the first contact between the specimen and the 
loading plate perfectly. Resulting from those, there is a 
slight effect at the beginning of loading at the highest 
strain rate. The strain at peak is measured as presented 
in Tables 1 and 2 for the UC and lOT tests, 
respectively. The range of peak strain from the UC 
tests scattered around 1.10-1.90% (average 1.50%) 
between upper and lower bound as shown in Figure 20. 
This value is smaller than what is typically found in 

Figure 14. Example of failure mechanism of asphaltic 
concrete under lOT test at 10°C and strain rate of 
0.0083 S-I. 

Figure 15. Example of failure mechanism of asphaltic 
concrete under lOT test at 55°C and strain rate of 
0.0008 S-I. 

concrete (the compressive strain before failure of 
concrete is around 3 %). The data of strain at peak 
of lOT tests are even more scattered to form any useful 
conclusion as shown in Figure 21. The range of peak 
strain from the lOT tests is 0.23--0.91 % (average 0.5%) 
which matches that of concrete which has the tensile 
strain before failure around 0.8-1.0%. 

Secondly, the time-temperature superposition of 
asphaltic concrete at large strains can be analysed 
based on the same framework of Schwartz et al. (2002) . 
However, the analysis is extended to both the UC and 
lOT tests. The reference strain of UC and lOT tests 
are selected at 1.5% and 0.5% as they represent the 
average peak strain of the compression and tension 
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Table \. Summary of stress- strain-strength values from 
UC tests. 

Secant 
Young's 

modulus at 
50% of 

Strain maximum Maximum Strain 
Temperature rate stress stress at peak 
(T: C) (t , S-I) (eo, MPa) (o-max, kPa) (epeak, %) 

10 0.0006 742.84 5685.64 1.58 
0.0017 1107.29 7894.84 1.53 
0.0056 1409.99 11202.93 \.13 
0.0167 1419.54 15910.43 1.52 

25 0.0006 325.71 1827.37 1.57 
0.0017 508.35 2807.38 \.68 
0.0056 864.86 4251.71 1.36 
0.0167 741.44 5824.72 \.64 

40 0.0006 172.29 1032.94 \.83 
0.0017 300.72 1307.77 \.67 
0.0056 365.01 1678.48 1.10 
0.0167 303.62 2405.62 \.66 

55 0.0006 102.31 636.89 \.90 
0.0017 166.60 778 .01 1.58 
0.0056 179.99 827.23 1.64 
0.0167 240.33 1145.52 1.64 

Table 2. Summary of stress-strain- strength values from 
lOT tests. 

Secant 
Young's 
modulus 

at 50% of 
Strain maximum Maximum Strain 

Temperature rate stress stress at peak 
(T: C) (t, S-I) (E5O

, MPa) (utnaJ(, kPa) (tpeak, %) 

10 0.0008 646.49 1015.80 0.91 
0.0025 1126.86 1558.38 0.67 
0.0083 2492.28 2411.35 0.48 
0.0250 3560.99 3688.94 0.32 

25 0.0008 294.80 372.10 0.49 
0.0025 305.78 570.27 0.63 
0.0083 525.04 938 .89 0.81 
0.0250 1117.31 1180.08 0.59 

40 0.0008 N/A N/A N/A 
0.0025 168.96 168.96 0.55 
0.0083 180.38 340.67 0.55 
0.0250 393.07 446.27 0.85 

55 0.0008 N/A N/A N/A 
0.0025 N/A N/A N/A 
0.0083 N/A N/A N/A 
0.0250 280.24 181.29 0.23 

N/A, not available (test cannot be performed). 

test, respectively. The relation between stress at the 
reference strain (urer) and reduce time (tR) of both the 
UC and IDT tests can be approximated as a simple 
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Figure 16. Variation of eSO with temperature of UC tests. 
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Figure 17. Variation of U max with temperature of UC tests. 
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Figure 18. Variation of eO with temperature of IDT tests. 

linear relationship as shown in Figure 22. The 
relationship between temperature shift parameter (aT) 
and temperature can be concluded: 

log aT = -O.0913T+2.2353 (4) 

where, T is the temperature in°e. The regression 
analysis illustrated that the Equation (4) has 
R2 = 0.9978 as shown in Figure 23. 
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Figure 19. Variation of Umax with temperature of IDT tests. 
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Figure 20. Variation of EpeaJc with temperature of UC tests. 
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Figure 21. Variation of Epeak with temperature of lOT tests. 

5. Conclusions 

This research presents the stress-strain behaviour of 
asphaltic concrete under wide range of temperatures 
and strain rates by means of the unconfined compres­
sion and indirect tensile tests. The time-temperature 
superposition principle is selected to explain the effect 
of temperature and strain rate. This research proves 
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Figure 22. Stress-reduce time master curve from UC and 
lOT tests. 
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Figure 23 . Time-temperature shift function from UC and 
lOT tests. 

that both the compressive and tensile mode can be 
modelled with a single time-temperature superposition 
framework. The master curve and temperature shift 
parameter produced from both test series are estab­
lished, which will be beneficial for evaluating materials 
appropriate for specific area of road design in Thai­
land. This may lead to a decrease in road failures 
caused by the improper use of material parameters 
such as temperature. The results of this study may be 
useful for pavement research in Thailand or other 
tropical countries. However, the results must be viewed 
with some caution as they are based on temperature at 
lO°C to 55°C and dense grade mixture. 
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