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Abstract The prediction quality of discrete element me-
thod (DEM) models for railway ballast can be expected to
depend on three points: the geometry representation of the
single particles, the used contact models and the parametri-
sation using principal experiments. This works aims at a
balanced approach, where none of the points is addressed
with excessive depth. In a first step, a simple geometry repre-
sentation is chosen and the simplified Hertz–Mindlin contact
model is used. When experimental data of cyclic compres-
sion tests and monotonic direct shear tests are considered,
the model can be parametrised to fit either one of the two
tests, but not both with the same set of parameters. Similar
problems can be found in literature for monotonic and cyclic
triaxial tests of railway ballast. In this work, the comparison
between experiment and simulation is conducted using the
entire data of the test, e.g. shear force over shear path curve
from the direct shear test. In addition to a visual comparison
of the results also quantitative errors based on the sum of
squares are defined. To improve the fit of the DEM model
to both types of experiments, an extension on the Hertz–
Mindlin contact law is used, which introduces additional
physical effects (e.g. breakage of edges or yielding). This
model introduces two extra material parameters and is suc-
cessfully parametrised. Using only one set of parameters, the
results of the DEM simulation are in good accordance with
both experimental cyclic compression test and monotonic
directs shear test.
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1 Introduction

This work focuses on the behaviour of railway ballast under
general monotonic and cyclic loading conditions. To describe
and predict the complex behaviour of such solid-like gran-
ular materials the discrete element method (DEM) is a very
popular particle-based method. Before any simulation, sev-
eral choices for modelling the considered granular material
have to be made. At first, a representation of the geome-
try of the single particles is necessary. Second, models for
contact forces in normal and tangential direction have to be
chosen introducing several material parameters. Finally, the
parametrisation of the contact models and the validation of
the whole DEM model have to be done, which are challeng-
ing tasks. Regarding these aspects a well-balanced approach
should be chosen. For example, a very detailed representation
of the particle geometry will probably not improve the pre-
diction quality of the DEM model while still applying very
simple contact laws neglecting relevant physical phenomena
and vice versa.

For railway ballast, DEM model validation is often car-
ried out using principal experiments like compression tests,
direct shear tests, triaxial tests or box tests, compare e.g. [1–
7]. The more principal experiments are used for DEM model
parametrisation and validation the higher the prediction qual-
ity will be when applying these models to real railway
situations (e.g. cyclic compression and shearing behaviour of
ballast under sleepers in curved tracks). State of the art DEM
modelling often has problems to describe different principle
experiments with one set of model parameters. This can result
in a poor prediction quality when applying these models to
realistic and thus more complex situations.

In this work, a well-balanced approach between geometry
representation and contact modelling is followed. For com-
putational efficiency, the particle’s geometry is represented
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in a very simple way. Contact modelling starts with the sim-
plified Hertz–Mindlin law and is then extended to include
additional physical phenomena (e.g. breakage of edges or
yielding), to bring the simulation into accordance with the
chosen principal experiments. Furthermore, a methodology
is presented taking into account the whole data of principal
experiments, e.g. shear-force over shear-path from a direct
shear box experiment, instead of using single data character-
istics only, e.g. bulk friction angle. This is very important for
modelling railway ballast. In the compression test, the infor-
mation of settlement between cycles and the shape of the
single loading loops is lost, when only the bulk stiffness is
considered. In the direct shear test, the initial stiffness of the
shear force–shear path curve is important for track stiffness.
This information is not included in the bulk friction angle.
Therefore, in this work the entire curves are compared visu-
ally and quantitative error measures are introduced, which
are based on the sum of squares. This methodology is applied
to data from cyclic compression tests and direct shear tests
taken from the literature showing its capability.

This work is organised as follows. Section 2 starts with
a literature overview. Section 3 summarises experimental
results of compression and direct shear tests, taken from lit-
erature [5], which will be used for model parametrisation.
DEM simulations of these experiments using the simplified
Hertz–Mindlin contact model are presented in the next sec-
tion. To be able to simulate both cyclic compression test and
monotonic direct shear test with only one set of parameters,
the Hertz–Mindlin model is extended to the so called Conical
damage model presented in [6]. In Sect. 5 this contact model
is given in a slight modification and an efficient algorithm for
its accurate solution will be presented. In a parameter study in
the following Section, the influence of the model parameters
on the bulk behaviour in both compression and direct shear
test is investigated. Section 7 deals with the comparison of
simulation results obtained with the parametrised model and
the experimental results. In this case, both the simulations
of the compression tests and the direct shear tests are con-
ducted with only one set of parameters and good agreement
between simulations and experiments is obtained. Conclu-
sions are drawn in the last Section.

2 Literature overview

The behaviour of coarse and angular granular material, such
as railway ballast or crushed rock, is a topic of intensive
research both on experimental and on simulation side.

Regarding particle shape modelling, several different
approaches are used for railway ballast or crushed rock. Rigid
clumps of spheres allow an approximation of complex shaped
particles, while the same contact laws as for single spheres
can be used. This approach is used, e.g. by [2,4,5,7,8]. In [4],

Laryea et al. compared results of simulation with complex
particle shapes to those using a simple two ball clump. For the
considered box tests, the simplified clumps were able to yield
qualitatively similar results. In [5], Coetzee investigated the
modelling of crushed rock with simple clumps (two spheres)
or more complex clumps (up to eight spheres). The results
of compression test or direct shear test simulations, which
Coetzee obtained with the simple clumps were comparable
to those obtained with complex clumps. When particle break-
age is considered, also clumps of bonded spheres are used,
see e.g. [9,10]. Apart form clumps, also polyhedra are used
to model railway ballast, see e.g. [1,11,12]. In the approach
used by Tutumluer et al. [11] and Quian et al. [1], data from
3d-scanned ballast stones can be used to build polyhedral
DEM particles. In [13] Ahmed et al. and in [6] Harkness et
al., so called potential particles for the simulation of triax-
ial tests of railway ballast are used. Ahmed et al. present a
method to manually adapt the shape of a potential particle to
the shape of a ballast stone.

Which contact model is used in DEM simulations of
course depends on the chosen geometry representation. For
polyhedral particles, the contact forces are often related to
the intersecting volume of the contact and linear springs are
used for the calculation of normal and tangential contact
forces. When clumps of spheres are used, commonly used
models are the linear spring model of Cundall and Strack
[14], or the simplified Hertz–Mindlin model, see e.g. [15].
In contact normal direction, the Hertz model provides the
analytic solution for elastic contacts between two spheres
or a sphere and a plane. In tangential direction, the simpli-
fied Mindlin model together with Coulomb’s law provides
a trade-off between an accurate solution and computational
efficiency. Despite these two advantages of the Hertz–Mind-
lin model, there are also some problems, which might occur
in some simulations. It is reported in literature that in simu-
lations of the direct shear test the bulk shear stiffness is too
high (using the original material parameter of the particles),
see [16] and references therein. In the same work [16], Härtl
and Ooi conducted direct shear tests on paired glass spheres
(two glued spheres). They reported a dependency of the bulk
friction angle on the applied normal pressure. In their simu-
lations, using the Hertz–Mindlin model, this effect could not
be reproduced. The authors of this work succeeded in sim-
ulating the pressure dependency of the bulk friction angle
in [17]. Motivated by tribological considerations, they intro-
duced a pressure dependency in the individual interparticle
friction coefficients, thus modifying Coulomb’s law.

In [6], Harkness et al. conducted simulations of mono-
tone and cyclic triaxial tests on railway ballast using potential
particles. They found that the Hertz–Mindlin model was not
able to fulfil the “simultaneous requirements of an apparently
low initial stiffness in monotonic loading at high confining
pressures (through crushing of the asperity), while retaining
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high elastic stiffness for the case of cyclic loading, which
is of crucial importance in modelling railway ballast” [6].
To overcome this problem, they introduced a modified con-
tact model: the conical damage model (CDM). A detailed
description will be given later in this work. In the literature,
there are many examples where the simplified Hertz–Mindlin
model is successfully used to model granular material. How-
ever, in the special situations mentioned above, problems
occur and modifications are necessary.

Whatever contact model is chosen in a simulation, its
parametrisation and the DEM model validation remains usu-
ally a challenge. Coetzee gives a good overview over used
approaches in [5]. Often parametrisation and validation of
DEM model are conducted via the comparison of simulation
results with principal experiments, e.g. compression tests,
direct shear tests or triaxial tests. Often only one type of prin-
cipal experiment is used. However, a DEM model validated
using different types of principal experiments can be consid-
ered more trustworthy in simulating other load cases. For the
comparison between DEM simulations and measurements
mainly two approaches exist in the literature. One group of
authors compares the two curves visually (using the entire
data). Another group computes certain characteristics from
the curves and compares theses, e.g. bulk stiffness from a
compression test. A comparison based on characteristics only
can be problematic, as will be discussed later in this work.

3 Principal experiments

In [5], Coetzee conducted cyclic compression tests and direct
shear tests on crushed rock. As these results will be used in
the current work, a short summary of the experiments will
be given, while the reader is referred to the original work for
details. Both compression and shear tests were conducted
in a cylindrical shear cell with a diameter of 590 mm and
a height of 330 mm.The maximal particle size was 40 mm,
details about the gradation are not given. When filling the
shear cell, the resulting samples had porosities between 0.45
and 0.47 with an average of 0.46.

3.1 Compression tests

After filling the shear cell, a lid was placed on top of the
sample. The normal load was applied via weights, which
were increased stepwise until approximately 66 kPa were
reached. Three loading-unloading cycles were conducted in
each compression test. The bulk stiffness was calculated as
average between the gradients of the second and third load-
ing cycles of the stress-strain curve. Between which values
of stress the gradient was fitted, was not specified. Coetzee
obtained values of the bulk stiffness, B, ranged between 8.4
and 9.1 MPa with an average value of 8.7 MPa. Experimental

Fig. 1 Compression test: path and normal force for the discrete levels
of applied normal loads. Data taken from [5]

results of a compression test are shown in Fig. 1 as normal
force over path. This data is obtained from [5] by plot digi-
talisation and thus may contain small inaccuracies.

3.2 Direct shear tests

Direct shear tests were conducted with applied normal stress-
es of σn = 10.5, 24, 38.8, 52.4 kPa. The maximal shear
path was 70 mm and shearing took place at a velocity of
1 mm/s. The bulk friction angle, φ, calculated by Coetzee
varied between 50.1◦ and 56.3◦ with an average of 52.8◦. To
calculate the angle of dilation ψ , a line was fitted through the
dilation curve between 45 and 70 mm of displacement. Coet-
zee calculated values for ψ , which ranged between 11.2◦ and
13.5◦ with an average of ψ = 12.5◦. Experimental results
are shown in Fig. 2, which is obtained from [5] by plot digi-
talisation and thus may contain small inaccuracies.

4 DEM simulations with Hertz–Mindlin contact
model

The DEM simulations presented in this work are carried out
with the Open-Source software Yade [18]. In this software
the soft contact approach is used together with explicit dis-
cretisation in time. The shear cell is modelled in its original
size. As already mentioned, in this work the crushed rock
will be represented in a simple way. Rigid clumps of two
equi-sized spheres with a constant aspect ratio of two (i.e. no
overlap between the spheres) will be used. The clumps are all
of the same size and the spheres in the clump have a radius
of 10 mm. Thus, the maximal clump axis is 40 mm and has
the same length as the maximal particle size in the experi-
ments. The ratio between the diameter of the shear box and
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Fig. 2 Shear force and dilation of direct shear tests, data taken from
[5]

Fig. 3 DEM model of direct shear test

the longest particle axis is bigger than 10. In Fig. 3, a picture
of a simulated shear test at a shear path of 30 mm is given.

Of course, the chosen clump shape is a strong simplifica-
tion of the complex shaped crushed rock and much more
detailed shape representations are used in the literature,
compare Sect. 2. However, even in these (computationally
demanding) DEM models with detailed shape represen-
tations some degree of simplification of the reality has
to be accepted. For example, effects resulting from the
macroscopic particle texture cannot be considered in the par-
ticles’ shape and are thus shifted into the contact modelling
(e.g. adaption of coefficient of friction). The same holds true
for the approach chosen in this work. Particle shape is kept
very simple but the clumps can provide some interlocking
between particles (in contrast to single spheres). The simpli-
fications of the real particle shape and errors resulting from
this simplification can be compensated, to some extent, by

adapting the particle-particle contact law parameters. Obvi-
ously this approach can only be successful, if the geometry
is not overly simplified and the considered contact law takes
into account all relevant physical effects.

Simplified geometries were successfully used to model
railway ballast in literature. In [4], Laryea et al. used clumps
consisting of two overlapping spheres of different radii and
obtained qualitatively similar results compared to simula-
tions using a more complex particle shape representation. In
[5], Coetzee simulated railway ballast in compression tests
and direct shear tests and compared samples which consisted
of clumps of two, four and eight spheres, respectively. For
each clump type, the parameters of the contact law were cali-
brated individually. Using these different parameters for each
clump type, a good fit to the experimental data was achieved
for all clump types, thus also for the simplest clumps of two
spheres. The comparison between experiments and simula-
tions is based on bulk stiffness in the compression test and
bulk friction angle and angle of dilatancy in the direct shear
test, force-path curves are not shown. Nevertheless, Coet-
zee’s work [5], shows that some differences in particle shape
can be compensated by the adaption of contact law parame-
ters. This holds true as long as no oversimplification of the
particle shape is made, e.g. usage of simple spheres, which
is also shown in [5] for comparison. The investigation of
the influence of simplified particle shape on the found con-
tact law parameters and their relation to measured material
parameters, is an interesting topic and remains for future
work.

In this section, the simplified Hertz–Mindlin no-slip con-
tact model, compare e.g. [15], will be used and no damping
is applied. In the Hertz–Mindlin model, the most important
material parameters are the Young’s modulus and the friction
coefficient of the modelled rock material. They will be var-
ied for the parametrisation of the DEM model. All material
parameters used are given in Table 1.

Table 1 Material parameters for DEM simulations using the Hertz–
Mindlin model

Particles: rock

Sphere diameter 10 mm

Density 2600 kg/m3

Poissons ratio 0.2

Young’s modulus 50–600 MPa

Friction coefficient (rock–rock) 0.3–0.5

Walls: steel

Density 7834 kg/m3

Poissons ratio 0.28

Young’s modulus 200 GPa

Friction coefficient (rock–steel) 0.2
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For sample generation, clumps were created in a box above
the shear cell and were allowed to settle due to gravity. All
particles which were not entirely inside the shear cell were
deleted. To control the porosity of the sample the friction
coefficient was reduced in this phase of the simulation. In
this work, four different initial configurations are used. The
samples consisted of 5850 clumps on average and the poros-
ity was between 0.456 and 0.458. The experimental samples
had porosities between 0.45 and 0.47 with an average of
0.46. Thus, the porosity of the simulated samples scattered
less than in the experiments and the values were in the lower
range of the experimental samples.

4.1 Compression tests

For the simulation of the compression test a steel plate was
inserted above the spheres. This loading plate moved down-
wards with a constant velocity of 0.5 mm/s until the maximal
stress of 66 kPa was reached. The plate then moved upwards
with the same speed until the minimal stress of 11 kPa was
reached. In this way, three loading-unloading cycles were
simulated, analogue to the experimental data.

The choice of the model parameters for rock E and μ

was not difficult in this case. An increase of E caused an
increase in the obtained bulk stiffness. While the influence
of μ on the bulk stiffness was small, an increase of μ changed
the shape of the single loading-unloading loops and reduced
the enclosed area. Due to the strong simplifications in parti-
cle geometry representation, it is not likely that the obtained
parameter values will be close to literature values for rock or
ballast. In Fig. 4 simulation results for four different initial
configurations are shown. The chosen parameter values are

Fig. 4 DEM simulations of compression tests using the Hertz–Mindlin
model for four different initial configurations and experimental data,
taken from [5]. For all simulations parameter values E = 600 MPa and
μ = 0.3 were used. Note that simulation results are shifted horizontally,
for better comparison with the experiments

E = 600 MPa and μ = 0.3. A very good fit of simulations to
the experimental data are obtained regarding the bulk stiff-
ness, the increment in vertical path between the load cycles
(settlement) and the shape of the single loading-unloading
loops. The scattering in results caused by the different ini-
tial configurations is small, with exception of the first initial
setting. Here, the bulk stiffness is slightly lower than in the
other simulations. It is important to note that the simulation
results in Fig. 4 are shifted horizontally, such that the vertical
path belonging to the first force maximum, corresponds to the
experimental one. The initial vertical path can be expected to
show a strong scattering in experiments, even when the same
procedure is used for assembling the samples. Therefore, this
initial path is ignored in the following plots and in the error
computation.

To obtain a quantitative comparison between simulation
and experimental results, a relative error based on the sum
of squares will be defined. As the compression test is a
force-controlled experiment, this error will be calculated with
respect to the vertical path. The data is split at the normal
force minima and maxima. The obtained separate loading or
unloading parts of the data have a unique mapping of the force
f to the vertical path p( f ). Denoting the path in the experi-
ment and simulation with pexp( f ) and psim( f ) respectively,
for the second loading in the test the difference between sim-
ulation and experiment, ε

l,2
di f f , and the experimental values,

ε
l,2
exp, is calculated as follows:

ε
l,2
di f f =

fmax∑

f= fmin

(
pexp( f ) − psim( f )

)2
(1a)

εl,2exp =
fmax∑

f= fmin

(
pexp( f )

)2
. (1b)

For the following unloading, ε
u,2
di f f , ε

u,2
exp, the next part of the

data is used and so on. For the overall error, both the dif-
ferences and the experimental values are summed up and
afterwards divided

εp =
√√√√ε

u,1
di f f + ε

l,2
di f f + ε

u,2
di f f + ε

l,3
di f f

ε
u,1
exp + ε

l,2
exp + ε

u,2
exp + ε

l,3
exp

. (2)

The calculated values of εp are shown in Table 2 together
with the bulk stiffness. For the calculation of the bulk stiff-
ness, two lines are fitted at the second and third loading in the
stress-strain diagram between 18 kPa and 55 kPa (minimal
and maximal applied stresses were 11 kPa and 66 kPa). The
average between the slope of these lines is the bulk stiffness,
B. The calculated error values in Table 2 are all very low,
but it can be clearly seen that the simulation result, obtained
from the first initial setting, shows a bigger deviation from the
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Table 2 Simulations of the compression tests using the Hertz–Mindlin model with different initial configurations: relative sum of squares error,
εp , and bulk stiffness, B. For comparison, the bulk stiffness calculated from the experimental data is also given

Initial conf. 1 2 3 4 Exp.

εp [−] 2.2 · 10−2 4.1 · 10−3 6.3 · 10−3 5.4 · 10−3 −
B [MPa] 8.6 8.7 8.8 8.7 9.4

measurement data than the others. This effect cannot be seen
from the bulk stiffness values. The bulk stiffness calculated
from the experimental curve is B = 9.4 MPa. Despite the
good agreement of the simulation results in Fig. 4 and the low
calculated errors, the deviation in the bulk stiffness values is
considerably larger. Therefore, the bulk stiffness is consid-
ered to be a suboptimal measure for comparing experimental
and simulation results.

4.2 Direct shear tests

In the simulation of the direct shear test, the normal load is
applied on the sample using the same steel loading plate as
above by applying a P-control algorithm. After the specified
normal load is reached and the packing is at rest, the shearing
phase starts by imposing a velocity of 1 mm/s on the lower
ring. The shearing force is calculated as the sum of the forces
on all walls of the lower ring and the bottom plate in the
direction of the shearing.

In the direct shear test, the influence of the model param-
eters E and μ is known from literature, compare e.g. [16].
In a simulation, the Young’s modulus E determines the ini-
tial stiffness in the shear force–shear path diagram. With
increasing E also the initial stiffness increases. The fric-
tion coefficient μ influences the maximal or residual shear
force obtained in the simulation. The maximal or residual
shear force increases with increasing μ. Using this knowl-
edge, a good fit between simulation and measurements is
obtained using the parameters E = 50 MPa and μ = 0.5.
These values vary significantly from the values chosen for
the compression test (E = 600 MPa and μ = 0.3). In Fig. 5
simulation results of four different initial configurations are
shown for four different normal stresses. The scatter in sim-
ulated shear force and vertical displacement is very low (for
each normal stress). The simulated shear force approximates
the measured force very well. At the lowest applied normal
stress, the vertical displacement is too high. For all other nor-
mal stresses, simulation and measurement are in much better
agreement.

In the direct shear test, two different relative errors will be
defined: one for the shear force and one for the vertical dis-
placement. In the equations below, x is the shear path, which
runs from 0 to 70 mm and σn is the applied normal stress.
Then, v

exp
σn (x) and vsimσn

(x) are the vertical displacement at
normal stress σn and shear path x for the measurement and the

Fig. 5 DEM simulations of direct shear tests using the Hertz–Mindlin
model for four different initial configurations and four normal stresses.
All simulations are conducted with E = 50 MPa and μ = 0.5. Experi-
mental data are taken from [5]

simulation respectively. The shear force s f expσn (x), s f simσn
(x)

is denoted analogously. Then, the relative error for the verti-
cal displacement, εv and the shear force εs f is formulated and
the error is summed up for all four levels of applied normal
stress and divided by four.

εv = 1

4

∑

σn∈{10.5,24,38.3,52.4}

√√√√
∑70

x=0

(
v
exp
σn (x) − vsimσn

(x)
)2

∑70
x=0

(
v
exp
σn (x)

)2

(3a)

εs f = 1

4

∑

σn∈{10.5,24,38.3,52.4}

√√√√
∑70

x=0

(
s f expσn (x) − s f simσn

(x)
)2

∑70
x=0

(
s f expσn (x)

)2

(3b)

In Table 3 the calculated errors are given for the simu-
lations with the four different initial configurations together
with the bulk friction angle, φ, and the angle of dilation,
ψ . The error for the vertical displacement is bigger than
the shear force error. This is caused by a relatively high
error in the vertical displacement for the lowest applied nor-
mal stress, which caused for all four initial configurations
more than 50% of the total error in vertical displacement.
The error for the shear force is lower, as was to expected
by the good fit to the experimental data shown in Fig. 5.
For the computation of φ, a residual shear force is calcu-
lated as median of the shear force between 40 and 60 mm
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Table 3 Simulations of the direct shear tests using the Hertz–Mindlin
model with different initial configurations: relative sum of squares error
for vertical displacement, εv , and shear force, εs f , bulk friction angle,
φ, and angle of dilation, ψ . For comparison, φ and ψ calculated from
the experimental data are also given

Initial conf. 1 2 3 4 Experiment

εv [−] 0.30 0.29 0.24 0.26 −
εs f [−] 0.11 0.12 0.12 0.10 −
ψ[◦] 14.3 14.5 14.2 13.5 12.6

φ[(◦] 53.7 54.6 52.1 51.3 54.1

shear path. The slope of a line fitted through the residual
shear forces plotted over the four levels of applied normal
force allows the calculation of the bulk friction angle. The
angle of dilatancy, ψ , is calculated as the average of the
angles of lines fitted to the vertical displacement between
40 and 60 mm shear path. From the experimental data
ψexp = 12.6◦ and φexp = 54.1◦ is calculated. The val-
ues of ψ obtained from the simulations are a little bit higher
than the experimental ones. This can be seen in the upper
part of Fig. 5 for the two lower levels of applied normal
stress. The values of bulk friction angle are already quite
close to the experimental value. Finally it can be concluded
that both the calculated errors as well as the characteristics
ψ and φ confirm the very good fit of the shear force to the
experimental data and the relatively good fit of the verti-
cal displacements. It is important to keep in mind that the
defined errors include more information, e.g. deviations in
the initial stiffness of the shear force curve will be consid-
ered.

4.3 Need for contact model modifications

In the preceding subsections, it is shown that the simula-
tion can approximate well the experimental results when
only one type of test is considered. Keeping in mind how
strong the geometry of the crushed rock is simplified, the
quality of the approximation is surprising. As it will be
detailed below, the conclusion, which is to be drawn here,
is that using the simplified Hertz–Mindlin contact model
together with the simple particle shape representation, it
will not be possible to find parameters E and μ such that
both cyclic compression and monotonic shear test will be
approximated well. In this work, only the simplified par-
ticle representation with clumps of two equi-sized spheres
is considered. To clarify the influence of a very accurate
geometry representation on the observed restrictions of the
Hertz–Mindlin model, a detailed investigation would be
needed which is outside of the scope of the current study.
However, it will be seen later in this section that in [6]
similar findings are obtained while using a more realistic

but still simplified particle representation via potential parti-
cles.

In Fig. 6 both the compression and the direct shear test
are simulated with the two sets of parameters found: (E =
600 MPa, μ = 0.3) give a good fit for the compression test
and (E = 50 MPa, μ = 0.5) for the direct shear test. In
Fig. 6a simulations using E = 50 MPa, μ = 0.5 are not
at all in agreement with the experimental values, regarding
bulk stiffness or the area enclosed by the single loading-
unloading cycles. The same holds true in Fig. 6b for the
simulations using E = 600 MPa, μ = 0.3. Here the bulk
shear stiffness, the residual shear force and the compression-
dilation behaviour do not agree with the experiments.

The calculated errors and data characteristics are given in
Table 4, where values indicating a good fit have a coloured
background. For the compression test, both the calculated

(a) Compression test: Note that simulation results are shifted 
horizontally, for better comparison with the experiments

(b) Direct shear test

Fig. 6 DEM simulations with Hertz–Mindlin model for four differ-
ent initial configurations. For the simulations parameter sets (E =
600 MPa, μ = 0.3) and (E = 50 MPa, μ = 0.5) were used. Experi-
mental data taken from [5]
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Table 4 Calculated errors and data characteristics for DEM simulations
of compression and direct shear test using the Hertz–Mindlin model
with parameter sets (E = 600 MPa, μ = 0.3) and (E = 50 MPa, μ =
0.5). For comparison, characteristics calculated from the experimental
data are also given

error as well as the bulk stiffness show the poor agreement
between the simulation with (E = 50 MPa, μ = 0.5) and
the experimental data. In the direct shear test, the calculated
errors as well as the angle of dilation indicate clearly that
the simulations using (E = 600 MPa, μ = 0.3) are in bad
accordance with the experiments. Interestingly, this cannot
be seen from the bulk friction angle. These simulations result
in a much too high initial stiffness and in considerably too
low values of residual shear force, compare Fig. 6. The prob-
lems with the initial stiffness cannot be detected using the
bulk friction angle. Even the big differences in the residual
shear force reduce the bulk friction angle only by roughly
10%. Therefore, the bulk friction angle is considered unsuit-
able for measuring the quality of fit between simulated and
experimental shear force.

From the results presented above, it can be seen that using
the simple particle shape representation together with the
Hertz–Mindlin contact law, it is not possible to find parame-
ters E and μ such that both the direct shear test and the cyclic
compression test are approximated well. For this problem
there are two probable causes. First, it is possible that the
two-sphere clumps used in the simulations are a too strong
simplification of the real particles’ shape or that particle size
distribution plays an important role. Second, in the experi-
ments there could occur physical phenomena at contact level,
which cannot be represented by Hertz–Mindlin law based on
linear material behaviour.

Regarding the first point of particle shape representation
and size distribution, it is helpful to consider the work of
Harkness et al. [6]. They considered monotonic and cyclic
triaxial tests of scaled railway ballast. Here, scaled ballast
means a reduction in size and a comparison with ballast of
original size was done in previous works, see [13,19,20]. In
their DEM simulations the simplified Hertz–Mindlin contact
law is used together with complex shaped potential parti-
cles which matched the particle size distribution of the tested
railway ballast. In [13], close agreement between purely
monotonic triaxial tests and simulations using a similar setup

could be achieved. In [6], monotonic and cyclic triaxial
tests are considered at different confining pressures. It was
shown that the Young’s modulus (or shear modulus) used
for the simulations of monotonic triaxial tests, is consider-
ably too low to reproduce the residual modulus seen in the
cyclic triaxial tests. Thus, Harkness et al. faced a similar
problem, as occurred in this work, when both monotonic
(direct shear) and cyclic (compression) tests are to be simu-
lated. Because particle shape and size distribution are already
taken into account in a complex representation in [6], further
investigations of this topic are not considered useful in this
work.

On the contrary, it is assumed here, as it is in [6], that phys-
ical phenomena not included in the Hertz–Mindlin model
cause the deviations between simulation and experimental
results. Particle breakage does not seem to play an impor-
tant role: in [6], confining pressures up to 200 kPa were
applied and the particle size distribution remained nearly
unchanged. Particle damage, e.g. breakage of edges, can be
expected to occur and can explain the differences in mate-
rial behaviour in monotonic and cyclic tests. In monotonic
tests and in the first cycle of the cyclic tests, damage increases
continuously, leading to an apparent soft (or apparent plastic)
material response. In cyclic tests, the following cycles show
a much stiffer response, because particle damage already
occurred at the first cycle. During these follow up cycles,
damage still occurs, due to particle rearrangements, but its
extent can be expected to be much smaller than in the first
cycle.

In [6], similar thoughts motivated the modification of the
used Hertz–Mindlin contact law, to take into account this
particle damage (in form of ideal plastic behaviour). This
contact law is discussed in the next section in detail. It will
be shown in this work that using this modified contact law
experimental results from both the compression test and the
direct shear tests can be predicted well using only one set of
parameters. Moreover, the differences in particle damage in
the monotonic direct shear test and the cyclic compression
test will be analysed, which will further justify the above
argumentation.

5 Conical damage model

5.1 Normal direction

In [6], Harkness et al. presented the Conical Damage Model
(CDM) for the normal contact, which will be used also in this
work. The elastic part of the material behaviour is modelled
via the Hertz law. Additionally, a kind of ideal plasticity is
is introduced to model damage at a contact (e.g. to take into
account edge breakage). In [6], the contact between a sphere
and a plane is imagined as the contact between an asperity
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on the sphere and the plane. The asperity is conical in shape
and is described by an initial radius and an opening angle,
specified by material parameters. While the contact is elastic
in the first place, it becomes plastic when a certain stress is
reached. Then, damage occurs and the radius of the asperity
grows, leading to an increased area of contact and thus to
a lower stress. In the parametrised model in [6], the initial
radius of the asperities is 12 mm, which is clearly bigger than
any real asperity.

In this work, a slightly different formulation of the CDM
is used and an efficient algorithm for an accurate and non-
iterative solution will be given. In this interpretation, there
exists an elastic regime, where each contact behaves as in
the classical Hertz–Mindlin model. When a certain stress
is reached, the surface of the DEM particle is imagined to
flatten locally as damage occurs. As described above, this
flattening corresponds to a larger contact area and thus to
a lower stress. By this interpretation the number of needed
parameters is reduced by one (initial radius of the asperity)
and the behaviour of the new contact model in the elastic
regime is identical to the classical Hertz–Mindlin model. A
detailed description is given below.

The model is formulated here for sphere-sphere contact,
but plane-sphere contact can be treated analogously. The geo-
metric overlap at the contact, which is calculated by the DEM
software, δDEM is split in an elastic part, δel , and a plastic part,
δpl :

δDEM = δel + δpl , (4)

where δpl is initialised with zero when the contact is created.
In the purely elastic regime, Hertz’ contact law is used for
the calculation of the normal force:

Fn = 4

3
E∗√R (δel)

3
2 , (5)

where E∗ is the equivalent Young’s modulus and R is the
current radius in the contact which is initialized with the
equivalent radius R∗. According to Hertz’ law, the maximal
stress at the contact, σ0, can be calculated as

σ0 = 2E∗

π

√
δel

R
. (6)

In the purely elastic regime, this stress is smaller than or
equal to a pseudo maximal compressive strength, σmax. This
parameter is not the real compressive strength of the material,
deviations are caused by simplifications in geometry repre-
sentation and surface properties. In the other loading case,
i.e. σ0 > σmax, the stress is too high for the material to be
carried and damage/plastic yielding occurs. In this model, the
sphere in contact will flatten, thus R increases as well as δpl .
In this way, the maximal stress at the contact will be reduced

to σmax. A schematic drawing of this principle can be found in
Fig. 7 for the contact between two spheres. Figure 7a shows
the case of the initial purely elastic deformation. The sphere-
sphere contact is transferred to an equivalent sphere-plane
contact. Before plastic yielding, the radius of the imagined
sphere is the equivalent radius, R∗. The case when the max-
imal stress in the contact exceeds σmax is shown in Fig. 7b.
Now, the radius of the imagined sphere grows, as it is drawn
in Fig. 7b. The enlarged radius of the imagined sphere can
be understood as the equivalent radius of two larger spheres,
which are in contact. Locally, the two spheres in contact are
thought have flattened, which corresponds to a larger contact
area and to an admissible stress σ0 = σmax. How the total
overlap δDEM is split into the elastic and the plastic part is
also shown on the right side of Fig. 7b. Finally, the relation
between R and δpl has to be given. In [6] it is derived from
a geometric relation involving the opening angle of the con-
ical asperity, α. This assumption leads to a linear relation
between both quantities:

δpl = (R − R∗)β, (7)

where the material parameter β relates to α as: β = 1−sin(α)
sin(α)

.
The new value of R can be calculated using the yield condi-
tion

σmax = σ0 = 2E∗

π

√
δel

R
. (8)

(a) Purely elastic case: real contact configuration (left) and
imagined equivalent sphere-plane contact (right)

(b) Damage/plastic yielding: real contact configuration (left) and
imagined equivalent sphere-plane contact (right)

Fig. 7 Conical damage model for a sphere–sphere contact
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When Eqs. (4) and (7) are inserted above, the obtained
expression can be solved for R:

R = δDEM + R∗β
(

σmaxπ
2E∗

)2 + β
. (9)

With this equation it is possible to solve the model accu-
rately without the need of an iterative procedure. Keeping
in mind the high number of contacts in a DEM simulation,
this is a clear advantage of the CDM model, as many models
for plasticity at contacts need to be solved iteratively, com-
pare e.g. [21]. The algorithm for the calculation of the model
is given below, see Algorithm 1. As mentioned before, this
model accounts for additional physical phenomena (yielding)
and allows therefore to improve the quality of DEM models.

Algorithm 1 Normal Contact: Conical Damage Model
1: parameters: E∗, β, σmax
2: initialise: δpl ← 0, R ← R∗
3: function ConicalDamageModel(δDEM, δpl , R)
4: δel ← δDEM − δpl
5: if δel < 0 then
6: Fn = 0
7: return Fn
8: end if

9: σ0 ← 2E∗

π

√
δel

R
10: if σ0 > σmax then

11: R ← δDEM + R∗β
(

σmaxπ
2E∗

)2 + β

12: δpl ← (R − R∗)β
13: δel ← δDEM − δpl
14: end if
15: Fn ← 4

3 E
∗√R (δel )

3
2

16: return Fn
17: end function

5.2 Tangential direction

In tangential direction the simplified no-slip Mindlin law will
be used. For consistency, here also the increased radius of the
Hertzian contact described above will be used. In time step
k the trial or pre-sliding shear force is denoted by Fk

t,t and is
calculated incrementally using the last time step’s value:

Fk
t,t = Fk−1

t + ΔFt,t ΔFt,t = 8G∗√Rδel Δδt , (10)

where Δδt is the increment of the tangential displacement

and G∗ =
(

2−ν1
G1

+ 2−ν2
G2

)−1
is the equivalent shear modu-

lus calculated from the contact partners shear modulus and
Poissons ratio. For simplicity, the index of the time step will
be skipped from now on. When Coulomb’s law with a con-
stant coefficient of friction, μ, is used, the tangential force is
obtained as follows:

Ft =
{
Ft,t if Ft,t ≤ μFn
μFn otherwise

(11)

To the authors’ best knowledge, a dependency of the coef-
ficient of friction on the applied normal pressure in DEM
simulations was first introduced in their own works [17,22]
and [23]. In tribology, it is known that the friction coefficient
in a contact is not constant, as it is assumed in Coulomb’s
law, but depends on several factors, such as contact normal
load, relative motion, surface roughness, contact tempera-
ture and contact conditions (dry, wet, lubricated, …), etc. In
the literature there exist works, where in direct shear tests
a dependency of the bulk friction coefficient on the applied
normal pressure can be seen, see e.g [16,24,25]. Whether
this effect can be seen in experiments will depend on the
material, particle shape and applied normal pressure. In [17]
and [23], the authors assumed that the observed normal stress
dependency of the bulk friction coefficient is caused by tribo-
logical effects. Thus, a more tribological tangential contact
law is implemented in DEM, where the interparticle friction
depends on the current normal stress in the contact. For each
contact a (spatially) averaged stress is calculated, by dividing
the contact force with the area of the contact:

σm = Fn
Rδelπ

. (12)

This stress is used for the calculation of the pressure depen-
dent friction coefficient for this contact

μ(σm) = μ0 + c1

1 + c2σm
, (13)

where μ0[−], c1[−], c2[Pa−1] are model parameters. This
formula was first introduced in [26] for wheel–rail (steel–
steel) contact. The pressure dependent friction coefficient can
then be used in Coulomb’s law, (11). In this adapted formula-
tion of the model the change of the contact area, representing
particle damage, is already integrated. The averaged stress in
this model cannot be bigger then σm ≤ 2

3σmax, which can be
seen from combining Eqs. (5) and (8). Thus, in this model
the friction coefficient is bounded: μ0 + c1 ≤ μ(σm) ≤
μ0 + c1

1+c2
2
3 σmax

.

A little later and in an independent approach, in [6] Hark-
ness et al. introduced a friction coefficient, which depends
on the normal force on the contact. A normalisation of the
normal force via the maximal possible force is formulated,
also:

μ(Fn) = γ0

(
Fn
Fc

)γ1

, (14)

where γ0, γ1 are dimensionless model parameters and Fc is
the critical force, Fc = 2

3σmaxπRδel . Some basic manipula-
tions of the expression Fn/Fc show that the model in Eq. (14)
can also be written as:
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μ(Fn) = γ0

(
Fn
Fc

)γ1

= γ0( 2
3σmax

)γ1
(σm)γ1 , (15)

and is very similar to the model in Eq. (13), with the differ-
ence that μ approaches infinity when Fn approaches 0 (and
γ1 is smaller than zero, which needs to be the case for a
declining behaviour).

6 Parameter study

The Conical damage model described in the previous section
introduces new parameters, whose influence on the simulated
bulk behaviour is not clear a priori. When used in a DEM
simulation, there are several parameters, which need to be
chosen: E , ν, σmax, β, μ0, c1, c2. In this section, a parameter
study is conducted to better understand the role of the single
parameters. A simple but efficient strategy is chosen: based
on one set of parameters, the centre point, one parameter
at a time is varied. This approach clearly cannot capture any
interaction effects between the parameters and it reflects only
the behaviour around the centre point. The advantage of this
approach is the very limited number of needed simulation
runs. An alternative would be to use Design of Experiments
together with a fractional design. As the results of the one at
a time variation are easier to interpret, this approach is taken
here.

In a first step, the friction coefficient, μ, is considered to
be constant to reduce the number of investigated parameters.
Additional simulations, which are not presented here, showed
that ν had only a very small influence. Therefore, ν = 0.2
is used in all simulations from now on. Thus, the parame-
ter study will then be conducted on E, σmax, β, μ and the
centre point was chosen as: E = 100 MPa, σmax = 3 MPa,
β = 0.015, μ = 0.4. In the next step, simulations of com-
pression tests and direct shear tests are conducted, where the
parameters are varied separately.

The effect of a variation of the Young’s modulus can
be seen in Fig. 8 for the compression and the direct shear
test respectively. For the compression test, an increase of E
results in a considerable increase in the bulk stiffness and
reduces the area enclosed by the single loading-unloading
loops. In the direct shear test, an increase of E results in a
lower slope in the shear force—shear path curve (after ca.
5 mm of shear path). Also, more compression takes place
together with a decrease in the angle of dilation. When
E increases, contacts will start to yield earlier. Also R
increases which results in an increased δpl and in a decreased
δel . The mean contact normal force is smaller and due to
Coulomb’s law also the tangential force is lower. There-
fore, a longer shear path is needed until the same shear
force is reached as in simulations with lower Young’s mod-
ulus.

In Fig. 9, the effects of a variation of the maximal compres-
sion strength, σmax, can be seen. An increase of σmax slightly
reduces the bulk stiffness and increases the area enclosed by
the single loading-unloading loops in the compression tests.
In the direct shear test, an increase of σmax results in a higher
slope in the shear force–shear path curve and in less com-
pression, while the angle of dilation remains nearly constant.
With a higher compressive strength, less contacts will show
plastic yielding or damage. If the compressive strength was
chosen as ‘infinity’, then the model would be identical to the
purely elastic Hertz–Mindlin contact law.

The variation of β is shown in Fig. 10. Around the cho-
sen centre point, an increase of β has the same effect on the
bulk behaviour as an increase of σmax. While σmax deter-
mines, when a contact starts yielding, β controls the increase
of R during yielding. The surprising similarity can not be
deduced from the model equations and may not be present
for points in parameter space far away from our centre
point.

Finally, the variation of the coefficient of friction is shown
in Fig. 11. This is the only considered parameter, which
is not part of the normal contact model. In the compres-
sion test, an increase of μ reduces the area enclosed by
the single loading-unloading loops, while the bulk fric-
tion remains nearly constant. In the direct shear test, an
increase of μ becomes noticeable only after 20 mm of
shear path. After this, it increases the shear force and the
angle of dilation. This behaviour is equal to the one seen
in simulations using the classical Hertz–Mindlin contact
law.

7 Comparison with experiments

The knowledge gained on the effects of the single model
parameters can now be used to fit the simulation results to
the experimental ones. As the effects of σmax and β are sim-
ilar around the centre point, it should be noted that it might
not be possible to obtain unique values for these two param-
eters. In general, an optimisation software could be used for
parameter identification. As the centre point of the previ-
ous parameter study gives already relatively good results,
a few ‘try and error’ iterations were enough to obtain a
good fit between experiments and simulations. A comparison
can be seen in Fig. 12 for four different initial configura-
tions. For all simulations the following set of parameters
was used: E = 200 MPa, σmax = 5 MPa, β = 0.015,
μ = 0.4. The calculated errors together with B, ψ and φ

are given in Table 5. In the simulations of the compression
test, the bulk stiffness, the form of the hysteresis and the
path increment of the single cycles agree very well. There-
fore, also the calculated error is very low. The calculated
bulk stiffness nearly coincides with its experimental value

123



64 Page 12 of 16 B. Suhr, K. Six

(a) Compression test: Note that simulation results are shifted horizontally,
for better comparison with the experiments

(b) Direct shear test: All shown curves belong to an applied normal
stress of sn = 52:4 kPa

Fig. 8 Parameter variation in DEM simulations: Young’s modulus E .
All other parameters are set to their values of the centre run: σmax =
3 MPa, β = 0.015, μ = 0.4. Experimental data taken from [5]

of 9.4 MPa. In the simulations of the direct shear test, the
shear force–shear path curve is approximated well for all
levels of applied normal stress. The calculated error is very
low, while the bulk friction values are slightly lower than
the experimental value of φexp = 54.1◦. The compres-
sion/dilation behaviour is approximated not quite so good,
but the results are still considered acceptable. In the simula-
tions, for higher applied normal stresses there occurs more
compression than seen in the experiments. Also the angle
of dilation is lower than its experimental value ψexp =
12.6◦.

To investigate how the CDM model influences the indi-
vidual contacts, Fig. 13 shows some internal variables of the
direct shear test simulations. In the upper plot, Fig. 13a, the
percentage of yielding contacts, the mean value of all con-
tact radii R and contact normal forces Fn are plotted over

(a) Compression test: Note that simulation results are shifted horizontally,
for better comparison with the experiments

(b) Direct shear test: All shown curves belong to an applied normal
stress of sn = 52:4 kPa

Fig. 9 Parameter variation in DEM simulations: maximal compressive
strength σmax. All other parameters are set to their values ofthe centre
run: E = 100 MPa, β = 0.015, μ = 0.4. Experimental data taken from
[5]

time for the cyclic compression test. During the first load-
ing phase, the ratio of yielding contacts as well as R show
a strong increase. As the sample is compacted for the first
time, the ratio of yielding contacts shows sharp short time
reductions, which can be related to particle rearrangement.
Both the ratio of yielding contacts and the mean value of all
contact radii, R, indicate that the most of yielding/breakage
of edges occurs during this first loading. In the following
unloading, the ratio of yielding contacts reduces to nearly
zero and R remains constant. During the subsequent re-
loading phase, the ratio of yielding contacts remains close
to zero and shows a steep increase only shortly before the
maximal applied stress is reached, probably due to parti-
cle rearrangement and newly created contacts. In the same
time, the mean of all contact radii remains nearly con-
stant. The shown behaviour supports the assumption that
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(a) Compression test: Note that simulation results are shifted horizontally,
for better comparison with the experiments

(b) Direct shear test: All shown curves belong to an applied normal
stress of sn = 52:4 kPa

Fig. 10 Parameter variation in DEM simulations: β. All other param-
eters are set to their values of the centre run: E = 100 MPa,σmax =
3 MPa, μ = 0.4. Experimental data taken from [5]

monotonic and cyclic loading (i.e. first loading cycle and fol-
low up loading cycles), lead to different simulated material
behaviour.

In Fig. 13b, the same internal variables are plotted for the
monotonic direct shear test over the shear path for the lowest
and the highest applied normal stress, i.e. σn = 10.5 kPa and
σn = 52.4 kPa. Before the samples are sheared, the higher
normal stress leads to more yielding contacts, bigger contact
radii and contact normal forces than the lower applied stress.
In this phase, strong force chains are oriented vertically and
are distributed over the whole sample. When shearing starts,
the strong force chains reorient in a band between the upper
and lower ring, which becomes more narrow with growing
shear path. Therefore, a reduction of the percentage of yield-
ing contacts can be seen in the upper part of the plot during the
shear phase. Both the mean of the contact radii and the normal

(a) Compression test: Note that simulation results are shifted horizontally,
for better comparison with the experiments

(b) Direct shear test: All shown curves belong to an applied normal
stress of sn = 52:4 kPa

Fig. 11 Parameter variation in DEM simulations: constant friction
coefficient μ. All other parameters are set to their values of the cen-
tre run: E = 100 MPa, σmax = 3 MPa, β = 0.015. Experimental data
taken from [5]

forces show a qualitative similar behaviour in the middle and
lower part of the plot. Their growth is faster in the beginning
and reduces with the shear path. Analogue to the shear force
curve, plotted in Fig. 12b, both means of radii and normal
force reach a steady state earlier for the low applied normal
stress than for the high applied normal stress.

When one keeps in mind how simple the geometry of the
crushed rock particles is represented in this work, it is sur-
prising how well simulations and experiments agree. It can
be expected that this simplification caused the found mate-
rial parameters, such as Young’s modulus and compressive
strength, to be not close to the literature values specified for
rock.

In the results of the direct shear test, there is no dependency
of the bulk friction angle of the experiments on the applied
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(a) Compression test: Note that simulation results are shifted horizontally,
for better comparison with the experiments

(b) Direct shear test

Fig. 12 DEM simulations with CDM model for four different initial
configurations. Used parameters: E=200 MPa, σmax = 5 MPa, β =
0.015, μ = 0.4. Experimental data taken from [5]

normal stress. This is different to the triaxial tests presented
in [6]. Due to this reason, the simulations are conducted with
constant coefficient of friction.

In contrast to the simulation with the classical Hertz–
Mindlin contact law, using the CDM model in normal

(a) Compression test: internal contact condition plotted over time

(b) Direct shear test: internal contact condition plotted over shear path
for maximal and minimal applied normal stress

Fig. 13 DEM simulations of cyclic compression and direct shear tests
with CDM model. Plot of mean internal contact conditions. Used param-
eters: E = 200 MPa, σmax = 5 MPa, β = 0.015, μ = 0.4

contact, makes it possible to approximate the experiments
of compression and direct shear test with the same set of
parameters.

Table 5 Calculated errors and
data characteristics for DEM
simulations of compression and
direct shear test using the CDM
model with parameters
E = 200 MPa, σmax = 5 MPa,
β = 0.015, μ = 0.4. For
comparison, characteristics
calculated from the
experimental data are also given

Initial conf. 1 2 3 4 Exp.

Compression

εp [−] 9.3 · 10−3 7.8 · 10−3 7.3 · 10−3 7.9 · 10−3 −
B [MPa] 9.4 9.3 9.4 9.4 9.4

Shear:

εv [−] 0.39 0.35 0.39 0.44 −
εs f [−] 0.085 0.083 0.082 0.082 −
ψ[◦] 9.9 11.1 9.8 9.5 12.6

φ[◦] 52.0 53.6 51.9 50.8 54.1
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8 Conclusions

In this work, DEM simulations of cyclic compression tests
and directs shear tests of crushed rock are conducted. Exper-
imental data for comparison is available from literature,
see [5]. For computational efficiency, in the simulations the
geometry of the crushed rock particles is represented in a
very simple approach by two clumped spheres. Works from
the literature, compare [4] or [5], show that it is possible
to obtain (qualitatively) similar results to experimental mea-
surements using very simple geometry representations. DEM
simulations using the simplified Hertz–Mindlin contact law
are conducted for the cyclic compression tests and the direct
shear tests. For the modelling of railway ballast, it is impor-
tant to compare simulation and experimental results using
the entire curves and not to reduce them to characteristics,
such as bulk stiffness, angle of dilation and bulk friction
angle. In the compression test, the information of settlement
between cycles and the shape of the single loading loops
is lost, when only the bulk stiffness is considered. In the
direct shear test, the initial stiffness of the shear force–shear
path curve is important for track stiffness. This information
is not included in the bulk friction angle. Therefore, in this
work the entire curves are compared visually and quantita-
tive error measures are introduced, which are based on the
sum of squares. Although the Hertz–Mindlin contact model
is used successfully to model granular material throughout
literature, there exist also works, where the contact model
needs to be adapted, compare Sect. 2. It is shown in this
work that using the simplified particle representation, the
Hertz–Mindlin contact model can be parametrised such that
simulation results agree with the experimental measurements
for either one of the two tests but not both at the same time.
This finding is in agreement with the work of Harkness et al.
[6], which face the same problem when using more realistic
shaped potential particles to simulate monotonic and cyclic
triaxial tests of railway ballast. Despite this agreement, the
stated limitation of the Hertz–Mindlin model might depend
on the accuracy of geometry representation.

A modification of the used contact model, accounting for
additional physical phenomena, is one possibility to solve
this problem. For the normal contact, the conical damage
model (CDM), presented in [6], is new interpreted and an effi-
cient algorithm for its accurate solution is presented. For the
tangential contact, works of the authors themselves [17,23]
and of Harkness et al. [6] are very similar, when a dependency
of the interparticle friction coefficient on the local contact
force/stress is introduced.

In a parameter study for the Comical Damage Model, the
effects of the single model parameters are shown. With this
knowledge a parametrisation of the model is possible. The
simulations conducted with the parametrised CDM model
show that good accordance with both cyclic compression

tests and monotonic direct shear tests can be obtained using
only one set of parameters. The quality of the approximation
is surprisingly high considering the simple geometry repre-
sentation of the crushed rock chosen in this work.

Acknowledgements Open access funding provided by Austrian Sci-
ence Fund (FWF). The authors gratefully acknowledge funding of the
Austrian Science Fund (FWF) for the project P 27147-N30: Short- and
Long-Term Behaviour of Solid-Like Granular Materials. This work was
accomplished at the VIRTUAL VEHICLE Research Center in Graz,
Austria. The authors would like to acknowledge the financial support
of the COMET K2 - Competence Centers for Excellent Technologies
Programme of the Austrian Federal Ministry for Transport, Innova-
tion and Technology (bmvit), the Austrian Federal Ministry of Science,
Research and Economy (bmwfw), the Austrian Research Promotion
Agency (FFG), the Province of Styria and the Styrian Business Promo-
tion Agency (SFG).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Qian, Y., Lee, S., Tutumluer, E., Hashash, Y., Mishra, D.,
Ghaboussi, J.: Simulating ballast shear strength from large-scale
triaxial tests. Transp. Res. Rec. 2374, 126–135 (2013)

2. Indraratna, B., Ngo, N., Rujikiatkamjorn, C., Vinod, J.: Behavior
of fresh and fouled railway ballast subjected to direct shear testing:
discrete element simulation. Int. J. Geomech. 14(1), 34–44 (2014).
doi:10.1061/(ASCE)GM.1943-5622.0000264

3. Huang, H., Tutumluer, E.: Image-aided element shape genera-
tion method in discrete-element modeling for railroad ballast. J.
Mater. Civ. Eng. 26(3), 527–535 (2014). doi:10.1061/(ASCE)MT.
1943-5533.0000839

4. Laryea, S., Baghsorkhi, M.S., Ferellec, J.F., McDowell, G., Chen,
C.: Comparison of performance of concrete and steel sleepers using
experimental and discrete element methods. Transp. Geotech. 1(4),
225–240 (2014). doi:10.1016/j.trgeo.2014.05.001. (Rail Geome-
chanics - From Theory to Practice)

5. Coetzee, C.: Calibration of the discrete element method and the
effect of particle shape. Powder Technol. 297, 50–70 (2016).
doi:10.1016/j.powtec.2016.04.003

6. Harkness, J., Zervos, A., Le Pen, L., Aingaran, S., Powrie, W.: Dis-
crete element simulation of railway ballast: modelling cell pressure
effects in triaxial tests. Granul. Matter 18(3), 1–13 (2016). doi:10.
1007/s10035-016-0660-y

7. Stahl, M., Konietzky, H.: Discrete element simulation of ballast
and gravel under special consideration of grain-shape, grain-size
and relative density. Granul. Matter 13(4), 417–428 (2011). doi:10.
1007/s10035-010-0239-y

8. Lu, M., McDowell, G.: The importance of modelling ballast par-
ticle shape in the discrete element method. Granul. Matter 9(1–2),
69–80 (2007). doi:10.1007/s10035-006-0021-3

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000264
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000839
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000839
http://dx.doi.org/10.1016/j.trgeo.2014.05.001
http://dx.doi.org/10.1016/j.powtec.2016.04.003
http://dx.doi.org/10.1007/s10035-016-0660-y
http://dx.doi.org/10.1007/s10035-016-0660-y
http://dx.doi.org/10.1007/s10035-010-0239-y
http://dx.doi.org/10.1007/s10035-010-0239-y
http://dx.doi.org/10.1007/s10035-006-0021-3


64 Page 16 of 16 B. Suhr, K. Six

9. Indraratna, B., Thakur, P., Vinod, J.: Experimental and numeri-
cal study of railway ballast behavior under cyclic loading. Int.
J. Geomech. 10(4), 136–144 (2010). doi:10.1061/(ASCE)GM.
1943-5622.0000055

10. Lu, M., McDowell, G.: Discrete element modelling of railway bal-
last under monotonic and cyclic triaxial loading. Geotechnique 60,
459–467 (2010). (8)

11. Tutumluer, E., Qian, Y., Hashash, Y.M., Ghaboussi, J., Davis,
D.D.: Discrete element modelling of ballasted track deformation
behaviour. Int. J. Rail Transp. 1(1–2), 57–73 (2013). doi:10.1080/
23248378.2013.788361

12. Elias, J.: Simulation of railway ballast using crushable polyhedral
particles. Powder Technol. 264, 458–465 (2014). doi:10.1016/j.
powtec.2014.05.052

13. Ahmed, S., Harkness, J., Le Pen, L., Powrie, W., Zervos, A.:
Numerical modelling of railway ballast at the particle scale. Int. J.
Numer. Anal Methods Geomech. 40(5), 713–737 (2016). doi:10.
1002/nag.2424.NAG-14-0125.R2

14. Cundall, P.A., Strack, O.D.L.: A discrete numerical model for gran-
ular assemblies. Geotechnique 29(1), 47–65 (1979)

15. Thornton, C., Yin, K.: Impact of elastic spheres with and without
adhesion. Powder Technol. 65(1), 153–166 (1991). doi:10.1016/
0032-5910(91)80178-L

16. Härtl, J., Ooi, J.: Experiments and simulations of direct shear tests:
porosity, contact friction and bulk friction. Granul. Matter 10(4),
263–271 (2008). doi:10.1007/s10035-008-0085-3

17. Suhr, B., Six, K.: On the effect of stress dependent interparticle
friction in direct shear tests. Powder Technol. 294, 211–220 (2016).
doi:10.1016/j.powtec.2016.02.029

18. Šmilauer, V., Catalano, E., Chareyre, B., Dorofeenko, S., Duriez,
J., Gladky, A., Kozicki, J., Modenese, C., Scholtès, L., Sibille, L.,
Stránský, J., Thoeni, K.: Yade Documentation. The Yade Project,
1st edn. http://yade-dem.org/doc/ (2010)

19. Le Pen, M., Powrie, W., Zervos, A., Ahmed, S., Aingaran, S.:
Dependence of shape on particle size for a crushed rock rail-
way ballast. Granul. Matter 15(6), 849–861 (2013). doi:10.1007/
s10035-013-0437-5

20. Aingaran, S.: Experimental investigation of static and cyclic
behaviour of scaled railway ballast and the effect of stress reversal.
Ph.D. thesis, University of Southampton (2014)

21. Zhang, X., Vu-Quoc, L.: An accurate elasto-plastic frictional tan-
gential force-displacement model for granular-flow simulations:
displacement-driven formulation. J. Comput. Phys. 225(1), 730–
752 (2007). doi:10.1016/j.jcp.2006.12.028

22. Suhr, B., Six, K.: Tribological effects in granular materials and
their impact on the macroscopic material behaviour. In: Oñate,
E., Bischoff, M., Owen, D., Wriggers, P., Zohdi, T. (eds.) Proceed-
ings of the IV International Conference on Particle-Based Methods
(PARTICLES 2015), pp. 878–889. International Center for Numer-
ical Methods in Engineering (CIMNE) Barcelona, Spain (2015)

23. Suhr, B., Six, K.: Friction phenomena and their impact on the
shear behaviour of granular material. Comput. Part. Mech. (2016).
doi:10.1007/s40571-016-0119-2

24. Härtl, J., Ooi, J.Y.: Numerical investigation of particle shape and
particle friction on limiting bulk friction in direct shear tests and
comparison with experiments. Powder Technol. 212(1), 231–239
(2011). doi:10.1016/j.powtec.2011.05.022

25. Indraratna, B., Ngo, N.T., Rujikiatkamjorn, C.: Behavior of
geogrid-reinforced ballast under various levels of fouling. Geotext.
Geomembr. 29(3), 313–322 (2011). doi:10.1016/j.geotexmem.
2011.01.015

26. Popov, V., Psakhie, S., Shilko, E., Dmitriev, A., Knothe, K., Bucher,
F., Ertz, M.: Friction coefficient in rail-wheel-contacts as a function
of material and loading parameters. Phys. Mesomech. 5(3), 17–24
(2002)

123

http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000055
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000055
http://dx.doi.org/10.1080/23248378.2013.788361
http://dx.doi.org/10.1080/23248378.2013.788361
http://dx.doi.org/10.1016/j.powtec.2014.05.052
http://dx.doi.org/10.1016/j.powtec.2014.05.052
http://dx.doi.org/10.1002/nag.2424.NAG-14-0125.R2
http://dx.doi.org/10.1002/nag.2424.NAG-14-0125.R2
http://dx.doi.org/10.1016/0032-5910(91)80178-L
http://dx.doi.org/10.1016/0032-5910(91)80178-L
http://dx.doi.org/10.1007/s10035-008-0085-3
http://dx.doi.org/10.1016/j.powtec.2016.02.029
http://yade-dem.org/doc/
http://dx.doi.org/10.1007/s10035-013-0437-5
http://dx.doi.org/10.1007/s10035-013-0437-5
http://dx.doi.org/10.1016/j.jcp.2006.12.028
http://dx.doi.org/10.1007/s40571-016-0119-2
http://dx.doi.org/10.1016/j.powtec.2011.05.022
http://dx.doi.org/10.1016/j.geotexmem.2011.01.015
http://dx.doi.org/10.1016/j.geotexmem.2011.01.015

	Parametrisation of a DEM model for railway ballast under different load cases
	Abstract
	1 Introduction
	2 Literature overview
	3 Principal experiments
	3.1 Compression tests
	3.2 Direct shear tests

	4 DEM simulations with Hertz–Mindlin contact model
	4.1 Compression tests
	4.2 Direct shear tests
	4.3 Need for contact model modifications

	5 Conical damage model
	5.1 Normal direction
	5.2 Tangential direction

	6 Parameter study
	7 Comparison with experiments
	8 Conclusions
	Acknowledgements
	References




