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STRESS-STRAIN AND FAILURE MODES
OF ASPHALT CONCRETE IN COMPRESSION
DUETO GEOMETRICAL CHANGES

Lee Leon, Derek Gay, Nicola Simpson, Shian Edwin
University of The West Indies, Trinidad & Tobago

Abstract

The stress- strain relationship of materials is used to predict their performance during service.
This paper presents an evaluation of asphalt concrete modes of failure and describes the stre-
ss-strain relationship that governs the material beyond the limit of elasticity. The relationship
of stress-strain is identical to that of cement concrete in compression. The experiments used
short term static compression loading on cylindrical and prismatic asphalt concrete speci-
mens. The effects of mixture types, specimen shape, height, temperature, binder type and
testing orientation were investigated. The key parameters of the stress- strain curve were
determined: unconfined compressive strength, the strain at peak stress, initial tangent mo-
dulus and fracture energy. The tests revealed that cube specimens tested parallel to the di-
rection compacted, achieved higher compressive strength than specimens tested perpen-
dicular to the direction compacted. An increase in height in cylindrical specimens, resulted
in a decrease in compressive strength and strain at peak stress. Cylindrical specimens had
greater stiffness than prismatic specimens with similar aspect ratios. Specimens at higher
temperatures attained lower compressive strength. The study also showed that temperature
has significant influence on the initial tangent modulus and fracture energy. The higher the
temperature, the lower the initial tangent modulus and the fracture energy. The parameters
derived can and has been used forinputs in finite element programs to model the laboratory
and field behavior of different asphalt concrete mixtures used in pavement structures.

Keywords: stress-strain, asphalt concrete, elastic modulus, fracture energy, failure modes,
compression

1 Introduction

Asphalt concrete (AC) is a composite material made up of different grades of aggregates
bound together with bitumen (binder). When the aggregates and the binder are combined to
produce asphalt concrete, new properties are undertaken by the mixture that is influenced
by the individual components. Although asphalt concrete is extensively used as a pavement
material over the world, literature on its stress-strain behaviour is limited compared to other
commonly used materials, such as cement concrete and steel alloys.

Paper [5] suggested that the behaviour of asphalt concrete under short term compression is
identical to that of cement concrete and rock. The effect of shape and size of specimens on the
compressive strength of cement concrete, and by extension the stress-strain relationship has
been studied widely. The authors in [6] conducted research on the failure of concrete under
uniaxial compression, where the results showed geometry had pronounced effects around the
peak stress and post peak regime. Comparable research has not been conducted for asphalt
concrete to validate similarities of the effects of geometry. Paper [3] indicated that the failure
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stress and strain of asphalt concrete is influenced by the height of specimens. They presen-
ted in Fig. 1, a schematic of the idealized stress strain curve of the elasto-plastic behaviour
of the material. Compressive stress applied to asphalt concrete causes unbalanced forces in
the system, from which results in deformation, cracks and fatigue failure. These applications
are useful in determining the plastic and elastic limits of AC. Plastic deformation and fatigue
failure occurwhen theyield point of the material has been exceeded, which is a problem seen
in many AC pavements today, hence, a connection between the stress and strain in AC needs
to be explored especially for the purpose of designing. This paper investigates the effects
of shape, size and height of specimens, temperature, mix and binder type on the complete
stress-strain behaviour of asphalt concrete. Knowledge of the stress-strain behaviour of pa-
vement materials can also enhance the development of more realistic design models. The
parameters (such as the compressive strength, strain at peak strength and initial tangent
modulus) derived, can be used in finite element programs to model the behaviour of different
asphalt concrete mixtures used in pavement structures.
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SHEAR
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© DROPIN FRICTION ANGLE
w

/' LINEARLY ASCENDING SEGMENT (1) RESIDUAL COEFFICIENT OF
4 PURELY ELASTIC TION
J’I D
STRAIN
Theoretical — Expermandal |

Figure 1 Idealized stress-strain curve showing elastoplastic behavior [3]

2 Experimental program
2.1 Materials and mix design

the common dense-graded and stone matrix asphalt mixture were used. Coarse aggregates
were limestone and fine aggregates consists sharp sand and limestone dust. These aggrega-
tes were blended in accordance with their respective mixture requirements for a wearing cour-
se asphalt pavement layer. Two asphalt binders were used in the preparation of specimens:
Trinidad Lake Asphalt (TLA) and Modified Refined Bitumen (MRB) with penetration grades of
60/70 and 60/75 respectively. The optimum binder contents were found to be 5.3 % for the
TLA and 5.0 % for the modified refined bitumen.

2.2 Specimens and testing

cylindrical and cube specimens were used to generate the stress-strain curves. Two cylindrical
specimen sizes; 100 mm x 100 mm and 100 mm x 150 mm (diameter x height) and one cube
size with edges of 100mm was used. To eliminate scatter in results, cube specimens were
formed from saw cutting cylinders with dimensions 150 mm x 100 mm (diameter x height)
to keep the compaction direction (vertical) constant for all specimens. All specimens were
prepared using the gyratory compactorin accordance with BS EN 12697-31: 2007, with percent
air voids of 7 % with 1 %. The specimens were tested under static uniaxial compression at
a continuous loading rate of 24 mm/min. All cylindrical specimens were loaded parallel to
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the compaction direction; however, cube specimens were loaded both parallel and perpen-
dicular to the compaction direction. The samples were tested at three temperatures: low (20
°(C), ambient (28 °C) and high (35 °C), which mimic the temperatures asphalt pavements are
exposed to in the tropical region.

2.3 Data analysis

the principal parameters used to analyse the stress-strain curve were the peak stress, the
strain at peak stress, the initial tangent modulus and the strain energy at ultimate failure.
Each parameterwas evaluated considering the effects of shape and height of the specimens,
loading direction, temperature and type of binder. A stress-strain curve was generated from
the average of a minimum of two specimens. MATLAB was used as the main software for
analyzing the data. Programming algorithm was used to determine all the key parameters of
the stress-strain curve. Crack patterns were investigated to classify the type of failure. The
effect of shape, size and height of the specimen on the compressive strength, the strain at
peak stress, initial tangent modulus and strain energy and ultimate failure of asphalt concrete
was determined by comparing the values obtained and by graphical interpretation of the data.

3 Results and analysis

3.1 Failure mode of failure

the failure modes of specimens are illustrated in Fig. 2. Cylindrical specimens with height 100
mm exhibited bulging failure, whereas the specimens 150 mm in height displayed shear failu-

re. Cube specimens showed a combination of bulging failure and cracks concentrated near the
corners of the cubes. It was observed that there was no lateral strain at the ends of specimens.

Figure 2 Failure modes of test specimens: a) 100 mm height, b) 150 mm height ¢) 100 mm cube

3.2 Mohr coulomb behavior of asphalt concrete mixes

The Mohr-Coulomb law is a law linearly relating the shear to the normal stress. This line is a
yielding condition for shearing. Below this yield line, the material response will be rigid and
does not suffer any strain. If the shear stress is increased for a given normal stress such that
the stress state of the material is exactly on the yield line, then plastic strain or yielding will
result. The average failure (shear) angles for all mix types were measured to be an average
angle of 3=70°.The Mohr’s Coulomb Circle was used to validate this failure angle to be asso-
ciated with the mode of failure as being true shear failure. The failure (shear) angle and the
maximum axial (major principal) stress were used to calculate friction angle (). This value
could also be obtained by the use of the derived Mohr’s Circle equation in Eq. (1).
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The friction value was average to be 50° as presented in Table 1. This angle is similar to that
of crushed rock, and this is sufficient since the mixes were made of crushed limestone. Since

this relationship can be represented by the Mohr-Coulomb Failure Criteria, the failure mode
is in fact shear failure.

Table1 Shear failure and friction angles of asphalt concrete mixes

Mix type Average measured failure angle [f] Calculate friction angle [¢]
TLA mixes 69 50
MRB mixes 70 51
Stone matrix mixes 68 48

3.3 Stress-Strain Curve

The stress-strain relationship of specimens essentially comprised an ascending and descen-
ding branch. All specimens showed similar curve patterns irrespective of mixand binder type,
loading direction, temperature, shape and height of specimen. The stress-strain curves of TLA
and modified refined bitumen cubes specimens are shown in Fig. 3.
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Figure 3 Stress-strain curves for: a) TLA binder cubes, b) Modified refined bitumen cubes

The compressive strength, strain at peak stress, initial tangent modulus and strain energy at
ultimate failure for cube specimens loaded parallel (par.) and perpendicular (perp.) to the com-
paction direction are presented in Table 2 and Table 3. The stress-strain curves of the TLA and
modified refined bitumen cylindrical specimens are shown in Fig. 4. The compressive strength,
strain at peak stress, initial tangent modulus and strain energy at ultimate failure for cylindrical
specimens of height 100 mm (H1) and 150 mm (H2) are presented in Table 4 and Table 5.
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Figure 4 Stress- strain curves for: a) TLA binder cylinders, b) Modified refined bitumen cylinders
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Table 2 Cube specimens loaded parallel to compaction direction

Binder Type Testing Compressive Initial Tangent Strain at Strain Energy at

Temperature  Strength Modulus Peak Stress Ultimate Failure

[°C] [MPa] [MPa] [mm/mm] [x 105 Jm~] [MPa]
TLA 20 5.9 88.3 0.0800 4.42 0.442
MRB 20 8.4 111.5 0.091 7.00 0.700
TLA 28 3.5 63.5 0.0662 2.27 0.227
MRB 28 3.7 67.8 0.0684 2.56 0.256
TLA 35 1.9 53.0 0.0528 1.13 0.113
MRB 35 2.2 56.3 0.0565 1.36 0.136

Table 3 Cube specimens loaded perpendicular to compaction direction

Binder Type Testing Compressive Initial Tangent Strain at Strain Energy at

Temperature Strength Modulus Peak Stress  Ultimate Failure

[°C] [MPa] [MP]) [mm/mm] [x 105 Jm7] [MPa]
TLA 20 5.8 89.7 0.0776 4.27 0.427
MRB 20 5.6 77.3 0.0857 4.58 0.458
TLA 28 2.5 42.6 0.0752 1.88 0.188
MRB 28 2.7 48.4 0.0673 1.82 0.182
TLA 35 1.2 28.6 0.0556 0.71 0.071
MRB 35 1.6 36.7 0.0569 0.97 0.097

Table 4 100 Mm high cylindrical specimens

Binder Type Testing Compressive Initial Tangent Strain at Strain Energy at

Temperature Strength Modulus Peak Stress  Ultimate Failure

[°C] [MPa] [MP]) [mm/mm] [x 10° Jm?3] [MPa]
TLA 20 4.7 86.5 0.0635 2.73 0.273
MRB 20 6.0 1111 0.0669 4.08 0.408
TLA 28 3.0 71.2 0.0547 1.70 0.170
MRB 28 2.5 72.2 0.0507 1.52 0.152
TLA 35 1.7 53.8 0.0434 0.78 0.078
MRB 35 1.6 55.5 0.0423 0.81 0.081

Table 5 150 Mm high cylindrical specimens

Binder Type Testing Compressive Initial Tangent Strain at Strain Energy at

Temperature Strength Modulus Peak Stress  Ultimate Failure

[°C] [MPa] [MP]) [mm/mm] [x 105 Jm-] [MPa]
TLA 20 4.1 114.0 0.0433 1.69 0.169
MRB 20 5.2 138.8 0.0463 2.45 0.245
TLA 28 2.0 85.6 0.0346 0.88 0.088
MRB 28 1.9 82.0 0.0338 0.76 0.076
TLA 35 1.1 58.2 0.0301 0.41 0.041
MRB 35 0.9 52.7 0.0260 0.37 0.037
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3.4 Compressive strength

specimens tested parallel to the compaction direction achieved higher compressive strength
than specimens tested perpendicular to the compaction direction (Fig. 5). Similar compre-
ssive strength was attained by specimens of both binders for each loading direction (Fig
5). These trends were noticed for all temperatures, except for the low temperature, where
TLA specimens achieved a similar strength for both loading directions and the compressive
strength of the TLA and modified refined bitumen (M.R.B) specimens tested parallel to the
compaction direction differed substantially. Paper [1] stated that the compressive strength of
asphalt concrete is provided from the resistance of the aggregate, resulting from the aggre-
gate interlocking and the stiffness of the asphalt cement. Their research also indicated that
the orientation of the aggregate could be influenced by compaction, hence the resistance to
the applied compressive load provided by the aggregate interlocking could vary. As a result,
the material properties could vary for the different axes of the material. It was also claimed
in their research that due to the vertical compaction (longitudinal axis) of the specimens, the
aggregates in the asphalt concrete mixture tend to rotate parallel to horizontal direction. The
changeinthe orientation of the aggregates may have attributed to the greater resistance when
tested parallel to the compaction direction, due to the aggregate interlocking.
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Figure 5 Effects of: a) loading direction, b) height of specimen, binder type and temperature on the

compressive strength of asphalt concrete

for both binders, the compressive strength of cube specimens was consistently higher than
that of cylindrical specimens with similar aspect ratios. When a specimen is subjected to
pure uniaxial compressive forces, it expands in the transverse (lateral) direction, due to the
poisson effect (in compression). A specimen tested under a uniaxial compression test, howe-
ver, is not subjected to pure uniaxial compressive stress, due to the development of fricti-
on between the steel platens of the testing machine and the ends of the asphalt concrete
specimen. This frictional force is induced at the ends of the specimen, due to the disparity
between the elastic modulus and poisson ratio of steel and asphalt concrete. It also prevents
lateral expansion at the ends of the specimen, which can be seen in Fig. 2 for all specimens
irrespective of the height and shape. The frictional force produces lateral stresses essentially
acting as a confining pressure causing a portion of the specimen to be in a state of triaxial
stresses (undamaged zones). The effect of these lateral stresses is greatest at the ends of
the specimens and decreases progressively toward the center of the specimen. The region
of the specimen affected by these confining stresses is dependent on the geometry (shape
and size) of the specimen. For cube specimens, there is a greater area of the specimen in
contact with the platens of the machine, resulting in the entire specimen being affected the
confining stresses. Consequently, cube specimens registered higher compressive strength
than a cylindrical specimen of similar diameter and height.

Specimens 100 mm in height attained higher compressive strength than specimens 150 mm
in height for both binders (Fig. 5). Relatively similar strength was obtained by specimens of
both binders for each specimen height, except at the low temperature, where the modified
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refined bitumen specimens achieved higher compressive strength than TLA specimens of
similar height (Fig. 5). For cylindrical specimens with a length to diameter ratio less than or
equal to one, restrained zones are created. However, for length to diameter ratios greater
than one, restrained zones are formed at the two ends of the specimens, but an unrestrained
zone at the central region of the specimen. Consequently, for the two heights of cylindrical
specimens used in this study, specimens 100 mm in height specimens exhibited greater
strength than the 150 mm specimens, as the length to diameter ratios for 100 mm and 150
mm specimens were 1and 1.5 respectively.

The compressive strength of asphalt concrete decreases with increasing temperature (Fig. 5).
Asphalt concrete behaves like an elastoplastic material under compression due to the visco-
elastic and plastic properties of the binder and aggregates respectively [9]. The viscosity of
asphalt concrete is sensitive to temperature due to the influences of the binder. At ambient
and elevated temperatures, the binder softens and reduces the viscosity of asphalt concrete.
This makes asphalt concrete more susceptible to deformation as its ability to be compressed
is increased, resulting in lower strength.

The study also revealed that the effect of the binder type on the compressive strength of
concrete is influenced by the testing temperature. At the ambient and high temperatures,
the effect of the binder type on the compressive strength of asphalt concrete was insignifi-
cant. This indicates that at these temperatures, the two binders may have exhibited similar
stiffness. As all specimens were of the same design mix and by extension aggregate grada-
tion, a similar resistance to the applied load would have been provided by the aggregates
of the specimens, hence specimens would attain similar compressive strength. At the low
temperature, however, there was no clear trend of the behaviour of the two binders and only
speculations can be made.

3.5 Strain energy at peak stress

similar strain values at peak stress were obtained for both loading directions for each binder
type (Fig. 6). Similar strain values at peak stress were obtained irrespective of the binder type
and loading direction, except at the low temperature. This indicates that the effect of the loa-
ding direction (anisotropic properties) of asphalt concrete may have no majorinfluence on the
strain at peak stress. The strain at peak stress for the 100 mm specimens were consistently
higher than that of the 150 mm specimens (Fig. 6). This effect just demonstrates that smaller
samples fail at greater strains as these samples can endure more stress. Comparable strain
values were obtained for both binders, for each sample height. This indicates that the height of
specimen and temperature have a significant effect on the strain at peak stress, while the influ-
ence of the type of binderis negligible. Cube specimens registered higher strain at peak stress
than cylindrical specimens. The higher values of strain at peak stress for prismatic specimens
may have been due to the confinement provided by the extra volume of concrete to constitute
a square cross-section [4]. The strain at peak stress decreased with increasing temperature.
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Figure 6 Effects of: a) loading direction, b) height of specimen, binder type and temperature on the strain at
peak stress of asphalt concrete
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3.6 Initial tangent modulus

the initial tangent modulus was plotted against the respective testing temperature forthe TLA
and the modified refined bitumen specimens in Fig. 7 respectively. For the analysis, best- fit
lines were used for the two specimen heights and testing orientation for each binder. It was
depicted that 150 mm in height cylindrical specimens exhibited higher initial tangent modu-
lus values than the 100 mm in height cylindrical specimens for both binders. The cylindrical
specimens 100 mm in height cylindrical exhibited higher elastic modulus values than the 100
mm cubes specimens tested in a similar orientation (parallel to the compaction direction)
for both binders. The difference in response observed in the stress-strain curves for cubes
and cylinders is associated with the fracture process [2]. The fracture process of cubes is
influenced by a stress concentration near the cube corners, which results in cracking near
the cube corners.

For both binders, the initial tangent modulus of the cube specimens tested parallel to the
compaction direction was greater than that of identical specimens tested perpendicular to
the compaction direction, which may have been due to the anisotropic properties of asphalt
concrete. The initial tangent modulus decreased with increasing temperature. This behaviour
was due to the change in properties of bitumen because of temperature.
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Figure 7 Initial tangent modulus as a function of temperature for: a) TLA, b) modified refined bitumen
specimens

3.7 Strain energy at ultimate failure

the absorption of energy per unit volume at ultimate failure is a measure of toughness. The
study revealed that cube specimens depicted more toughness than cylindrical specimens
(Fig. 8). It was also indicated that lower specimens exhibited greater toughness than taller
specimens (Fig. 8). The lower specimens depicted greater toughness as at any specific strain
values, the corresponding stress value for the lower specimens is higher than that of the
taller specimens. For this reason, the toughness of the shorter specimens would be greater.
Specimens loaded parallel to the compaction direction absorbed more energy at ultimate
failure than specimens loaded perpendicular to the compaction direction (Fig. 8) due to the
anisotropic properties of asphalt concrete. Specimens tested at the same orientations absor-
bed similar energy for both binders at all temperatures, except for the low temperature, where
there was a substantial difference between the energy absorbed by the two binder types for
specimens tested parallel to the compaction direction. The reason for this trend was unable
to be determined by the mechanical properties investigated in the study. The toughness of
asphalt concrete decreased with increasing temperature. The cause of this effect, may be
similar to the effect of temperature on the compressive strength.

PAVEMENTS
CETRA 2018 — 5" International Conference on Road and Rail Infrastructure



(MR B cubes par.

0.7

07 I T LA cubes par 07
EM‘R‘B cubes perp.
ITLA cubes perp.

08 b LX
w w
o ® o
208 $ % 5 20

I &
& b3 = =
& o =
Zos 2o
2 @ E
£03 8 2o
= = =
3 =]

0.227

Temperalure

Figure 8 Effects of: a) loading direction, b) height of specimen, binder type and temperature on the strain
energy at ultimate failure of asphalt concrete

4 conclusions

If an asphalt mixture deforms (ruts) and exhibits fatigue failure, it is normally because the
mixture has insufficient shear strength to support the stresses to which itis subjected. Aggre-
gates are responsible for minimizing shear failure within an asphalt concrete mix. By subjec-
ting concrete mixes in the form of cylinders and cubes to unconfined uniaxial compression
testing, the failure mode of asphalt concrete was determined to be shear failure.

The effects of geometry on the stress-strain behaviour of asphalt concrete were investiga-
ted using uniaxial compression tests. The theories of the stress-strain properties of asphalt
concrete which were formulated by different researchers proved to be true, in that there is a
common pattern in the stress-strain graphs obtained from the results. Acommon patternin the
stress-strain graphs was identified irrespective of the specimen’s geometry: initial bottom con-
cave part, an ascending branch followed by a descending branch. Taller cylindrical specimens
achieved lower compressive strength as well as lower corresponding strains at peak stress but
gave higher initial tangent modulus than lower specimens. Cube specimens attained higher
compressive strength as well as higher corresponding strains at peak stress but gave lower
initial tangent modulus than cylindrical specimens. Specimens tested parallel to the compac-
tion direction exhibited greater strength, initial tangent modulus and strain energy at ultimate
failure compared to specimens tested perpendicular to the compaction direction. There was
no clear trend of the influences of loading direction on the strain at peak stress.

Other trends included the effect of temperature and the binder on the stress-strain beha-
viour of asphalt concrete. As temperature increased, the compressive strength, strain at peak
stress, initial tangent modulus and strain energy at failure decreased. The influence of the
mechanical properties of the binders on the stress-strain behaviour was not clear in the study
and may be due to the difference in chemical composition of the binders. As a result, it is
proposed that research be pursued to investigate the influences of chemical composition of
bitumen on the mechanical properties of asphalt concrete.

The trends highlighted in the research were identical to that of the effects of geometry and
temperature on the stress-strain behaviour of high strength concrete, except for the effect
of the loading direction on the strain at peak stress. For high strength concrete, the loading
direction influences the strain at peak stress, however it was revealed in the study that loa-
ding direction has no considerable influence on the strain at peak stress. The stress-strain
parameters (initial tangent modulus, strain at peak stress and compressive strength) derived
from the study can be used as input parameters in pavement modelling programs to model
and simulate the behaviour (both elastic and plastic) of asphalt concrete, which is an inte-
gral part of design and evaluation of pavement structures. Finite element programs such as
Abaqus, uses elastic as well as plastic data to model and simulate the visco-elastic-plastic
behaviour of different mix types of asphalt concrete material used in a pavement structures.
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