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Abstract This paper investigates the use of discrete element
modelling (DEM) to simulate the behaviour of a highly idea-
lised bituminous mixture under uniaxial and triaxial com-
pressive creep tests. The idealised mixture comprises sin-
gle-sized spherical (sand-sized) particles mixed with bitumen
and was chosen so that the packing characteristics are known
(dense random packing) and the behaviour of the mixture
will be dominated by the bitumen and complex aggregate
interlock effects will be minimised. In this type of approach
the effect of the bitumen is represented as shear and normal
contact stiffnesses. A numerical sample preparation proce-
dure has been developed to ensure that the final specimen
is isotropic and has the correct volumetrics. Elastic contact
properties have been used to investigate the effect of the shear
and normal contact stiffnesses on bulk material properties.
The bulk modulus was found to be linearly dependent on the
normal contact stiffness and independent of the shear contact
stiffness. Poisson’s ratio was found to be dependent on only
the ratio of the shear contact stiffness to the normal contact
stiffness. An elastic contact has been assumed for the com-
pressive normal contact stiffness and a viscoelastic contact
for shear and tensile normal contact stiffness to represent the
contact behaviour in idealised mixture. The idealised mixture
is found to dilate when the ratio of compressive to tensile con-
tact stiffness increases as a function of loading time. Uniaxial
and triaxial viscoelastic simulations have been performed to
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investigate the effect of stress ratio on the rate of dilation with
shear strain for the sand asphalt. The numerical results have
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1 Introduction

Asphalt is a complex multi-phase material comprising min-
eral aggregate, filler, bitumen and air. A range of asphalt
mixtures can be produced depending on the proportions of
these components and the grading of aggregate. A typical
continuously graded mixture (e.g. asphalt concrete) relies on
an interlocking aggregate skeleton for its strength with the
binder primarily acting as a lubricant to aid compaction and
“glue” the mixture together. At the other extreme, a typical
gap-graded mixture (e.g. stone mastic asphalt, SMA) will
have a discontinuous aggregate grading (i.e. some stone sizes
will not be present) and relies on a coarse aggregate skeleton
bound by a bitumen/filler “mortar” for its strength. For both
these mixture types the micromechanical behaviour, at the
scale of an aggregate particle, is an important factor in terms
of overall material performance.

For example, it has been found that the aggregate structure
has a profound influence on the resistance to permanent
deformation of an asphalt mixture with different laboratory
compaction methods producing very different permanent
deformation characteristics [1–3]. Sousa et al. [3] compared
the permanent deformation behaviour of well compacted field
and laboratory specimens using the same mixture and the
same air void content. They found that kneading compac-
tion resulted in a stronger aggregate structure than that found
in the field cores, rolling wheel compaction resulted in a
structure approximately the same as in the field, and gyra-
tory compaction resulted in a much weaker structure. Other
researchers have found similar results [4–6] and it is clear that
the aggregate orientation and the effect of this internal struc-
ture on the volumetrics, permeability and mechanical proper-
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ties of the compacted materials, is important in determining
the mechanical properties of the mixture.

The traditional approach to modelling asphaltic materi-
als is to treat them at the macro-scale using continuum-based
models [7]. This usually involves undertaking careful exper-
iments over a range of conditions (e.g. stress levels, loading
rates, temperatures etc), measuring the macroscopic response
of the material and fitting continuum-based constitutive mod-
els (which can be extremely complex) to the measured behav-
iour. The micromechanical behaviour of the mixture is not
explicitly included in this approach which means that it is not
easy to relate observed behaviour to the micromechanics of
the material.

2 Discrete element modelling

Discrete element modelling (DEM) for granular assemblies
was developed by Cundall and Strack [8]. In their original
BALL model, no bonding of particles was permitted. The
software used in this research, PFC3D Version 3 [9], per-
mits bonding of particles and user-defined contact models.
PFC3D models the movement and interaction of assemblies
of rigid spherical particles subjected to external stresses. The
particles displace independently from each other and interact
only at point contacts. A finite stiffness is taken to represent
the measurable stiffness that exists at a contact. The program
uses the so called “soft contact approach” whereby the par-
ticles are assumed to be rigid but they are allowed to overlap
each other at the contact points (the overlap is assumed to
be small compared to the particle size). The magnitude of
the overlap is related to the contact force via a force–dis-
placement law. The mechanical behaviour of the system is
described in terms of the movement of each particle and the
inter-particle forces which are related using Newton’s laws
of motion.

PFC3D allows particles to be bonded together at con-
tact points such that, when a pre-defined bond strength is
reached, the bond is broken. Although the particles are spher-
ical, super-particles of arbitrary shape can be created which
comprise a set of overlapping particles (clump) that act as
a rigid body with a deformable boundary or bonded parti-
cles which act as a deformable friable agglomerate. Typical
parameters which need to be defined are the particle nor-
mal and shear stiffnesses kn, ks and bond strengths bn, bs,
the particle coefficient of friction µb, and the platen coeffi-
cient of friction µ. The stiffness at a contact is calculated
assuming that the stiffnesses of the two contacting particles
act in series, and the coefficient of friction at a contact is
assumed to be the lesser of the coefficients of friction of the
contacting objects. In this paper the bond strengths (bn, bs)
are taken to be large so that there is no bond breakage and the
coefficients of friction (µb, µ) are taken to be zero to ensure
that uniform uniaxial and triaxial stress conditions are gener-
ated in the numerical samples. It should be noted that the tue
coefficient of friction between sand particles is significantly
greater than zero. However, no bond breakage was allowed

and hence frictional inter-particle behaviour was not included
in the simulations. The latest version of PFC3D also permits
the user to define their own contact constitutive laws. A full
description of PFC3D is beyond the scope of this paper and
can be found in [9].

Although DEM has been applied to model the behav-
iour of soils and granular materials [8,10–13], it has not
been widely used to investigate the mechanical behaviour of
asphaltic materials. Rothenburg et al. [14] modelled asphalt
as a set of plane (two-dimensional) elastic angular particles
separated by a viscoelastic bitumen. Simulations showed that
the peak unconfined compressive strength was obtained when
the proportion of cohesive contacts was approximately 60%
and the proportion of frictional contacts was approximately
40%. Simulations of creep tests showed that the steady-state
properties were also largely controlled by the proportion of
frictional inter granular contacts compared to the propor-
tion of cohesive contacts. However, the simulations were
two-dimensional and no calibration with laboratory data was
given.

Buttlar and You [15] used DEM to develop a two-
dimensional model of an indirect tensile (IDT) test compris-
ing 130 cylindrical stones (12.5 mm in diameter) arranged
in a hexagonal packing structure glued together with asphalt
mastic. They validated predictions with experimental data
(for the same idealised mixture) obtaining good agreement.
Buttlar and You [15] extended this approach to develop a
two-dimensional IDT model of SMA using a microfabric
approach whereby the various material phases are modelled
as clusters of discrete elements. The aggregate structure was
captured using a high-resolution optical scanner. Predicted
horizontal displacements were approximately 40% greater
than measurements; this was attributed to the two-dimen-
sional microstructural representation underestimating the ac-
tual amount of aggregate interlock.

This paper investigates the use of PFC3D to simulate the
behaviour of a highly idealised bituminous mixture under
uniaxial and triaxial compressive creep loading. The idea-
lised mixture comprises single-sized spherical (sand-sized)
particles mixed with bitumen. The principal reasons that this
form of idealised asphalt was chosen are that the packing
characteristics are known (dense random packing) and the
behaviour of the mixture will be dominated by the bitumen
and complex aggregate interlock effects will be minimised. In
this type of approach the effect of the bitumen is represented
by the shear and normal contact stiffnesses.

3 Numerical sample preparation procedure

Since the objective of this paper is to simulate simple labora-
tory tests using DEM, it is necessary to artificially generate a
test specimen that replicates an idealised asphalt mixture. It
is important that the sample is initially isotropic and exhib-
its approximately the same packing characteristics as the
idealised mixture (i.e. the same volumetrics). The following
numerical specimen preparation procedure has been adopted
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to prepare cylindrical samples of known dimensions contain-
ing single-sized spherical particles of known radius:

1. The approximate number of spherical particles required
to give the volume of aggregate in the sample is calcu-
lated.

2. Boundaries are generated that enclose the required space
and the number of particles calculated above are gener-
ated randomly inside the space.

3. The sample is allowed to cycle to equilibrium under zero
external displacement so that the particles can re-orient
themselves until the stresses on the sample are approxi-
mately isotropic.

4. The radii of the particles is reduced slightly (typically by
less than 3%) until the isotropic stress is low (i.e. less
than 1 kPa).

5. Particles with less than four contacts are detected (typ-
ically 5–8% of the total number of particles) and are
expanded slightly (typically by 1%) to create additional
contacts with neighbouring particles.

6. Normal and shear contact bonds are applied at each con-
tact point.

7. The cylindrical boundary is removed and the specimen is
ready for numerical testing.

Figure 1 shows a sample that has been prepared in this way
containing 6,000 particles that are 1.8 mm in diameter. The
specimen is 26 mm in diameter and 52 mm in length. The
average number of contacts per particle for the sample shown
in Figure 1 is 5.8 and the particles occupy 63.5% of the total
volume. A detailed description of the effects of sample size
on macroscopic material properties can be found in Collop
et al. [16]. It should be noted that predictions will be com-
pared to experimental data for an idealised sand asphalt where
the sand particles are between 1.18 and 2.36 mm and occupy
approximately 65% of the material volume [17].

Fig. 1 Numerical sample prior to testing
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Fig. 2 Effect of normal and shear contact stiffnesses on bulk modulus

4 Elastic simulation

It was noted above that the response of this type of idealised
mixture will be dominated by the bitumen. It is well known
that bitumen is a material whose response depends on load-
ing time and temperature. This section investigates the elastic
part of the response by using elastic normal and shear con-
tact stiffnesses. Time dependent effects will be introduced in
a later section.

To simulate a uniaxial compressive creep test it is neces-
sary to apply an axial load (stress) to the sample and mea-
sure the axial displacement (strain) and radial displacement
(strain) during the test. The load was applied at a maximum
velocity of 0.1 m/s to ensure that dynamic wave propagation
effects within the sample are avoided.

4.1 Compressive contact stiffness = tensile contact stiffness

The objective of this sub-section is to investigate how the
bulk material properties depend on the shear and normal con-
tact stiffnesses where tensile and compressive normal contact
stiffnesses have been taken to be equal. In these simulations,
samples containing 6,000 particles were used. Results have
been presented in terms of bulk modulus and Poisson’s ratio
to simplify the analysis and, in all cases, the compressive and
tensile contact stiffnesses were taken to be equal.

Figure 2 shows a plot of bulk modulus versus normal con-
tact stiffness for a range of shear contact stiffnesses. It can be
seen from this figure that the bulk modulus is linearly related
to the normal contact stiffness and is independent of the shear
contact stiffness. This has been modelled using a mean field
approach (see Collop et al. [16] for further details) which
results in a closed form relationship between bulk modulus
and normal contact stiffness that is shown by the solid line
in Figure 2.

Figure 3 shows the relationship between Poisson’s ratio
and the ratio of shear to normal contact stiffnesses for a range
of shear contact stiffnesses. It can be seen from this figure that
as the ratio of shear to normal contact stiffness is increased,
Poisson’s ratio tends to decrease. It can also be seen from this
figure that Poisson’s ratio is only dependent on the ratio of
shear to normal contact stiffness. This is the expected result
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since, by dimensional analysis, Poisson’s ratio can only de-
pend on the ratio of contact stiffnesses and not their absolute
values. It should be noted that all the values of Poisson’s ratio
shown in Figure 3 are less that 0.5 which indicates that the
sample is reducing in volume (contracting).

5 Compressive contact stiffness �= tensile contact
stiffness

The objective of this sub-section is to investigate the ef-
fect of non-equal tensile and compressive normal contact
stiffnesses. For all simulations in this sub-section, the com-
pressive contact stiffness is taken to be equal to 0.6 MN/m and
the tensile contact stiffnesses have been reduced so that the
ratio of compressive to tensile contact stiffness range from 1
to 200. Two cases have been considered; (1) the shear con-
tact stiffness is equal to the compressive contact stiffness or
(2) the shear contact stiffness is equal to the tensile contact
stiffness. Figure 4 shows the dilation gradient plotted as a
function of the ratio of compressive to tensile contact stiff-
ness for the first case where the shear contact stiffness has
been taken to be equal to the compressive contact stiffness.
The dilation gradient (s) is defined as the tangent ratio of the
volumetric strain rate (Ḣ) divided by the distortional strain
rate (Ė) and has been used to quantify dilation because Pois-
son’s ratio has no meaning for values in excess of 0.5. The
volumetric strain rate (Ḣ) and distortional strain rate (Ė) are
defined for a cylindrical specimen as:

Ḣ = 2ε̇11 + ε̇33,

Ė = ε̇33 − Ḣ
3 = 2

3 (ε̇33 − ε̇11),
(1)

where ε11 is defined as the radial strain and ε33 is defined as
the axial strain. It should be noted that, using this sign con-
vention for a compression test, the radial strain is tensile and
positive and hence the distortional strain is negative since the
axial strain is compressive and negative. In all the figures pre-
sented in this paper, the magnitude of the distortional strain
has been plotted.

A negative value of dilation gradient implies that the
material is reducing in volume (contracting) whereas a pos-
itive dilation gradient means that the material is increasing
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Fig. 4 Effect of the ratio of contact stiffnesses on dilation gradients

in volume (dilating). It can be seen from Figure 4 that the
general trend is for the dilation gradient to increase tending
towards an approximately constant value of 0.7 at high stiff-
ness ratios indicating a significant amount of dilation which
was not found when the tensile and compressive contact stiff-
nesses are taken to be equal (see Figure 3). This is because the
relatively high compressive contact stiffnesses (compared to
the tensile contact stiffness) are forcing the particles to roll
past each other rather than simply overlap in compression
resulting in dilation.

Also shown in Figure 4 are the corresponding results for
the second case where the shear contact stiffness has been
taken to be equal to the tensile contact stiffness. It can be
seen that the general shape of the curve is the same as shown
previously although, for the same ratio of KC to KT , the value
of dilation gradient is greater. This is because for a given ratio
of compressive to tensile contact stiffness, a lower shear con-
tact stiffness permits higher levels of dilation at a given shear
strain.

6 Viscoelastic simulations

As noted earlier, a viscoelastic model is required to capture
the time dependent behaviour of bitumen. The simplest op-
tion is to use a Burger’s model to represent the contact stiff-
nesses. A Burger’s model (for the shear contact stiffness) is
shown in Figure 5. It can be seen that this model comprises
a spring (K s

1) and dashpot (Cs
1) in parallel (delayed elas-

tic component) connected in series to a spring (K s
0, elastic

sC∞

sC1

sK0

sK1

Fig. 5 Burger’s viscoelastic model
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Fig. 6 The dependence of thin film stiffness factor on aspect ratio [19]

component) and a dashpot (Cs∞, viscous component). It can
readily be shown that the time dependent shear stiffness of
the Burger’s model is given by:

ks =
[

1

K s
0

+ t

Cs∞
+ 1

K s
1

(
1 − e

−t
τ s

)]−1

, (2)

where t is the loading time and τ s = Cs
1

/
K s

1 is the relaxation
time. It can be seen from equation (2) that the contact stiffness
will reduce as a function of loading time. Whilst this is a rea-
sonable approximation for the shear and normal tensile con-
tact stiffnesses where particles are essentially moving away
from each other, the normal compressive contact stiffness
should increase as particles move towards each other tending
towards the contact stiffness resulting from direct contact
between two particles. Consequently, as a first approxima-
tion, elastic behaviour has been assumed for the compressive
normal contact stiffness whereas viscoelastic behaviour has
been assumed for the tensile normal contact stiffness and the
shear contact stiffness.

6.1 Bitumen film geometry

Results from previous studies [18,19] have shown that the
stiffness of a thin film of bitumen depends on the geometry
of the film. For example, a thicker film was found to be less
stiff compared to a thinner film. This section investigates the
importance of this “geometric factor” on the predicted behav-
iour of sand asphalt mixtures.

Assuming that a thin film between two sand particles can
be characterised as a disc of thickness 2 T and diameter d,
where d is the diameter of the aggregate particle, the aspect
ratio is given by d/T . Assuming that bitumen is incompress-
ible, it can readily be shown that the aspect ratio is inversely
proportional to the film thickness raised to the power of 3/2
(i.e. A ∝ 1

/
T 3/2). Consequently, provided the distance be-

tween particles is known during the simulation, the aspect
ratio of the bitumen films between particles can be updated
using the following equation:

At+�t = At

[
T

T + �U / 2

] 3
2

, (3)
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where At+�t is the aspect ratio at time t +�t , At is the aspect
ratio at time t and � U is the change in normal displacement.

During the simulation, equation (3) is used to update the
“effective” aspect ratio at each contact and Figure 6 [19] is
used to determine a “geometric factor” to reduce the stiff-
ness in tension as the aspect ratio decreases. An initial aspect
ratio of approximately 10 was used in equation (3) which was
determined using a bitumen film thickness calculated using
the procedure described in [20].

Two viscoelastic uniaxial simulations (one simulation
incorporating this factor) were performed to investigate the
effect of the geometry factor on the deformation of the sam-
ple. Figure 7 shows the predicted radial and axial strain of the
sample under a constant stress of 400 kPa. It can be seen from
this figure that for a given axial strain, the radial strain in the
simulation including the geometry factor is higher than in the
simulation excluding the geometry factor. This is because the
aspect ratio of bitumen films in tension decrease during the
simulation causing a reduction in stiffness resulting in higher
levels of radial strain. This geometric factor is included in all
further viscoelastic simulations presented in this paper.

6.2 Uniaxial simulation

The objective of this sub-section is to investigate the defor-
mation and dilation of sand asphalt under simulated uniaxial
tests. To decrease the computation time, a sample of 16.5 mm
in diameter and 33 mm in height, containing 1,000 particles
was used in this simulation. A high contact bond strength
was applied to all contacts to prevent bond breakage. The
model parameters are detailed in Table 1 and were chosen
to give sensible levels of axial strain and a similar shape
creep curve compared to previously gathered experimental
data [17]. It should be noted that the contact properties given
in Table 1 relate to the stiffnesses between sand particles sep-
arated by bitumen. Previous researchers [21,22] have shown
that the stiffnesses of pure bitumen in tension and in shear are
expected to be related by the factor of 3 in the linear region
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Fig. 8 Predicted and measured [17] axial strain for uniaxial creep test at 400 kPa as a function of time

of behaviour. Hence, the value of shear contact stiffness in
Table 1 is taken to be one third of the value of normal tensile
contact stiffness.

Figure 8 shows the predicted axial strain plotted as a func-
tion of loading time for an axial stress of 400 kPa. It can be
seen from this figure that, as expected for this type of contact
model, the strain response is a function of loading time com-
prising elastic, delayed elastic and viscous components. The
measured curve is also shown in Figure 8 from where it can
be seen that the predicted and measured curves are similar in
magnitude and shape demonstrating the applicability of this
approach.

Previous research has shown that at least 4,500 parti-
cles are required for the bulk elastic material properties (e.g.
Young’s modulus) calculated from a DEM simulation to be
within 2% of the values calculated using a much larger num-
ber of particles (see Collop et al. [16] for further details).
To investigate whether this effect is similar in a viscoelastic
simulation, results from a sample containing 6,000 particles
were used for comparison with those from the sample con-
taining 1,000 particles. Also shown in Figure 8 is the plot
of predicted axial strain as a function of time for the sample
containing 6,000 particles. It can be seen from this figure that
at a particular loading time, the axial strain calculated from
the sample containing 1,000 particles is higher than the axial
strain calculated from the sample containing 6,000 particles.
For example, at a loading time of 100 s the sample containing
1,000 particles results in an over-prediction of approximately
12% compared to sample containing 6,000 particles which is
consistent with previous results from the elastic simulations
[16]. It should be noted that for practical reasons (computa-
tion time), results presented in the rest of this paper are based
on samples containing 1,000 particles which will result in an
over-prediction of the axial strain.

Figure 9 shows a plot of the simulated volumetric strain
versus distortional strain. It can be seen from this figure that
early in the test at distortional strain levels less than approxi-
mately 0.3% the volumetric strain is negative indicating com-
paction of the material. The volumetric strain then increases

Table 1 Burger’s contact model parameters for viscoelastic simulations

Shear contact Tension contact Compression contact
Property Value Property Value Property Value

K s
o (MN/m) 0.12 K n

o (MN/m) 0.36 En
o (MN/m) 0.70

Cs∞ (MNs/m) 0.80 Cn∞ (MNs/m) 2.40

K s
1 (MN/m) 0.03 K n

1 (MN/m) 0.09

Cs
1 (MNs/m) 0.80 Cn

1 (MNs/m) 2.40

approximately in proportion to the distortional strain as the
material dilates, i.e.:

Ḣ = s
∣∣Ė∣∣. (4)

The parameter s can be interpreted as the steady-state dila-
tion gradient which can be directly compared to the dilation
gradient introduced earlier in the elastic simulations. For the
case shown in Figure 9 the dilation gradient is approximately
0.8 (i.e. s = 0.8). Experimental data for the same idealised
mixture tested at 20◦C taken from Deshpande [23] is shown
in Figure 9 for comparison. It can be seen by comparing
the measured with the predicted data that, although the gen-
eral shapes of the curves are similar, the measured dilation
gradient is slightly higher and the simulation tends to over-
predict the initial compaction phase at the beginning of the
test. The reason for this not known but may relate to the fact
that single sized particles have been used in the simulations
whereas particles between 1.18 and 2.36 mm were used in
the experiments. The under-prediction of the dilation gra-
dient is likely to be because the particles in the numerical
sample are perfectly spherical whilst in reality the sand par-
ticles are more angular, resulting in greater dilation. From
the data shown in Figure 4 it can be concluded that the maxi-
mum dilation gradient for perfectly spherical particles under
uniaxial stress conditions is approximately 0.8. To increase
the dilation gradient further, more complex particle shapes
are required which is beyond the scope of this paper.
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Since an elastic compressive contact stiffness and a visco-
elastic shear and tensile contact stiffness have been used, the
ratio of compressive to tensile contact stiffness will increase
during the simulation and, by analogy, to the results from the
elastic simulation, it is likely that the dilation gradient will
also change during the simulation. This can be seen from
careful inspection of the data shown in Figure 9 where the
slope is not constant and is shown in Figure 4 where the
dilation gradient is plotted as a function of the ratio of com-
pressive to tensile normal contact stiffness calculated from
equation (2). It can clearly be seen from this figure that, as
with the elastic case, the dilation gradient tends to increase
as the ratio of compressive to tensile normal contact stiff-
ness increases during the simulation. Also shown in Figure 9
is the result from a simulation undertaken using a sample
containing 6,000 particles. It can be seen from this figure
that the result from the simulation undertaken using 1,000
particles tends to slightly over-predict the volumetric strain
at a given level of distortional strain although it should be
noted that the effect is smaller than for the axial strain (see
Figure 8).

6.3 Triaxial simulations

Previous experimental studies have shown that the dilation
gradient of the sand asphalt is a function of the ratio of mean
stress to deviator stress in a triaxial test [17,24]. The objective
in this section is to investigate whether DEM can predict this.
In triaxial tests, the deviatoric load Q and the cell pressure P
are related to the principle stresses by:

∑
33

= Q

A
+ P,

∑
11

=
∑

22
= P, (5)

where A is the cross-sectional area of the specimen. Thus,
the mean stress

∑
m and the deviator stress

∑
are given by:
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for uniaxial creep test at 400 kPa
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3
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∑
=
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−
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A
. (6)

The stress ratio, η is defined as the ratio of the mean stress
to the deviator stress (i.e. η = ∑

m

/ ∑
). Figure 10 shows

experimental data taken from Khanzada [17] where volu-
metric strain is plotted against distortional strain for deviator
stresses of 400 and 1,000 kPa at stress ratios of 0.6 and 0.8. It
can be seen from this figure that the dilation gradients from
the tests with a stress ratio of 0.6 are higher than the dilation
gradients from the tests with a stress ratio of 0.8.

A series of triaxial simulations were performed to inves-
tigate the effect of stress ratio and deviator stress on the pre-
dicted dilation gradient of the sand asphalt mixture. The sam-
ple preparation procedure was the same as that for the uniaxial
simulations with the exception that the cylindrical boundary
was not removed but was used to provide lateral confinement
to the sample. To decrease the computation time, a sample
16.5 mm in diameter and 33 mm in height, containing 1,000
particles (1.8 mm in diameter) was used in the simulation. A
high contact bond strength was applied to all contacts to pre-
vent bond breakage. The same model parameters were used
as in the unaxial viscoelastic simulations (see Table 1).

6.4 Effect of stress ratio

Figure 11 shows the predicted axial creep strain plotted as
a function of time for a deviator stress of 400 kPa and stress
ratio of 0.6. An experimental result obtained for a similar
idealised asphalt mixture tested at the same deviator stress
and stress ratio (taken from Khanzada [17]) is also shown
in this figure. It can be seen that agreement is reasonable
although the DEM tends to over-predict the steady-state dila-
tion gradient although it should be noted that, as discussed
earlier, the effect of using 1,000 particles will be to over-pre-
dict the axial strain response.

Three triaxial simulations were performed at a deviator
stress of 400 kPa with stress ratios of 0.33 (uniaxial), 0.6 and
0.8. Figure 12 shows the predicted volumetric strain plotted
against the distortional strain. It can be seen from this fig-
ure that as the stress ratio is increased the dilation gradient
reduces. The dilation gradients calculated between distor-
tional strain levels of 0.3 and 0.35% are plotted in Fig. 13. It
can be seen from this figure that the predicted dilation gra-
dient decreases from 0.8 at a stress ratio of 0.33 (uniaxial
conditions) to 0.6 at stress ratio of 0.8. This indicates that the
dilation gradient is lower at higher stress ratios, which is in
agreement with the data shown in Figure 10 (which is also
shown in Figure 13). This is because at a higher stress ratio,
the confining stress is higher under a same level of deviator
stress, resulting in less dilative (more contractive) volumetric
strains.

A series of triaxial simulations was also performed at
deviator stresses ranging from 100 to 800 kPa, with confining
stress varied so that the stress ratio remained at 0.6 in all cases.
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Fig. 11 Predicted and measured [17] axial strain as a function of time
at a deviator stress of 400 kPa and stress ratio of 0.6

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.00 0.01 0.02 0.03 0.04

Distortional strain

V
o

lu
m

et
ri

c 
st

ra
in

∑ = 400 kPa
n = 0.33

∑ = 400 kPa
n = 0.8

∑ = 400 kPa
n = 0.6
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of 400 kPa and stress ratios η of 0.33, 0.6 and 0.8

The same numerical sample as in the previous section was
used. Figure 14 shows the predicted volumetric strain plotted
against the deviator strain. It can be seen from this figure that
approximately the same dilation gradients are observed for
different deviator stresses indicating that the dilation gradient
is only dependent on the stress ratio.
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Fig. 13 The measured and predicted “steady state” dilation gradients
at stress ratios η of 0.33, 0.6 and 0.8 for a deviatoric stress of 400 kPa

7 Summary and conclusions

• DEM has been used to simulate the behaviour of idealised
asphalt mixtures under uniaxial and triaxial compressive
creep loading.

• A numerical sample preparation procedure has been devel-
oped to ensure that the numerical specimen is initially
isotropic and has the correct volumetrics.

• Elastic contact properties have been used to investigate
the effect of the values of the shear and normal contact
stiffnesses on bulk material properties (Young’s modulus,
bulk modulus and Poisson’s ratio).

• The bulk modulus has been found to be linearly depen-
dent on the normal contact stiffness and independent of
the shear contact stiffness.

• Poisson’s ratio has been found to be dependent only on
the ratio of the shear contact stiffness to the normal con-
tact stiffness.

• Elastic contact properties have been used to investigate
the effect of the ratio of the compressive to tensile normal
contact stiffnesses on the level of dilation. The dilation
level in uniaxial test was found to be increases as the
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Fig. 14 Predicted volumetric strain and distortional strain at a stress ratio η of 0.6 for different deviator stress levels

ratio of compressive to tensile normal contact stiffness
increases.

• A simple viscoelastic Burger’s model was introduced
to give time-dependent shear and normal tensile contact
stiffnesses, whilst the normal compressive contact stiff-
ness has been assumed to be elastic to represent aggregate
to aggregate contact.

• The effect of changing bitumen film geometry on contact
stiffnesses has been included in the viscoelastic simula-
tions.

• The dilation gradient under uniaxial conditions was found
to increase with time as the ratio of compressive to ten-
sile contact stiffness increase as a function of time in the
viscoelastic simulations.

• The model has been used to simulate axial strains and
dilation gradients of an idealised sand asphalt and com-
pared with experimental data.

• The dilation gradients from triaxial tests were found to
be dependent only on stress ratio. The dilation gradient
was found to increase as the stress ratio decreases.

• Future work will concentrate on correctly modelling par-
ticle shape using clump logic, in order to achieve even bet-
ter agreement between the DEM and experimental data.
It will then be possible to investigate the effect of particle
size distribution on asphalt performance.
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