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The asphalt &1 material for flexible pavement
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Thailand has been sti - dard eign countries. In fact most of

environments. Tho . and m ym foreign countries may not be

suitable to the conditi il ( he earch focuses on the asphaltic
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CHAPTER 1

I ntroduction

1.1 Research background

The high progress of economy @nd population lead to an increase in a
demand of road infrastructure. To support thedarge amount of traffic, the pavement
construction is now enlarged, and the increase of capacity of the pavement structureis
also focused on. Whether the pavement structure will favourably support an
abundance of traffic or ot it depends on the design approach and its material
assumption. The appropriéte desi gn' assumption is important for producing not only
the durable pavement‘but the economical pavement as well. There are two genera
approaches for the flexible pavement or é_sphalt pavement design. The former is an
empirical method which invalves a ot of eXbérienc&s 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 11 -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 becausesthose, 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 anaytical method. In 1962 the valuable

article “The Application of Elastic Theory to Flexible Pavement”, which explains the



reasons supporting the elastic anaysis 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 matesial. Faorinstance, the asphaltie eoncrete is based on the basic
elasto-viscodl atic prineiples.io clarify the viscous behaviour happened in the material
(Huang, 2004). This assumption of analytipal and numerical methods can be used to
assume only that the pavement/materials can behave as e astic and/or viscoelastic. In
fact these materials howgver/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.

A4

An asphaltic concreie can be theoretically categorised as a
thermorheologically (or linear visco-elastic in a particular temperature) material.
Consequently, many. résearches 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 aload is owly 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



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 .i0_demonstrate the effect of time and
temperature on asphaltic concrete behaviour.

1.2 Research objectives

This research.@ms 10 conduct a rigorous evaluation of asphaltic concrete
behaviour in proposed periormance and meghanistic behaviour. The main studies can

be categorised three sections asfoll ows:

(1) The constitutive-model for. asphaltic concrete based on a rate-
dependent hyperplasticity model {Houlsby and buzrin, 2003) is devel oped.

(2) To prove that the developed constitutive model can be used to predict
the asphaltic concretebehaviour under the changes of tempeérature and strain rate.

(3) The asphaltic concrete is tested to study the strength and plastic
deformation characteéristic!” 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 facters-affecting the asphaltic.conerete;, 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.



1.3 Research methodology

The main procedure for achieving previous objective comprises the
numerical analysis, experimental testing, and the conventiona anaysis of
experimental results. The details of these three parts are clarified as shown in the

following items.

(1) In numerical analysis, the réte-dependent hyperplasticity model for
predicting the asphaltic concrete under the eifect of temperature and strain rate is
developed. This model is then-calibrated against viscoelastic damage model and
experimental data (Schwaiiz elal.; 2002). After calibration, this model is predicted to
compare with the IDT and'UC test results of this research.

(2) In expefimental 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 ‘fléctors observed in static load test are
the various temperatures and the diverse rates of Toadli ng. These different temperatures
which are 10, 25, 40,-and-55°C-aie-tised-for-both-SIDT 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™, and the specimens of S-UC tests is studied at 0.0006, 0.0017,
0.0056, and 0,0167 s For, theifactor studiedsinccyclic4ead-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.



1.4 Research expected contribution

According to the whole research composing of a numerica
implementation, an experimental testing, and a conventiona 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 bysnumerical study that the numerical method can provide an
accurate prediction closer torthe 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 frpr_.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“experi mental testl ng and anayse of experimenta
testing, the result can be used for eval uation-of asphaltic concrete properties. The
outcome can be the maierial-daiabase-oi-the-asphattic-cancrete and also to design for
the pavement construction in tropical countries especiatty Thailand. For example, the

maximum stress (G, ), the strain at maximum stress (¢ ., ), and the secant Young's

modulus at 50%; of thé’maximuirh 'stféss|(E%) under | différent-temperatures and strain
rates can be estimated by means of the testing results of the static test. As for the
value ofyresitient medulus<(Mgp) from €-1DT, test,it, canybe used 0, design the layer of
the asphaltic concrete. "In C-UCtest, the sSimple 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.



CHAPTER 2

Literaturereview

2.1 Introduction

This literature review can be categorised into three parts: (1) conventional
of pavement engineering knowledge, (2) constiiutive modelling for asphaltic concrete
and time-temperature superposition, and (3) raté process theory and hyperplasticity
approach. In the first partytheflexible pavement structure, the failure criteria, the
critical stress/strain of flexible pavement, the asphaltic concrete behaviour, and the
asphaltic concrete charagteristic jare discussed. In the second part, the famous
constitutive model sueh as'a viscoelatic thdel and an elasto-visco-plastic model are
reviewed. The time-temperature superpoé-_tion reported by Schwartz et al. (2002) is
also looked over. In the lest part, the rate procees theory is reviewed to completely
understand the asphaltic concrete behavioﬁ:r'.—- The hyperplasticity approach is briefly
described. The development of rate dependent k}yperplasticity model is aso reviewed.
In addition, the summary of the Iiteratur.é revlew 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 maierid 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) Sed coat: A sedl coat is athin asphalt surface treatment. It makes use
of the skid resistance because the aggregates in the surface probably could dlip 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 aflexible pavement

(2) Surface course (Wearing course)..Fhe surface course is the top course
of asphalt pavement, whiehris normally-constructed-of the dense grade hot mix asphalt
(HMA). This course is used fer the purpose of resisting the distortion under the traffic
and providing a smooth_and.skid-resistant riding surface. It is aso employed to
protect the entire pavement and subgrade soil from water which is a cause of its
weakness. Therefore, ihe taughness and Waf;_erproofing are the essentia 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 t6o 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, @ 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 |ess asphalt.

(4) Tack coat and Prime coat: A tack coat is an extremely light application
of asphalt,awhich isregularl y=diluted withywater to herasphaltiemulsion. Because it is
necessary to bind each layer of an asphalt to the layer below, atack™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



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 dlight 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 whereihesubgrade sail is very weak.

(7) Subgradessoils This 'soil'is the natural soil underlying the pavement
about one meter. On thesother 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 ecut. Moreover, the stabilized or treated soil

replacing unsuitable natural soil is Counted_aéihe subgrade soil.
2.3 Failurecriteriain flexible pavement e

For the development of design approach at present, the majority of falure
usually occurred in-ihe asphaltic concrete surface 1s 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 smilarly, athoeugh' the cause of each failure may be
different. The failure problems normally happened in the asphaltic concrete surface
can be separated asiollows!

2.3.1 Permanent deformation

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



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 paral leled the traffic direction is called
rutting as shown in Figure 2.2(a). (@ ;ﬁ! deformation existed in the area where
the vehicles stop frequently or~move irection slowly and perpendicularly
is cal shoving as |Ilustratm,ure Z,’Z(b) %{tl ng of permanent deformation is
/s b se the traffic can be more quickly. Both
0 er'?é'_d in m‘benized roads especially at the

mostly found in the r
rutting and shoving ar

intersection and zon

ﬁgﬁ ABIEHY ';‘i&ﬁ"‘ffm“”g

2.3.2 Thermal cracking or Horlzontal cracking

A RABL AT UBY IR i o

pavemenﬂ 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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2.3.3 Fatigue cracking or.Alligél /a
-- sup loads for too long, a creep

When the asphalt pave

J.‘ﬂ"

asphaltic concrete surface @nd leads to fat u¢c ing. Figure 2.4(b) illustrates the
"J’"J“‘

characteristic of fatigue cra |n%f1’ﬁe_y factors resulting in fatigue cracking

FF T

are: (1) the structure design of@em 1t
content (4) the air v0|d content i mineral agg

an aggregate in aspheltic_concre '—'""""'“‘E=="='"-'¢M e properties of pavement
materias (6) temperatje and (7) traffi LTI
2.4 Problem and Imprevement
h@ yrﬁJ gnwuﬂ Ylj mgmjdwgnmg materia or
el NIRRTl ik
tropi Europe. These

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

the properties of asphalt (3) the asphalt
regate (VMA) and the characteristics of

which is totaly 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. Actualy,
the behaviours of al 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 rel oaded back to the original condition, the loading path can not be
back to the old point. Thisis called the plestie sirain or permanent strain.

Following the problem above, theassumptions for analyzing behaviours
of asphaltic concrete are'not adeguate to describe the behaviour of material. Thus,
other knowledge and-metheds are required to improve the prediction of asphaltic
concrete such as the plasticity theory. From previous theory, the constitutive model
are produced to explainthe thesmo-el asto-viscopl astic behaviour of asphaltic concrete
and to define the plastic stfain and failure strain.

2.5 Critical stress/strain‘of flexible paverr_ieﬁt

The multi-layered “system strudtfr’e of flexible pavement consists of
various stiffness of pavement layer. Figure 2.4 exhibits the multi-layered pavement
structure of which base-tayer-is-granutai-naierial—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 manyresearches, 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 paverment using analytical
method, the strain'is employed to be the determiner of failure in'gach 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
stresseg/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 radia 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 whieh occurs in the pavement layers and

spreads from the bottom to the surface.

Wheel load

!

EE: I g Compressive strain-Rutting

Asphaltic cgRicrefe J! @ Tensile strain-Fatigue cracking

Compressive strain-Rutting

Granular base

|

= . . .
Granular subbase Compressive strain-Rutting &

“- ~ Depressions

Subgrade'soil

Figure2.4 Critical stress and strain at each-layer of flexible pavement

Number (1) is a vertical'compressiveStrain occurringin a surface layer of
asphaltic concrete. It becomes critical (when the traffic isiextremely congested or very
weighty. Taking place of vertica 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.



13

Number (2) is aradial 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)«sa vertical compressive strain taking place in the granular
material base layer. Normally; the material used in the eonstruction of base layer must
be very firm and well-gonstiticted; therefor_e, the vertical compressive strain occurring
in the base layer above is not asthe critical strain which is employed for considering a
design of flexible pavement /The veriical . compressive strain taking place in the base

layer built from the local |ow-gualified material is the cause of rutting.

Number (4) is a vertical compr;e,'é‘si‘ye strain happening in a subgrade soil
surface of flexible pavement. Since the subeade soil layer has the lower elastic
modulus than the others, the vertical compr ve 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 Asphalticeoncrete behaviour

At present, the asphaltic concrete behaviour is mostly based on the
assumption of visceglastic 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
adeguate to reach the materia behaviours due to the reason that the behaviours of
asphaltic concrete employed in aroad 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.
100°C), the behaviour of the asphalt cement becomes as the viscous fluid which is
concentrated and lubricating like oil. (2) in'low temperature (i.e. 0°C), the asphalt
cement behaviour acts as the elastic solid which«ean be changed back to the original
condition. (3) in intermediate temperature (i.6. room temperature), in the environment
between high temperature and low temperature, beth of viscous and elastic behaviour
are expressed, which is knewn@sthe viscoelastic behaviour.

To define the effects of tempe;réture and strain rate, Kim (2009) presented
the qualitative of strain fate versus. the temperature which displays the stress-free
temperature and the strain reie as iIIustrated_.i n 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 fracturé (féf1$ile) mode at the high strain rate and
the low temperature conditions.-Hawever, the ésphaltic concrete will be failed by the
plastic flow at low -strain rate and high temperaitre condition. Another failure
possibility is the microeracking at the intermediate strain rate and the low temperature

condition.

Asphalfic con¢rete damage

»
|

Fracture (tension)

Strain rate

Plastic flow

»
>

Temperature

Figure 2.5 Asphaltic concrete affected of temperature and strain rate



15

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
(M) 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 eriteia in the Asphalt Institute Method.

2.7.1 Resilient modulus

Hveem and Canmany (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 ter‘m"-modul us of resilience was proposed and
later changed to be resilient modulus (Seed et al ., 1962) as displayed in Figure 2.6.

qgi 222244

] Resilient modulus

»- 8’,

D R —
Plastic  Resilient

Strain stréin

Figure 2.6 Definition of resilient modulus

As figure above the resilient modulus value, which expresses in term of
deviator stress (g) and recoverable strain (€, ), can be described by elastic principle as

presented in the following equation:

M, =— (2.1)
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For an asphaltic concrete, the resilient modulus is able to investigate from
IDT test for aresilient modulus of bituminous mixtures. Therefore, the ASTM D 4123
developed the ssimply equation which used to calculate the resilient modulus as
expressed below:

_ P(v+0.2734)

Mr
od

(2.2)

where P is dynamic load, v is Poisson raitowhieh normally is equal to 0.35 (ASTM
D 4123), § istota recoverable deformation, and d 1S specimen thickness.

Meor and Feoh(2008) studied the effects of temperature on the resilient
modulus of dense asphalt mixes incorporating steel slag fully or partialy replacing
natural granite aggregaies and then subj ebfed to short term the oven aging. Two mix
types designated as SSDA" (asphalt mixture incorporating 100% steel slag as
aggregates) and SSGDA (asphalt mixturé.-incorporating 50% steel slag and 50%
granite aggregates) were evaluated: The specimens were tested at 10°C, 25°C and
40°C. Some parts of research ean be conclhdé’ﬂ the effect of resilient modulus with
temperatures which provided from two asphél’tié"mixtures as shown in Figure 2.7.

9000
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Risilient Moduli (M Pa)

0 5 10 15 20 25 30 35 40 45 50
Temperature (°C)

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 45°C. 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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2 4000 |
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0

10 15 20 25 30 a2t 40 45 50
Temperature (°C)
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 intan (asphaltic, concrete develops
gradualy with increasing of load applications, usualy 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 (¢,) 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

dlope in secondary and tertiary represents the flow number (FN). The classic power-
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law model, mathematically expressed by Equation 2.3, istypically used to anayse the
test results:

g, =aN® (2.3)

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

€pi log £
i Secondary creep E /
| “FiCreep rupture daigscept “a”
| | / Slope “b”
Primary creep
N FN# iloading cycles: log (V)
@ ' (b)

Figure 2.9 (a) Typica relationship between total cumulative permanent strain and
loading cycles (b) Regression constants a and b

Jahromi and Khodaii (2008) studlqd the characteristics and properties of
carbon fibre reinforced asphalt mixtures, Wh_iéh might improve the performance of
asphaltic concrete. To evaluate the effect of fibre Goniénts 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 asillustrated 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 aso
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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Figure 2.10 Relation of permanent strain a} 6500 cycles and stiffness (Jahromi and

Khodaii, 2008)
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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 far degreasing 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 elastie'property of solid and viscous behaviour of liquid is controlled
by the viscoelastic maierials The theory of viscod asticity is naturally applied to the
analysis of layered systém because the béhaviour 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 alinear spring with spring consta"nt'(ﬂE) 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 withqa 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 onvthe time'rate of strain (i.e/o'= u% ). “Fhe equations of

both elastic model and viscous model are expressed by

Elastic moddl: o =Ee (2.9
. ot
Viscous model: €= I (2.5

where o isstress, ¢ isstrain, and t istime.
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Figure 212 Meghanical model sfor viscoelastic materias

The Maxwell model is a corh‘l'jihqi__ion of elastic and viscous model in
series as shown in Figure 2.12(¢}. This mpdél corresponds to a viscoelastic fluid.
Under constant stress; the total strain isthé sum of srain of both an elastic model and
aviscous model. Thisequation can be written as follows.

s=£+0—t:£(l+Lj (2.6)
Eomy M6 0/E0 To

where T, = % is relaxation time: it characterizes the rate of.decay of the force. The

0

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 stressis

the sum of two stresses (i.e. c = E;e+ ulg ).



22

£ = % {1— exp(— Tlﬂ 2.7)
Hq

where Tl:E IS retardation time it characterizes the rate of decay of the
1

displacement. The subscript 1 is used to indicate a Kelvin model. If o, 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 along period of time,

will becometo zero (i.em6= g, exp[— %—] *
0

The Burgers model is a combination of Maxwell and Kelvin models in
series asillustrated in Figure 2:12(e) ~Under constant stress, the strain equation can be

- BN

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

written as follows:

ot

(i), aviscous strain
EO 0'0 £

), and aretarded strain (Ei{l— exp(— Tlﬂ ). Although a

1

Burgers model_well represents the behaviour of viscoelastic material, a single Kelvin
model is usually natisutficient to define thedong period of time.

The"generaized“madel! can the “used, to"characterizefany viscoelastic
material s shown in Figure 2.12(f). Under constant stress, the strain of this model can

g = Ei(1+ Ti] 1 %{1— exp(— Tiﬂ (2.9)

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

be written as;

the effect of load duration. Under the single load application, the instantaneous and
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the retarded el astic 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 eoncrete 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 (WF) and internal
state evolution law. Thefellowing equations constitute the viscoelastic model used in
the characterization of asphaltic concrete. The pseudo strain energy density function
can be defined as:

WR = %C(S)(s,R,).Z (2.10)

where C(S) is material damage funciion of'- siﬁgle damage parameter (S and £® is
pseudo strain. Thewe®, which bases on an elastic-viscoelastic correspondence

principle, can be written as:

R
foy

1 de
— | E(t —tg)=—at 211
ERl (- tode ot (2.12)
where E, isreference.modulus (i.e. initial modditis), .E(t) is relaxation modulus, t,
is reduced ‘time, and t"is time. “To'implement’ numerically the‘viscoelastic damage
model, a series function is used to represent the relaxation modulus, E(t) (Park and

Kim, 2001):

(1+ t ] (2.12)
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where E_ islong-time equilibrium modulus, E; is elastic modulus associated with a
relaxation time, p, is relaxation time, and mis 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:

(1+{Fi)1m -1

m

N

R i=1

(2.13)

where ¢ is constant strainséteand time.it can be computed from t = ¢/¢. Therelation
between a stress and a strain is defined in term of pseudo strain as:

of —— =CIS)s" (2.14)
o€ )4

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

crack growth:

R o

& |l (2.15)
0S

where a is materid-dependent constant for damage functiofi. For the prediction of

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

featuresiinto'the model to describethe 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 generdly 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
dip friction with coefficient of friction (k), and a dashpot (pistons moving in a viscous

fluid) with the coefficient of viscosity ().

Figure2.43 El asto-visco-plastic model
2.8.4 Elasto-visco-plastic modd (Schapery continuum medel)

Schapery (1999) ws to develop the viscoplastic constitutive model for an
uniaxial loading. The axial viscoplastic stra[p__is assumed by strain hardening mode!:

4 l
. 1

- (F’_HL)"” U g-’(d)dt]p” (2.16)

A
where ¢ is total viscoplastic strain, g(s) is Uniaxial stress loading function, and A

and p are material conStants. As for thetconstant stress creep condition g(c) is

independent of timeé'and g{c) is'assumed a power law' as Bs®. For this case, the

presentation of viscoplastic strain become as in eguation below.

L
£ = (pT”j Pt (Gq Joat et (2.17)

where D = A/B. B and q are material properties. For asphaltic concrete material, the
viscoplastic parameter p, q, and D were caculated by using the uniform load and

uniform time creep and recovery test.
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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 .iitae (or frequency) such as the complex
modulus (E*) or shear dynamie modulus (G*)at varies temperatures can be shifted
along the horizontal |og-ime (or1og frequency) axiste form a single characteristic of
master curve. The E* and G*+€an be estimated following as the dynamic modulus test
(AASHTO TP 62) and.the shear dynamié modulus test (AASHTO TP 7). For example
in Figure 2.14, the modulus &t any temper;anture can be modelled with a single curve at
a reference temperature pamed as'a master curve. All curves are shifted by means of
the temperature shift parameter (ar(T)) Whif;h is defined:

a{(T) = = (2.18)

«
ty

where t is time (befere-shifiing),—and—tsz—is feduced time or time at reference

temperature (after shifting) (see Figure 2.14).

log E* or log G¥ log E¥ orplog,G*
A A
T
Tre
~ -~ \

LR r o b= 4 S~ L

~~~~~~~~~ g
T4\ c T T2 ~. -

Sl T (Reference temperature)

~
-
~.

log ‘ log t;

Data before shifting Data after shifting

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 g, into its components:
€ =€ + €4 + gvp (219)

where ¢, islinear visco-elastic strain, €, is strain due to microstructure damage, and

e, IS visco-plastic strain. For caculetionthe temperature shift parameter

corresponding the total strain &, Schapery (1899) concluded the components of ¢,

as Equation 2.19, may heinterehanged using the time-temperature superposition.
e (1)=100(T) = 3, (T) (2.20)

where ane(T), ar(T) and any(T) are température shift parameter for visco-elastic,

microstructure damage, and visco-plastic behaviour, respectively.

Schwartz et al. (2002) presentéci the time-temperature superposition with
growing damage, which it was verified by_.vt_hg uniaxial compression constant strain
rate tests at large-strain values. According to fhe 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: Nete 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 illustratedin Figure 2.15 and
can be explained as follows. Firsily; 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, alog 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 proeessitheary

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

behaviaur ‘of matertal«and the particlerank 'of material. For instance; the particle rank

of soil 1S defined by mean of an activated energy (E,) 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 (€ o f ). As for this condition

the strain rate equation can be written following as:
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Figure 2.16 Imitation aiitheactivated energy of soil when it isforced by shear

ko - ar TA
c = 2X ~lexp ~—= |sinh| —-
© h p( R@j [2kej (221)
where X is various consiant, k is Blotzmanis constant (1.38x10% JK), h is Planck’s
constant (6.624x10-* J/s), E, is‘activated energy, R is universal gas constant (8.3114

J(K.mol)), and 6 is absolute temperature. In case of solid with stable temperature

i>1. Accordingty;the Strain rate can be Written as ¢ oc sinh T or
2k6 2ko

T
ur
the strain rate.

€= rsinh( ] in which_r represents the constant using the same numerative unit as

2.11 Hypeérplasticity, 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
materia 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 (9):
Energy function: g= Q(Gij 1Ol ) (2.22)
vield function: y=yo,,0,7;)=0 (2.23)

where c;; is stresstensor, o; isinterna varable (or plastic strain) tensor, and y; is

generalized stress.

In the formulatron described by Houlsby-and Puzrin (2000), the following
derivative relationshipsare gbtained:

v = A2 &L S and = (2.24)

where ¢; is plastic straip rate, | is strain tensor, and A is arbitrary non-negative

multiplier.

S

Secondly, the hyperplasticity "t'he"ory for rate-dependent materia is
developed by Houlshy and-Puzrin (2006). Thismodel isaso identified two potential
functions. The energy-function does not change from rate-independent model, yet the
yield function is replaced by flow potentia (w) Many rate-dependent materials are
considered the‘thermally: activated preocesses.: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:

W= pr Z'J[[COSh(W},lMJ 1}dn (2.25)

0

where K is strength parameter, u is viscosity coefficient, and r is constant with the
dimensions of strain rate. The Macaulay bracketsis ( ); (x)=0, x<0; and (x) = x,

x>0.
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For the realistic modelling which gives a smooth transition between an
glastic 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 interna

coordi nate(n) . However, afinite number N of a surface must be practically employed

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

Energy function: G(Gn Lt ai(jN)) (2.26)

Yield function: Yoo, o, SelMT® A M)=0 (2.27)

The kinematighardening mechanism is selected as a key stage in
developing a model. The hardening term is expressed in the energy function. For this
case, the presentationsof Gibibs free energy function become as below equation.

N

& s G2 )y SH G
f ¥ 2551 ot d
oF I Gl a nl 5 (2.28)

i

where ¢ isstress, E, isinitia stiffness, n is “internal coordinate” which effectively
specifies size of the yield surface, and & = G(n) isintetnal parameter that plays the

role of the plastic strain. The “kernel function” H = H{(n), which defines the basic

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

H(n)= (50_ 1 (1-m)’ (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:

k(é) = ko exp(—a/ag) (2.30)
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where o is cumulative total plastic strain, ko is initia strength value, and aq 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 functiona and the flow potentia are defined as Equation 2.28 and 2.25

respectively. The incremental stress-strain response is then given by:

A

- Ha

de = dEc: + J(l;r siph <IG w_ k(d)n> S(G - H&)dn dt (2.32)

where  S(x)  represenfs / extended © signum . function  S(x)=-1,x<O0;
~1<9x)<1,x=0; §X)=1x>0. To predict the behaviour of stress and strain of

rate-dependent materiali’6 parameters (E, ko, j1, 1, @, @) are used.

2.12 Summary

¥

From these three ‘paris of literaiure review, the typical of flexible
pavement structure; the failure criteria, the critical stress/sirain of flexible pavement,
the asphatic concrete behaviour, and the asphaltic. Concrete characteristic are
discussed in details by‘the investigation of the conventtonal engineering knowledge.
Moreover, the asphaltic cancrete behaviour is approached.by.the study of viscoelatic
model and elasto-visco-plastic model. The effect-of time-témperature of asphaltic
concrete can be then comprehended by studyingsthe principle of time-temperature
superposition with,growing damage (Schwartz et.al., 2002). We can aso 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 illusiration of testing resulis is presented. The stress-strain
relation under the statigeindirect tensile test (S IDT) and the static unconfined
compression test (SUC) ares 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 temperaturé by cyclie uneonfined compression test (C-
UC) isalso concluded here. -

3.2 Material properties

Materiaslemployed in this studymare designed according to Marshall
Method. Thisis 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 nominalsmax size of 12.54mm is used in this study. All materias
based on the standards for highway, construction (DH.-S).and the standards for
materials (DH.-SP) of Department of. Highway, Thailand.

The engineering propertiesof /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 prepar ations /

The asphaltic concrete mixtur%ﬁ;érdem compacted by Superpave Gyratory
Compactor (SGC) as shown in/Figure 32_The SGC is operated by computer. The
mould of SGC is rotated through a1.25 + 0,62_§iegree 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/m? (based on Marshall mixed

design) and the air void content of 3:5% were achieved.
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Chamber for preparing

Air regulator specimens

Compressed air

yratory compactor
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The main appara ' ses uwd AQmpo ‘Of the Instron UTM-1.2MN for
the static load condition and the Contror@ 14kN for the cyclic load condition.
Since the Controls UTM- 14kNJerE)abI§tQ&aﬂde enough capacity of loading for the
static test, the Instmﬁ TM-1.2MN is ch ic condition. Firstly, the

Instron UTM-1.2M N‘é employed for studyi n?pr—?‘t‘l’&s of asphaltic concrete as

presented in Figure 3.3(a). Instron UTM- 1.2MN can betised for both a static scheme
and acyclic sc e.Eis eis how e static scheme in this
occasion, onlm |Wgﬁrmgﬁ ils part. Instron UTM-
1.2MN is able t:'{)J control the loading rates in both-a stress and a strain condition. The
loadi n@arﬁpﬂv@bﬂtﬂ @MCWGH ‘\‘/gmw %] %@I%@J by electronic
pneumat'iqc 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
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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. Severa |loading

wave shapes such as a haversine wave al‘ﬁ(il/a square wave are provided by pneumatic
actuator of the machine. Moreover, the Cd@ M-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 ford00 Mndiam Jer specimen in both an indirect tensile and an
axial load. Pneumaticat2m

| ';contr led by electronic pneumatic servo-valve. (2)

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

In this section the procedures of al 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. stetic test are based on the Static
Indirect Tensile Test (SIDT).or ASTM D 4867. The temperature at 25°C and the rate
of loading at 0.0083 s* aresrécommended for the static condition referring to ASTM
D 4867. Resulting frem the purpose in studying the effect of rate of loading and
temperature to the asphaltic.concrete behavi our, the values of both rate of loading and
temperature are varied. Four different Ioadihg rates of 0.0250, 0.0083, 0.0025, and
0.0008 s are applied to investigate the effect of loading rate on the micro-cracking
development until reaching the failure. Fallewing the S-IDT test, the temperatures
selected are 10°C, 25°C, 40°C, ‘and 55°C. These temperature ranges practically occur
on the pavement layer in Thaitand. The specimen size of 100 mm diameter and 65
mm height is used for this-iest—Fhe radial-Sifaiis-are-feasured by two strain gauges
(gauge length 20 mmy). 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-L2MN isshawever 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 aso employed
for managing the temperatures when transferring to theispecimens. The programme of
SIDT isshownin 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 25°C is used for the prediction of resilient
modulus (M) 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 10°C is
the amplitude for determining the resilient modulus at 10°C.

Figure 3.4 (a) Schematl Cc of—&erT teﬂ:lséfup (b) Instruments for S-IDT test

_.a__., -__ 2 "!_JH-

For the\adparatus&e employed in C-IDLt&sthlgure 3.3(b) illustrates the

| =———

Controls UTM- 14I<N{_,and Figure 3.5 shows the testutilised. To measure the
horizontal deformatlon‘ the LVDT (Linear Variable Differential Transducer) is then
installed. After that a speci fhen isloaded in the haversine function across its diametric
plane. As mentioned above; the temperatunes at'10°C, 25°C, 40°C, and 55°C are also
selected for C-IDT test. The peak loading forces of SIDT stest used for each
temperatUre are 2.48, 0.97, 0.35, and 0.14 KN. These vl Uies are équivalent 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.
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Load

Amplitude
10% of ITS

Time

0 lsec! 0.9 sec

ﬂ 18 ’53%%@0%@ o eting
Bl Wﬂﬁ?ﬂ NENAY

, " Strain rate Temperature (°C)
Type Condition
( per sec) 10] 25| 40] 55
0.0250 X X X X
Static 0.0083 x X X x
Indirect tensile test 0.0025 x | x | x | x
0.0008 X X X X
cvdlic 1 Hz Load frequencies and y 9 9 N
y 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* is studied to investigaié ihe effect of loading rate on the micro-
cracking development until attaining failure:The temperatures selected are 10°C,
25°C, 40°C, and 55°C. lnrthe staiic condition, the S-UE specimen is loaded along the
specimen height. Thewertical sirains 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 researchiis shown in Figurre 3.7(a). All specimens are tested using
Instron UTM-1.2MN as sameé 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 expressesthe programme for S-UC.

For the cyclic condition, the spegi'_f_ic-:ations 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 js.shown in Figure 3.7(b). According to the stress level of
passenger car, ‘@ach 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 L\VDT which'is used forjcollecting thewvertical [deformetion is then installed
to estimate the permanent deformation. The temperatures selected for C-UC test are
also 10°C, 25°C, 40°C, and 55°C. The specimens are continuously loaded by 1 Hz
frequency with 40,000 cycles or until they are failed. The format of this load duration
is1 by 9 asillustrated in Figure 3.6. The seating stress or 10% of maximum stress is
applied during load duration.
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Figure 3.7 (a) Schema uqm%setup (b) Schematic of C-UC test setup

JI*" 0"

Table 3.2 Testing programme or the'UC m%‘ 1
Pz e nrz:\te Temperature (°C)
Type Conditi on =
LR ;‘»C@r_ 10 | 25 | 40 | 55
A 00006 L, | x| x| x| x
Ly 00017 x | x | x | x
Unconfined . static T < o T x|
compressiontest | : i)
) 0.0167 X X X x
o i | A Hz Load frequencies and...
' Cycl,c - '1:91 oad duration ' S e

3.6 ExperlmentaJ results
ol HW)A \] ( | 11984 ) ) VIR 1A &
This section describes the Tesults of the serfesof performance testsie. S
IDT, SUC, 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-1DT)

The mechanical responses of the SIDT tests varied temperature from
10°C, 25°C, 40°C, and 55°C are shown in Figures 3.8 to 3.11 respectively. At the
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lowest temperature 10°C 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 especialy at the quickest test (0.0250 s%). The
failure mechanism exhibits almost pure tensile mode as shown in Figure 3.12.

At standard temperature (25°C) the S-IDT behaviour can be competently
expressed similarly at 10°C, but for the stress-strain curve of lowest strain rate
(0.0008 s%), it displays both-a tensile and-a €ompressive modes. This can be
investigated from Figure3:9 thai-the initial stiffnessisvery steep, but the stress-strain
relation trends to rebound aiter reaching peak region. This is because the boundary of
tension zone at the diamétrig plane is smal [er than the compression zones near the top
and the bottom cap. /Thai’ means_the bompron behaviour might dominate.
Moreover, the stress-straif behaviours of specimens at 40°C (Figure 3.10) are similar
to those at 25°C. It can be gven observed more effect of compression zones around the
top and the bottom cap especially: at the slowest test (0.0008 s?). At the highest
temperature (55°C) the stress-sifain behaviour 6an be measured only the quickest test
(0.0250 s1); nevertheless, its ‘behaviour is not-in purely tensile mode. There is

moreover no the tensite behaviour observed at the other sirain rates (see Figure 3.11).
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Figure 3.8 Stress-strain behaviour of S-IDT tests with different strain rates at 10°C
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Figure 3.12 Example of failure mechanism of asphaltic concrete under S-IDT test at
(@) 10°C and strain rate of 0.0083/sec (b) 55°C and strain rate of 0.0008/sec



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 10°C (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 25°Cy 40°C, and 55°C are similar to those
finding from 10°C. Nevertheless; there are the evident anomalies in the data of 40°C
and 55°C at the rate of @:0056.s™, The curves are slightly flatter and the maximum
stress values are smaller'than'what we expected. In the S-UC mode, al of specimens
tested are perfectly failed inthe compr.on mode. The typically failure mode was
observed as shown in Figure3.17,
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Figure 8.13 Stress-strain behaviour of S-UC tests with different strain rates at 10°C
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Figure 3.14 Stress-strain behaviour of S-UC testswith different strain rates at 25°C
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Figure 3.15 Stress-strain behaviour of S-UC tests with different strain rates at 40°C
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Figure 3.17 Typical failure mechanism of asphaltic concrete under S-UC test

3.6.3 Cyclicindirect tensiletest (C-1DT)

Following the outcome of C-IDT test, the resilient modulus under the
changes of temperature which are at 10°C (283K), 25°C (298K), 40°C (313K), and
55°C (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



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.

M, = 7.00x10" exp(-0.0950) GPa; R? = 0.974 (3.1)
10000 £+ i
~ 10.00
S - M, = 7.00x10"exp(-0.0950)
e I R*=0.974
= 100 -
0.10

280 290 200 =8 31Q 320 330 340
0 (K)
Figure 3.18 Variation of resifient modul us with temperatures

3.6.4 Cyclic unconfined.compression.test (C-UC)

It is noticeable that the asphaltic concrete displays the perfectly elastic
behaviour at 10°C. Thisimeans that the asphaltic concrete which is at 10°C does not
exhibit the permanent deformatian behaviour. In the asphaltic concrete the permanent
deformation can‘be observed at 25°C (Figure 3.19). The total strain which happensin
the zone of primaky creep and the ends in ‘the zone of secondary. creep is 0.45%
approximately. The specimen does not fall 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 25°C, 40°C, and 55°C respectively.

The permanent deformation can be investigated when the relation between
the strain and the number of cycle is at 40°C (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 (55°C) is quite same as when it is at 40°C.
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The FN is however less than FN of 40°C. The FN of 55°C is approximately 3,000 as
shown in Figure 3.21

g (%)
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Figure3.19 Relation of Sti d ¥ of \ r prediction the FN at 25°C
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Figure 3.20 Relation of strain and number of cycle for prediction the FN at 40°C
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CHAPTER 4

Analysis of experimental result

4.1 Introduction

This chapter refers to the resuli of experimental test in Chapter 3. The
anayses of those experiments are deseribed here. The stress-strain-strength
characteristics of asphaltic concrete which are maximum stress, strain at peak, and the
secant Young's modulus ai#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 andlysis 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 deflnl ng the simple power-law equation are
also presented in a form of empirical forrhﬁ]é%‘_From the S-IDT and S-UC, the time-

temperature shift function is produced usi nguc';ro-s@ plot method.
4.2 Staticindirect tensiletest (S1DT)

As an experimental result, the maximum siress (o, ), the strain at peak
(€ pear)» @nd the secant. Yoling' s modulus &-50% of maximum stress (E®) of S-IDT

test are measured as'presented in‘the Table'4.1. Figure 4.1 to 4.2 show the variation of
E>® and_ o, with temperature of the S-IDT test. #f*can be concluded that both E* and
o roughly‘increase followingthe'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 ¢ ., from SIDT 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.



Table 4.1 Summarise of stress-strain-strength values from S-IDT tests
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Secant Young's

Strain Maximum Strain at
Tempe(r)ature rate mo?ulus_at 50% Sress peak
(T.°C) (2,59 Stf@;ﬂgggﬁ&rga) (Cror kP) | (£ %)
0.0008 646.49 1015.80 0.91
10 0.0025 1126.86 1558.38 0.67
0.0083 2492 .28 2411.35 0.48
0.0250 3560.99 3688.94 0.32
0.0008 294.80 372.10 0.49
o5 0.0025 305.78 570.27 0.63
0.0083 525.04 938.89 0.81
0.0250 1117.31 1180.08 0.59
0.0008 N/A N/A N/A
40 0.0025 168.96 168.96 0.55
0.0083 180.38 340.67 0.55
0.0250 “393.07 446.27 0.85
0.0008 N/A" N/A N/A
o5 0.0025 /A, N/A N/A
0.0083 o N/A, N/A N/A
0.0250 ,280.24 181.29 0.23

'l

N/A = Not Available (Test cannotbe performed.)

peis

20 30
T(°C)

40 S0

Figure 4.1 Variation of E® with temperature of S-IDT tests
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Figure 4.3 Variation of ¢, with temperature of S-IDT tests

4.3 Static unconfined compression test (S-UC)

As an experimental result, the o, &, and the E® of SUC test is

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

o, With the temperature of the S-UC test. It can be concluded that both E* and

max



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

there are the evident anomalies of E* under the S-UC condition at the strain rate of
0.0167 and 0.0056 s data and at the temperature of 25°C and 40°C (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 dlightly effect at the beginning
stress-strain curve of highest strain rate. The range of strain at peak of SUC testsis
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 typicaly found in a

2
concrete (the compressive siraiivat failure of concrete 1s around 3%).

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

Secant Y-oung's

Strain ‘ o Maximum Strain at
Tempe(r)ature (ate modulusat 50% Sress peak
(T.°C) (2,59 afg(aggomga) (v kP2) | (& %)
0.0006 , 404284, 4 | 5685.64 1.58
10 0.0017 11107.25, | 7894.84 1.53
0.0056 1409.99 11202.93 113
0.0167 = =TAT9SE=S 15910.43 1.52
0.0006 T 320 1827.37 1.57
o5 0.0017 ~ 50835 2807.38 1.68
0:0056 864.86 4251.71 1.36
0.6167 741.44 5824.72 1.64
0.0006 172.29 1032.94 1.83
40 0.0017 300.72 1307.77 1.67
0.0056 365.01 1678.48 1.10
0.0167 303.62 2405.62 1.66
0.0006 102.31 636.89 1.90
55 0.0017 166.60 778.01 1.58
0.0056 179.99 827.23 1.64
0.0167 240.33 1145.52 1.64
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4.4 Cyclicindirect tensiletest (C-1DT)

Following the result -of C-IDT test as explained in Section 3.6.3, the
equation employed to estimate the resilient fndaul us (M,) at different temperature can
be determined in Equation 2.2 The Equation 4.1 shows the relationship of M, with
absolute temperature (-6 )-i-Kelvih—The-physical-eaning of Equation 4.1 can be
shown that where 0 s 0 K or -273°C approximately, the resilient modulus value is
7.00x10" GPa

M, =7.00%10" exp(=0.0950) GPa; R’ =0.974 (4.1)

According to‘Equation 4.1; an estimated Tesi lient' madul uslis 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 M, 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 v=0.2-0.5 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 ((X, — X,)?)

where X; is measured value and x, 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.
100.00 F——————m /S
F * Measured value
< 10.00 3
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Q i
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Figure 4.7 Parametric study for C-1DT test
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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 fina cycle expresses that
the permanent strain in the asphaltic concrete exists more obviousy 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 eguation foiestimating the permanent deformation
can be written in from of a funetion of numbeof 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 cyclesn leg-log plot as illustraied in Figure 2.9(b). The previous
equation and constants can he produced by C-UC test as presented in Section 3.6.4.
Figure 4.9 to 4.11 displaytherdation.of strain and number of cycle for producing the
classic power-law model a#25°C, 40°C, and 55°C.

g (%)

001 1 Lol (I | [ | Lol Lo
1 10 100 1000 10000 100000
no..of cycle

Figure4.9 Relation of strain and number of cycle for producing the classic power-law
model at 25°C

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 constantsa 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 0 is 0 K or -273°C approximately, the constant a and b value are
93.6 and 1.0x10°.
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1k
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o I
01
0.01
1 100000
Figure4.10 Relation of strain and r of cycle for producing the classic power-

law model at 40°C

—

100 m

1 10 100 1000 10000 100000
no. of cycle

Figure4.11 Relation of strain and number of cycle for produce the classic power-law
model at 55°C
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Figure 4.13 Variation of b parameter with temperature

a=93.60exp(-0.0250) ; R? = 0.632

b=1.00x10"° exp(0.0320) ; R* = 0.847

(4.2)

(4.3
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4.6 Time-temperature superposition

From the results of the series of SIDT 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 SUC 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 siress at @ reference strain (o, ) and a reduce

time (tg) 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 (a;)

and temperature (T) can be concluded.
ibgal £-0.0913T + 2.2358 (4.4)

where T istemperature in °C. Theregression analysisillustrated that the Equation 4.4

has R? = 0.9978 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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Figure 4.15 Time-tempereture shift 'fluncti on from S-UC and S-IDT tests

4.7 Summary

We can conclude from'S-1DT 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 fest, the empirical equation of resilient
modulus and temperaiure can be used for the database of-pavement design. The study
of elastic parameter demonstrates that the most proper val e of Poisson’sratio 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-tempeérature shift function'based on the framework of Schwartz
et al. (2002). The analysis of timestemperature superposition shows that it is truly
useful for estimating a.compressive strength valueat the varioustemperatures and the
strain rates. For example, to determine the compressive strength when its temperature
is a 40°C and its strain rates is 0.0056 s®, ar(40°C) is firstly determined. The
ar(40°C) value of 0.04 can be then used to find out a strain rate by using this equation,
€, =a(T)xé,, (e=¢,, ). The calculated strain rate is 0.000224s™. It is concluded
that the compressive strength at the strain rate 0.0056s* and the temperature 40°C can

be replaced by the result at the standard temperature 25°C and the strain rate
0.000224s.
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CHAPTER S

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-aceount of strain rate and temperature
effects. This constitutive Model is expanded from Likitlersuang and Houlsby (2007).
The viscous behaviour of imodel corresponds to the results of Rate Process Theory,
andit is used to define thestrain-rate and time dependent behaviour. After developing
the model, a series of uncenfined compression test reported by Schwartz et al. (2002)

and Schapery continuam mode! are verifiéd 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 v_éri ous selected temperatures and the strain
rates are modified from the rate-dependent hyberplasticity 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 yiscous behaviour corresponding to rate process theory (for
auseful 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 6yg: 1h the modél Is related to the

plastic strain rate & through an expression of the form:

d=rs nh("ﬂ) (5.1)
ur
where p 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:



&= A0 exp( jsnh( . j (5.2

where A, B, and C are constants. The meaning of these constants is ur =C6,
r = Abexp(- B/0),and p = (C/A)exp(B/A). Rate process theory does not alow the
form of variation of E, and k, to be determined, but as p represents measure of
viscous strength and k, is a measure of cohesive strength it is reasonable to model
them with the same overall functiona form. Eorsimplicity, E, is modelled in form of
variation with temperatUre..~Censequently, E, IS E, exp(6./0), and k, is
k, exp(6, /0). For modifying the rate-dependent hyperplasticity model (Likitlersuang

and Houlsby, 2007) using'the rate process theory, the Gibb free energy function is
defined as: ,‘n J

h 5 E exp E/e 3 4°
- —d
g 2E exp -([ -([ ﬂ) 2 i (5.3)

where E; is reference Young's-modulus, 0. s reference temperature of E term, and

0 is absolute temperature-The flow-potential-is specified as:

<}G CEeml0/0) g eel i oo, 0)expl- oc/oco)n>
cosh

1 2ad-1
w=CA0? exp(— B)I (a-1)
o )

-1l (5.4)

where Ky isteference strength. parameter, and 0, .is reference temperature of k term.

According to these both equations, the stress-strain relation can be expressed as.

3 do c0.do
~ & expl0/0) 07E, exp(0,/0) |
E
o Bl -k elo, o)enl- oc/ao)n> 55
{Aeexp(— ° Jfsnn < 2y — (o - Han [
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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 (Eq,6: , ki, 0,, oy, &, 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 Star€ Highway Administration (MSHA) at
temperatures 5°C, 25°C,"40°C, and 60°C. The first model is Schapery continuum
model which reported by Park<er 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 reguires data from creep and recovery
tests and use of the nenlineéar least-squares optimization technique. Besides, there is
no the report of creep and recovery results“i_n Schwartz et al. (2002).

The viscoel astic behaviour requires the relaxation modulus, E(t), which is
defined by the series function-in Equatién‘"lzs.lz. The viscoelastic parameters in
Equation 2.12 are usually evaluated by curve fitling.of the master relaxation modulus
curve as shown in Figure-5:3Fhe microsiruciural-tdamage, modelled by the material
damage function C(S), could be simply fitted with an exponential function. The
exponential damage function at 5°C, 25°C, 40°C, and 60°C is presented in Figure 5.2
to 5.5. The temperature 'Shift funciion; @, (T ) for the timetémperature superposition

can be fitted by‘an exponential function as presented in Schwartz et al. (2002).

For predicting the constitutive behaviour, the rel ationbetween a stress and
astrain 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 (E, ,E;,p;,Eg,o and m) and two materia functions (C(S) and a,(T))

are presented in Tables 5.1 and 5.2 respectively.
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C = 3.27exp(-8.00x10°°S)
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Table 5.1 Fitted parameter \@lues of tﬁ:'e,l‘vj‘,scoelastic damage model at different

temperatures

y f

ald o Y
Temperature (°C) 0
Parameters 5 | 25 4QF) ] )
E, (MPa) T T350x10°
E (MPa) - 5.00x105 >
p, (5 ] 2.50x103
Er (MPa) | 8.22x10° | 1.91x10° | 5.58x10° | 2.28x10°
a () 476 1.67 2.41 2.87
m(-) 050 040 0:35 0:36

Table 5.2 Curve fitted function parameters of _the viscoelastic damage model at

different ternperatures

Function | Temperature (°C) Expression
5 C(S)=1.00x10°% exp(- 0.75S)
c(s) 25 C(S)=1.75x10° exp(- 0.03S)
40 C(S)=6.88x10? exp(-1.70x10°°S)
60 C(S)=3.27exp(-8.00x10°S)
ar (0) ar = exp(—1.11160 + 2.6775)*

* 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 thatell the data could be fitted with adequate
accuracy with o, = 0.02 and the shaping parameter a= 3.

To study the new -Constitutive modd, we start to determine the
temperature parameters (AyB,.and C) based on Equation 5.2. For calculating these
parameters, the values'of usand pry are plotied in Figures 5.6 and 5.7 respectively and
fitted with functions ai‘the @ppropriate form, with A = 2.65x10™° K™'s™, B = 1.28x10"
K, and C = 5.64x10° MPaKi*. The only ane of these constants that can be interpreted
in a straightforward physie¢al manner is B, Whi'bh Isequal to AF/R, where Risthe gas
constant (8.3144 JK™'mol™) and AF is mfﬁenl‘__activati on energy for the thermally
activated rate process. The estimated val ue»vc_)f -fhe activation energy is therefore 106
kd/mol, which compares Well with values reported by, Mitchell and Soga (2005) of
226 kJ/mol for concréte and 113 kJ/mol for soil asphalt.

The derived values of the constants at each temperature are shown in
Table 5.4. Additionally, Figures5.8 and,5.9 show, plat-of -Eq.and Kk (on a logarithmic
scale) against '1/0 “and-demonstrate that the data-can satisfactorily be fitted by the

above expressions with E;=.1.08x10° GPa, 8, "= 5.45x10>.K, ki = 5.73x10™* MPa,
and 0, = 2.71x10%K.
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Table 5.3 Fitted parameter values of the rate-dependent hyperplasticity model at

different temperatures (a.g = 0.02 and a = 3.0)

Temperature te’?‘nt;ﬁ;ﬁe E, ko u r ur
(°C) 6 (K) (GPa) | (MP3) | (MPas) | (s) | (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 0.71 244 1.74
60 333 0.12 207 0.16 12.5* 1.97

* Quality of fit to data not significantly affecieday this value

-

Table 5.4 Derived parameter values of the raie-dependent hyperplasticity model as

functions of temperature ( o.g'=.0.02, a;L 3.0)

Absolute 6L Y [ & o)W C (B)| _ -B
Temperature temperaturé E0=Elexp(?j kl_ klexp[gj u—ZeXp[g r—AeeXp[?j pur =Co
(°C) 0 (K) (GPa) . (MPa) (MPas) (sh (MPa)
5 278 354 ~.0.88 213.00 0.00737 | 157
25 298 0.95: 24543 9.67 0.17 1.68
40 313 0.39 1832 1.23 1.43 1.77
60 333 0.14 197 0.11 17.70 1.89
1000.0
= 2.13x10"exp(1.28x10%0) - e
7 1000 ¢ R® = 0.984
CcLG B
3 B
1.0 3
A
0.1 2
0.0028 0.003 0.0032 0.0034 0.0036 0.0038

1/0 (K™

Figure 5.6 Variation of p with temperature
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Figure 5.8 Variation of Ep with temperature
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100.0

ko = 5.73x10 *exp(2.71x10°/0)
R*=0.957

ko (M Pa)
5
o
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0.0028 0.003 00032 00034 00036 00038
/6 (K™

Figure 3.9V ariation of ko with temperature

The four sets of wunconfined Jcompron tests (each at a different
temperature) reported by Schwartz et al.-v(2002) involved nomina strain rates of
0.0005, 0.0015, 0.0045 and 0.0135°5". Figlj:re‘sS.lO to 5.13 show all the stress-strain
curves at 5°C, 25°C, 40°C, and 66°C respecti'-veili), including test data from Schwartz et
al., 2002 (dotted line), the viscoelastic daniégé model.pregictions (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-sifain curve available at 0.0005
s strain rate. Both the viscoel astic damage and rate-dependent hyperplasticity models
provide a good-fit'to the expefimental datain theintermediate range of temperatures
25°C and 40°G;as presented in Figures 5.11 and 5.12. However, the viscodastic
damage., model., exhibits..rather..more , softening. behavior..than™ the experiments,
especialy for the'fastest test (thé strain rate of 0.0185 s*)Yand-for the highest
temperature (40°C). 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
generaly good, especialy 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 moded is dlightly 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).

14000.0
12000.0
10000.0
8000.0
6000.0
4000.0
2000.0

0.0
0.000 “0.005...0.010..0.015 " 0.020 0.025 0.030

& (-)

Figure 5.10 Stress-strain curveé of asphaltic concreteat 5°C for different strain rates

o (kPa)

10000.0 Y e — L | [T Experimental data
. e V1sCO€lasticity model
8000:0 0.0435/sec Hyperplasticity model
gl_s? 6000.0 0.0045/sec
K 2 4
~ | 0,0015/se
o 4000.0 X dbld - 4 I sec
/ < 0.0005/sec
2000.0 i —————__
0.0
0 0.01 0.02 0.03 0.04 0.05
e (-)

Figure 5.11 Stress-strain curve of asphaltic concrete at 25°C for different strain rates
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------- Experimental data
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3000.0 -
< 2500.0 00130
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< 2000.0 el 0.0045/
© 1500.0 yo 0015/
1000.0 r
500.0 ~——0.0005/
0.0 ‘
0 0.01 0.02 0.03 0.04 0.05
| € (—)

o, AN e Experimental data
1400.0 FF" o A9 - Viscoelasticity model

1200.0 abio "l —— Hyperplasticity model

1000.0 ’

800.0
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Figure 5.13 Stress-strain curve of asphaltic concrete at 60°C 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
thismodel islittle higher than the same point of experimental testing.

The prediction of viscoelastic damage model shows that the stress-strain
curve of this moddl is quite equal to the curve of experimental test. This model relies
on the assumption of internal_siate evolution law (damage law) which expresses in
term of damage parameter; therefore, the stress-strain eurve after post peak suddenly
drops. In practical thesrate.depencient hyperplasticity model is based on only law of
thermodynamic to create two potential equations, and the stress-strain relation can be
defined by these potentiél equetions. Thus, it is easy to apply this mode to the

numerical method.

For viscoelastic damage modelr,v,: irf‘il_s depended on many theories such as
law of thermodynamic, time-temperaiure supéf_position principle, and internal state
evolution law. Conseguently, many parérrieters and function parameters are
necessarily to be the'accessories in prediction of the constitutive behaviour. The
viscoel astic 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 ‘creap, ‘and recovery tests by SuperPave Perforiarice Tester (SPT)
apart from unconfined compression tests. However, it is aso 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 Te§t| ng
equi pment
_ Creep and recovery tests (at least *
E. B three different temperatures) Ut™
. . Er o, m, | Static.unconfined compression test
Viscoelastic . i UTM
damage moddl C(S) | (avleast threedifferent strain rates)
Creep and ~recovery tests or .
ar (6)+{-Unconfined fréquency sweep test (at | UTM or SPT
least three different temperatures)
Rate-dependent Es, Oe, Kl afatic/ unconfined compression test
hyperplasticity | 03A Be™ (@t least, three different strain rates UTM
model C,.ay, a' @ndthree different temperatures)

* UTM = Universal Testing'Machine and SPT = SuperPave Performance Tester
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CHAPTER G

Numerical prediction

6.1 Introduction

This chapter focuses on the predigtion of rate-dependent hyperplasticity
model reported in Chapter 5 against the stress-strain curve. This is because the
viscoelastic damage modél needs more result of advanced experimental testing than
the result of this researeh. .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), &tatic uncanfined compression test (S-UC), and cyclic
indirect tensile test (C<IDT) at.different st?ai n rate and/or temperature are used.

6.2 Numerical implementation

The constitutive modet is de\;-efoped In this chapter for the asphaltic
concrete material based on hyperplasticity aﬁbroach. In order to validate a model with
static and a cyclic test, a model for the asphél tic concrete at the different strain rates
and the temperatures.is introduced in the Chapter 5. An eriginal model was explained
in the form of functional. To implement this model into computational code, it is
necessary to modify the eontinuous formy 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 (121 < N, and thefactor 1/N | plays the same role as an internal coordinate

n. 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:

2

o N E exp(0./0), - 2
g9=- m NZ“ Z exp( /( %\l)j (6.1)

i=1 =1
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The flow potential is specified as:

We CAezexp(—j{ Zcosh[c H; o] -k, expl ::/96 exp(— o, /ot )(%q)] 1]

(6.2)

After differentiation (see more detail Likitlersuang et al., 2009) the rate-
dependent hyperplasticity model can be written as:

_ Ao o0 AB
E, expl0,/6) 92E1exp( 16)

N - H.q. ex Jexp(= o, /o, (6.3)
[Aeexp[_sjsngn {< F Gl=k, exp(6, /O)eXp(= <., (%\l)qs(c HQ)}

i1 co
where H, = Eexp E/e( %\l)

The prediction of ‘/model parameters for asphaltic concrete is together
studied for static and cy€lic 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 ‘furiction are firstly defined. In case
of static condition the 9 parameters are specify to be the initial parameters, and the
rate-dependent-eonstant; (2-canstants) are then-determined by-the-condition of testing.
For the cyclic condition, the amplitude of stress (10% of 1TS) is'set"up according to
the standard cyclic loading, and the time step (At) is set up to be constant at 0.05 sec
for the loading condition and the unloading condition, and at 0.9 for therest condition.
After that the increment of strain (Ae) of Equation 6.3 is calculated. This computed
strain is then calculated to estimate the increment of stress (Ac). Following this
calculation, stress (o), 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, g, Ky, 0y, 0o, &, A, B, and C) Satic condition
Seiup rate-dependent constants
i (€ and'At)

| Inpuie™ &S5

} Cyclic condition

" |Set up amplitude of stress
Cacultie A *— Loading condition (At = 0.05)
curae g Unloading condition (At = 0.05)
Rest condition (At = 0.9)
Solvefor'Ac

A4
Updatec and &
1

v

Figure 6.1 Calculation flow chart for rate-dependent hyperplasticity model

A 1.0 sec

Load
Amplitude
10% of ITS

>

R Time
'0.050.05 0.9 sec
S€C ScEC

Figure 6.2 Shape and condition of loading in the calculation
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6.3 Modéd 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 10°C, 25°C, 40°C, and 55°C.
The loading rates are applied to the IDT test at 0.0008, 0.0025, 0.0083, and 0.0250 s™*
andto the UC test at 0.0006, 0.0017,.0.0056, and 0.0167 s™.

The parameters which are best fitted for the rate-dependent hyperplasticity
model by least square method are &pressed in Table 6.1. According to these
parameters, the comparisons between the rate-dependent hyperplasticity model and
the testing results under ithe ghanging d't temperature are shown in Figure 6.3 to 6.6
for S-IDT test and 6.7 to 6110for SUC test respectively.

Table 6.1 Summarised parameters"of the%fafédependent hyperplasticity model for S
IDT and S-UC tests 4 4

Parameters unit SADT teﬁ- S-UC test

E, GPa " [453.10x10° ' 2.00x10”
0c K [ 282107 . 391x10°
ki MPa | 7.00x10" | 6.00x10°
0, T 4200 4R
A TS 9.00x10™ 9.00x10™
B K 1.39x10" 1.55x10"
C MPa K™ 9.00x10™ 2.70x107°
o, v 100102 3.50%16;°
a - 4.0
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Figure 6.4 Stress-strain curves of asphaltic concrete under S-1DT test at 25°C
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Fi gﬂre 6.8 Stress-strain curves of asphaltic concrete under S-UC test at 25°C
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Experimental data

3000.0
2500.0

— Hyperplasticity model

/ 0.0167/sec

~ 20000
$ 1500.0 SeC
© 1000.0
500.0 H,
‘ \0.0006/sec
0.0 |
0.0 20 4.0 6.0 8.0
e (%)

Figure 6.9 Stress-straln gunves of asphéltic concrete under S-UC test at 40°C
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Figure 6.10 Stress-strain curves of asphaltic concrete under S-UC test at 55°C

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 E; and k; at any temperatures are 3.10x10™ GPa and 7.00x10” where E;
and k; are the exponential constant. The reference temperatures for stiffness and

strength 6. and 0, are 2.32x10° and 4.20x10° where 6. and 0, are the gradient of
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exponential decay. The parameter of temperature and strain rate A, B, and C
approximately are 9.00x10"® s'K™ 1.39x10* K, and 9.00x10* MPaK™. 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 equa to AF/R, where
Ris the gas constant and AF is the activation energy for the thermally activated rate
process. The estimated value of activation energy is therefore 116 kJmol, which
compares well with values reported by Mitchell and Soga (2005) of 226 kJ/mol for
concrete and 113 kJ/mol for soil asphalt. Theshape controlling parameters of stress-
strain graph o, and a are 1.00 x107 and 4.0. As for parameter a it slightly affect to

the rate-dependent hypeiplastieity moddl.

Following the eomiparative rel ation between the predicting and S-UC test,
the values of the E; and k; &t any temperatures are 2.00x10°° GPa and 6.00x10° MPa.

The values of 0. ands0, ffor reference strength parameters are 3.91x10° K and

4.07x10° K. Following the velues of tem_p_éréture and strain rate A, B, and C, they
approximately are 9.00x10%¥ s, 1.55x10° K, and 2.70x10° MPaK™ respectively.
The estimated value of the activation energy is 128 kJmol. As for the shape

controlling parameter,of stress-strain graph ‘Oto and a.nioreover are 3.50 x10? and

4.0.
6.4 Modé 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
varioushtemperatures., The conditions, of ‘temperature in this/C-IDT test are also
controlled to be 10°C, 25°C, 40°C, and 55°C. The format of this load duration is 1 by
9according to ASTM D 4123. In C-IDT test, the model parameters are summarised in
Table 6.2. These parameters arewell 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 SIDT test
E, GPa 1.00x10™ 3.10x10°
0. K 7.99x10° 2.32x10°
ky MPa 7.00x10”
0, K ~420x10°
A sT.K? “\\1 88x10" 9.00x10™
B K | 66810 1.39x10°
C MPa. K 48_8x ,-="’ . 9.00x10™
o 7 —-rooxi0?
a F P
-~ Experimental data
300.0 Hyperplasticity model
250.0
~ 200.0
E
~ 1500
© 100.0
50.0
0.0 £ %

5.0

20.0

25.0

Figure6. ﬂtu&l %34]&4%@%&4&1 derlC-IDT test a 10°C.
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Experimental data
18.0 —— Hyperplasticity model

80.0

“ Experimental data
_=— Hyperplasticity model

0:0 20.0 400 60.0 80:0 100.0
pne
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 E; and k; are 1.00x10™* GPa and 7.00x10" MPa. As for reference
temperature 6. and 0, are 7.99x10° K and 4.20x10° K. From the parameter in term
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of E, E; in the cyclic condition is smaller than E; in the static condition, yet 6. of
cyclic condition is higher than 0. of static condition. For the parameters of k term (k;
and 0,) of both conditions, they are equal because the values of k; and 6, do not

influence to the stress-strain response. The parameter of temperature and the strain
rate A, B, and C approximately are 4.88x10” s*’K ™, 6.68x10° K, 4.88x10% MPaK™
The estimated value of the activation' energy is 55 kJmol. Finally, the shape
controlling parameters of stress-strain granh o cyclic condition are equal to their

values in static condition @86, is 1.00 x10“ and'd is 4.0. This model used the same
parameters as S-IDT are'Ky, O¢; oy, and a. Figure 6.15 shows the last cycle of model

comparing with experimental date. An investigation of this figure expresses that the

mode! can predict the Cycli€ stress-Sirain curve at any temperature well.
6.5 Summary

In the predicting between the cohsi’itutive model and the experimenta test,
three sets of suitable parameter acqui redfrom SIDT, SUC, and C-IDT tests are
arisen. For comparison with S-1DT test, the moélel predictions at 10°C and 25°C show
the good result asillustrated in the streﬁs—stféi'h'éurve. Nonetheless, the results at 40°C
and 55°C are not (duite good. For comparison with S-UC test, the stress-strain
behaviour is predicted not well only at 10°C and high strain rates at 0.0167 and
0.0056 s*. Due to the fact that the brittle behaviour (stress-strain curve suddenly drop
after peak) camnot 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-straincurve a 55°C:of:hothumodlel and-testresult 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 poinied out into four points i.e. a numerical
implementation, an experimental testing, a-time-temperature superposition, and a

future study.
7.2 Numerical implemeniation

This section” indicaies the ‘bractical use of constitutive model for
predicting the asphaltic goncrete behaviour: The model used in this research is the
rate-dependent hyperplastieity, 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 (o, ). 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

(especidly 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-sfress-strain-strength characteristic of
asphaltic concrete both an indirect tensife mode and an unconfined compression mode
by varied four strain ratess@andstemperatures. 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 °C), the pure tensile;,:rﬁqde could not be observed, since the
asphaltic concrete no longer behave as a brittl_e” material. Finaly, it can be concluded
from this study that the strain rate and the témperature 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 modulusy (M) 1 and ca condtitutive shehaviour..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 (10°C) the permanent
deformation cannot be observed in the first 40,000 cycles. This is because a materia
perfectly displays the purely eastic behaviour. At 25°C 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 theroad 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 outsianding 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«€an be established. In accordance with both analysis
results, the master curve and the temperature shift parameter are beneficia for

evaluating the visco-€elasti€ property of pavement design in Thailand.

The analysisof ti metemperamuré-wperpositi on shows that it is very useful
for estimating the strengthialtie at the various temperatures and the strain rates. This
time-temperature superposition analysis is-fé}so beneficial to solve the complication
that only the loading rate contretiing can beused without temperature controlling to

study the stress-strain-strength eharacteristi ¢ 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 10°C to 55°C and

dense grade mixture,
7.5 Futurestudy

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-dimensiona model

isthen applied to the finite programme.
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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 alsa.changing the aggregate type such as the
limestone, granite and the'basalt,
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Pavement design in many tropical countries like Thaila

standards were produced from experimen
collected in tropical area. To directly
appropriate. One way is to transfo 8
climate countries environment is significa
is to evaluate the behaviour of aspha

principle of time-temperature su
compression and indirect tensile tes
temperature was varied from 10 to 55%

temperature superposition

1. Introduction

In general, the method that has been sé!
structural design of pavement in Thailand i
based on the standard of the Asphalt Ins
AASHTO. Because this method depends

database of each locality or country where the est. =
- 1{" - ‘f

be appropriate Tor

! When

outcome from one zone might ne
another zone, due diligence i
pavement design in Thailand
research articles from America

materials, the applicability becomes'questionable. This
might be one of the causes of permangh
1

or rutting as generally e
Thailand. According to l&
asphaltic concrete was t

However, the asphaltic concrete may show a plasticer

tg/ADor - 2

eformation
1sco-elastic.
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dard of America or Europe. These quoted

ne place to another may not be always

k forimportantfactors such as temperature, where cold

ical zone. The objective of this article

in level. For both test series, the
pplied. The constitutive results of two

At any temperature, the asphaltic con-
m slowly and permanently if the load is
plied. On the other hand, if a higher rate of
is applied, the asphaltic concrete will behave
h stiffer and might exhibit a fracture or crack. In
n, the asphaltic concrete will relax differently

jere is. the~temperature variation at various
e the effects of temperature and
9) presented the qualitative strain
ress-free temperature behaviour, as
llustrated in Figure 1. This relation can be used to
explain the mod€ of damage of asphaltic concrete. For
Wnoe, the asphaltic concrete specimen will collapse

ile) mode at high strain rate and
§/ I:::% ditions. However, the asphaltic
ncrete fail by plastic flow at low strain rate and

nother possible failure
intermediate strain

high temperature conditio
irreversible behayiou lenin the i i n
stress is lower % he yield” strength "of “as i In" theory, sphaltic' coricrete can be simply

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—strain-strength
characteristic of asphaltic concrete will be changed
when the temperature and/or strain rate are

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)

Strain rate

Temperature

concrete.

constant rate test. They concluded tha
curve and temperature shift param
obtained from the uniaxial compressi

This research aims to study the
superposition of asphaltic concrete,

indirect tensile tests (IDT) each w
the time-temperature superposition o
crete. These two test series were carri
ranges of temperatures and strain rates.
ture conditions of both tests were vari

the pavement layer in tropical countries li
The loading rates were applied to the UC test ai

0.0006, 0.0017, 0.0056 and 0.0167 s, and tothe JDT .

test at 0.0008, 0.0025, 0.0083 and, 0.0250 s~ , which
was presented by Chompoor%%nd Likitlersuang
(2008). The strain rates of both tésts are commoniy
found in the traffic loads which ate

AASHTO T 283 (AASHTO 2001).

2. Theoretical background

Figure 1. Effect of temperature and strain rate on aq!h}m\ﬂ\ ' /
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Figure 2. Elasto-visco-plastic model.

with spring constant (E), a slip friction
ient of friction (k) and a dashpot
i g in a viscous fluid) with coefficient of

can be assumed to be a function of
e and temperature. In general, it is difficult to
c\the me&mc behaviour of asphaltic concrete

: two functions. Fortunately, asphalt
( rheologically simple material, which
the effect of time can be replaced by the

the complex modulus (E*) or shear dynamic
s (G¥*) at various temperatures can be shifted
honzontal log time (or log frequency) axis to
haraeteristic master curve. The E* and
following the dynamic modulus
) and the shear dynamic modulus
7). For example in Figure 3, the

ulus at any temperature can be modelled with a
single curve at“Teference temperature named as a
ter curve. All curves are shifted by means of the

ter (a which is defined:
2.1. Elasto-visco-plastic MIEJ ’a n hEJ ﬂ ﬁm W g*‘i ﬂﬁ (ar(T))
The characteristic of asph: not o

a completely elastic behavi
behaviour beyo
For instance, w
until it reaches the
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

r, but also shows pla

e ot I mﬂ’tﬁ

aT(T) =— (1)

d tr is reduced time

(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 g, into its
components:

& = ve + 84+ &yp (2)
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Data before shifting Data after shifting

Figure 3. Data shifting to construct master curve.

where, &, is the linear visco-elastic str
strain due to microstructure damage,
visco-plastic strain. For calculation o

Schapery (1999) concluded the
may be interchanged using the

superposition.

where, arve(T), ard(T) and ary(T) are
shift parameter for visco-elastic, micr
mage, and visco-plastic behaviour, respecti

Schwartz et al. (2002) presented the ti tm

ture superposition with growing damage, whxch‘fbms_—
verified by the uniaxial compression constant. s}r);:h.-'

ccording to the
—master Ci

rate tests at large-strain values:
uniaxial compression test results
(stress vs. reduced time) and corfes
temperature shift functions curve are
procedure producing both curves falls nder the ere
plot method. Note that since the strain value is fixed,
this plot is similar to a modulus versus,gp mc curve.

The procedure of cross-plots
in Figure 4 and can be ex E{lo irs
given magnitude of strain r is selected. Fo

strain at a given temperatur , the magnitude of stre

and time are dete
the relation of lo ’31 ﬁ ﬁ
strain magnitude

stress and log tnne urves for each tcmperature 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

\XW//

g.:ﬁ-

te is 12.5 mm. All of these materials are
for road construction in Thailand.

ﬂh&e other hand, the specimen of 100 mm
Lﬁl)lm height is prepared for the UC

ncrete mixtures are compacted by
tory Compactor (SGC) which is
uter. The mould of SGC is rotated
+0.02 degree pivot angle. While the
rotated at 30 rev/min, a 600+ 18 kPa

hall mixed design) and air void content of 3-5%
chi ,ved aftcr compactlon usmg SGC

he IDT specimen is loaded across
; in static condition. The radial and
ax1al strains are measured by means of four strain

auges (two for radial strain and two for axial strain).

%J of loading rate on the
q o
di erent strain rates whi

acking until failure, four
and 0. 016 s_l for UC test w 0.0008, 0.0025, 0.0083
e in

h are 0.0006, 0.0017, 0.0056
. The temperatures
%ﬁ C, 40°C and 55°C.

Figures 5 easured stress and
strain responses of the UC tests for all four tempera-
tures. At 10°C (Figure S), 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~!. The curves are slightly flatter and the
maximum stress values are smaller than expected.
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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 IDT 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

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™"). The failure mechanism exhibits almost
pure tensile mode as shown in Figure 14.

At standard temperature (25°C), the IDT beha-
viour can be competently expressed similarly as at
10°C, but for the stress—strain curve of the lowest
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Figure 7. Stress—strain behaviour of UC tests with different
strain rates at 40°C. —

1400.0
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Figure 8. Stress—strain behaviour of UC tests with dﬂm
strain rates at 55°C.

strain rate (0.0008 s™"), it dispk_l)a both tensile and

W 9. Typical failure mechanism of asphaltic concrete
; Ier UC test.}
-

compressive modes. This can beé“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 zongs-fiear the, top-and, bottom
cap are getting bigger. ThiS megans 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 comprcssion zones,

around the top fand | bottom /edph is more obv10us
especially at the slowest test (09008 § ).

At the highest temperature (55°C), the stress—strain
behaviour can be measured only by the fastest test
(0.0250 s~'); 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, (i) and the time-temperature

€ (%)

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 (0max) and the
secant Young’s modulus at 50% of maximum stress
(E*) of UC and IDT tests are measured as presented
in Tables 1 and 2, respectively. Figures 16 to 19 show
the variation of E* and g, with temperature from
the UC and IDT tests. It can be concluded that both
E% and 6 may roughly increase with the strain rate and
temperature. However, there are evident anomalies of
E%® under the UC condition at the strain rate of 0.0167
and 0.0056 s~' data and at temperature of 25°C and
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o (kPa)

Figure 11. Stress—strain behaviour of IDT utests with
different strain rates at 25°C. S ——

“ . ; : ,
0.0 05 10 15 /5.0
€ (%)

Figure 12. Stress-strain behaviour of ID
different strain rates at 40°C. —

Figure 14. Example of failure mechanism of asphaltic
concrete under IDT test at 10°C and strain rate of
0.0083 s,

Compression zone

¢nsile mode

o (kPa)

k"

0.0 1 1 1 .? -‘l 3 1 s o
0.0 0.1 0.2 035 04 0.5 0.6 0.7

AP ;
Figure 13. Stress—sirim BéLawLuraf IB‘EI' test ai‘§5‘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 IDT 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

1 O

Figure 15. Example of failure mechanism of asphaltic -

+ concrete , u&der IDT...test. ~at 55°C and strain rate of

0000&5 | |

; Sonczete. (’[he £OMPressive.. stram. before failure of

‘Concrefe isl aro ¢ 3%\ Thc data of strain at peak
of IDT tests are even more scattered to form any useful
conclusion as shown in Figure 21. The range of peak
strain from the IDT 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 ez al. (2002).
However, the analysis is extended to both the UC and
IDT tests. The reference strain of UC and IDT 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 1. Summary of stress—strain-strength values from 1600.0
UC tests. 1400.0
Secant R 1200.0 [0.0017/sec e
Young’s 1000.0
modulus at é 800.0 |-0.0006/sgc 0056/sec
50% of L
Strain  maximum Maximum  Strain L e i
Temperature  rate stress stress at peak 4ney
(T,°C) 57" (E*, MPa) (0max, kPa) (epeais %) 2°°-°
10 0.0006 742.84 5685.64 30 40 50 60

1.58
0.0017 1107.29 7894.84 53
0.0056 1409.99 11202.93
0.0167 1419.54

25 0.0006 32571
0.0017 508.35
0.0056 864.86
0.0167 741.44

40 0.0006 172.29
0.0017 300.72
0.0056 365.01
0.0167 303.62

55 0.0006 102.31
0.0017 166.60
0.0056 179.99
0.0167 240.33

/&Vmauon of E*® with temperature of UC tests.

Table 2. Summary of stress—strain-strength

IDT tests. ’.'Tf::‘- d.-T.-‘ TF _ =3

Secant
Young’s ..l-‘ﬁ-fa' L2
modulus o i

at 50% of )

Strain  maximum + M

Temperature  rate stress stres:
(T,°C) @ 5™") (E, MPa) (G,
10 0.0008 64649 101580

0.0025  1126.86 1558.38

0.0083 2492 28 241
0.0250 .
25 0.0008 u 3172.1
0.0025 0.2
2

0.0083 938.89 0'81 ' 60
00250 1117.31 118008

. s@mammummma Elmm

0 02 393 07 446 27 0 85

55 0.0008 N/A N/A N/A . : 2 g .
0.0025 NﬁA N;A NjA linear relationship as shown in Figure 22. The
0.0083 N/A N/A N/A relationship between temperature shift parameter (at)

0.0250 280.24 181.29 0.23
NJ/A, not available (test cannot be performed).

and temperature can be concluded:

logar = —0.0913T + 2.2353 (4)

test, respectively. The relation between stress at the where, T is the temperature in°C. The regression
reference strain (o) and reduce time (zg) of both the analysis illustrated that the Equation (4) has
UC and IDT tests can be approximated as a simple R* = 0.9978 as shown in Figure 23.
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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

| AuInen SES

J ressive and tensile mode can be
gle time-temperature superposition
master curve and temperature shift
ed from both test series are estab-
ed, wtuch will be beneficial for evaluating materials

area of road design in Thai-
ﬁ a decrease in road failures
hc improper use of material parameters

such as temperature. The results of thxs study may be

parameter prod

AR SR E R

10°C to 55°C and dense grade mixture.
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