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Abstract The numerical complexity of Discrete Element Method (DEM) simulations
generally forces an idealisation of DEM models, making the calibration process the key to
realistic simulation results. When calibrating cohesionless, free-flowing bulk materials,
individual simple experiments are commonly used as reference for the calibration, such as the
angle of repose in various test methods. Regardless of the experiment, the calibration is
regularly performed by trial and error, systematic variation of the parameters, or using
optimisation algorithms until a suitable combination of parameters is found. A problem of the
calibration, which is often ignored, is the ambiguity of these parameter combinations. Thus,
there are usually a variety of contact parameters that can map the same macroscopic reference
value. This paper deals in detail with the ambiguity of parameter combinations during the
calibration process. It shows which standard tests can be used to generate different
experimental reference values for the calibration. The results of simulations with systematic
parameter variation highlight the problem of ambiguity. Subsequently it will be shown how
the combination of different tests can significantly reduce the acceptable parameter
combinations. A modified draw down test will be presented as a calibration test which can
deliver different reference values in a single test. Hence, this calibration test allows to obtain
an almost unique set of DEM parameter. The paper will show how a unique parameter setting
for sliding and rolling friction can be found for cohesionless gravel with two different particle
size distributions as well as the validation of the behaviour in an additional test scenario.
1

INTRODUCTION

The Discrete Element Method (DEM) has progressively developed into a standardised tool
for the analysis of various bulk solids. Despite the steady evolution of contact models, the
models continue to require a high degree of idealisation. Hence, the calibration of the DEM
contact parameters is still the key factor for the successful application of replicating industrial
bulk material handling systems. According to Wensrich et al. [1] the coefficients of friction
(rolling and sliding) are both parameters which mainly influence the macroscopic behaviour
of non-cohesive bulk materials. Common calibration experiments to determine the friction
parameters for non-cohesive bulk materials include the angle of repose (AoR) test used in
different variants: a lifting cylinder or funnel [1–6], a rotating drum [7–9] or after emptying a
container [10–14]. In addition to these standard tests, there are a variety of other customised
calibration experiments, such as the pile formation in front of a plough [15], static angles after
rotation of a container [16], or avalanche-like outflow [17].
The presented calibration procedures, however, usually have a common problem. In many
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cases, the parameters obtained from the calibration process only consider a single calibration
experiment which are not unique and hence ambiguous. The selection of a unique parameter
combination is often challenging, as shown by Wensrich et al. [1], where an infinite variety of
friction coefficient combinations exists for the same experimental macroscopic reference such
as the AoR. Therefore, it is generally not possible to calibrate the DEM parameters with only
one test result. Katterfeld [18, 19] and Derakhshani [20] showed that the independent results
of several calibration tests (e.g. AoR and discharge time) can be used for finding a unique
parameter set. However, they did not consider
2

EXPERIMENTAL INVESTIGATIONS

The obtained results of this section will be the reference values for the DEM calibration
simulations and discussion sections. The calibration experiments are conducted using three
kinds of tests, that all provide an AoR and a shear angle. Each of the respective experiments
consider different flow regimes. These tests include: the lifting cylinder test with lifting
velocity of 12 mm/s (Figure 1 a), the shear box test (Figure 1 b) and the draw down test (Figure
1 c). While the lifting cylinder test can represent a quite slow bulk material flow, the shear box
test represents a high dynamical flow regime due to the rapid opening of the side wall. The
draw down test is a combination of both cases and extended by a mass flow measurement.

Figure 1: (a) Lifting cylinder test, (b) Shear box test, (c) Draw down test

For the experimental investigations, a sample of dry coarse gravel is used (Figure 2 a). It
represents a typical non-cohesive, free flowing material which can be simulated using the real
particle size distribution (PSD) in reasonable computing time. The corresponding PSD is given
in Figure 2. The material is classified as dry, where the corresponding moisture content is
0.5% MC. The measured averaged bulk density is 1478 kg/m³. The wall friction coefficients
between the bulk material sample and stainless steel and acrylic glass wall liners are
determined by Jenike-wall-friction-tester [21] as
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0.30 (stainless steel) and 0.36 (acrylic glass).

Figure 2: Sample of coarse gravel classified as 16/8 mm and corresponding PSD

The final state of the experiments are shown in Figure 8 in section 3. The individual
reference values including mean deviations are given in Table 1. It has to be noted that
difficulty arises to measure the angles with errors lower than ±1.0 deg. As the reference value
of the mass flow rate, only the steady state mass flow rate is used which occurs in the time
interval from 1s to 2s after initiating flow. While the measurement of the angle shows a high
deviation, the mass flow rate and the measurement of the mass in the lower box have minor
deviation during test repetition.
Table 1: Summary of experimental reference results
Experiment
Criteria
Average
Deviation

3

Cylinder

βcyl

30.0 deg

± 0.8 deg

Shear Box

φSB

35.5 deg

± 0.7 deg

Draw Down

βDD
φDD
ṁDD
mDD

29.8 deg
38.2 deg
10.1 kg/s
27.0 kg

± 1.2 deg
± 1.1 deg
± 0.2 kg/s
± 0.15 kg

DEM CALIBRATION SIMULATIONS

3.1 Simulation Setup and Procedure
For the presented DEM simulations, the open source software LIGGGHTS® [22] in version
3.4.1 was used. In DEM simulations, the flow behaviour of the particles including pile
formations and mass flow rates are mainly influenced by the contact parameters, particle-onparticle (sliding) friction, μs, and rolling friction, μr. Since spherical particles are usually used
in the DEM for the simulation of real non-spherical particles, the coefficient of rolling friction
must take into account the shape of the real particles [1, 3, 23]. Hence, the systematic analyses
will mainly focus on the dependence of the AoR, the shear angle and the mass flow rate on
the coefficients of friction.
Figure 3 shows the general flow chart that is used for the parameter study. The parameters
of interest are the coefficient of sliding friction, μs, and the coefficient of rolling friction, μr,
between the particles. These are varied systematically to span a parameter field and the
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resulting reference values related to the respective experiments are determined. Additionally,
in case of the draw down test, the particle solid density is adjusted after filling to fit the bulk
density. This is necessary, because the bulk density is the reference value given from the
experiments but in the simulations the bulk density depends on the coefficient of friction. Due
to the mass flow analysis in the draw down test, it is essential to match the bulk density
between experiment and simulation. For the shear box test and the lifting cylinder test, this
adjustment is not mandatory, because the AoR and the shear angle are not sensitive to the
particle solid density [24, 25]. For the determination of the angles of repose and the shear
angles, modified algorithms are used related to those published in [1, 11, 26].

Figure 3: Flow chart of the calibration process

The other parameters of the DEM model are given in Table 2 and stay constant for all
simulation cases. Furthermore, the particle size is not scaled or reduced and the real particle
size distribution according to Figure 2 is considered at a ratio of 1:1. To reach the same filling
level like in experiments, approximately 12 000, 40 000 and 32 000 particles are required for
lifting cylinder test, the shear box test and the draw down test respectively.
A large number of simulations were carried out, where for each value of μs, a range of
coefficients of rolling friction, μr, were examined. Each parameter combination was simulated
twice (with different initial packing) to increase the accuracy of the results. The averaged error
of AoR by using different initial packing is about  1.5 deg. In total 384 (3x2x64) simulations
have been carried out for this series.
Table 2: General DEM parameters
Property
Contact model
Rolling friction model

Unit
-

Particle density (if not adjusted to realize the
measured bulk density of 1478 kg/m³)
Shear modulus
Poisson´s Ratio
Coefficient of restitution
Wall friction coefficient Gravel - Steel
Wall friction coefficient Gravel - Acrylic glass
Time step

kg/m³
Pa
s/step

Value
Hertz-Mindlin (no slip)
Modified elastic plastic spring dash pot
model according to Wensrich et al. [1]
2463
10e+7
0.30
0.60
0.30
0.36
1.4e-5

Instructions for preparing a full paper for DEM8 conference

3.2 Results of DEM Simulations
This section presents the results of the parameter study for each of the three experiments
presented above. Figure 4 shows the results of the AoR of the lifting cylinder test (a) and the
shear angle of the shear box test (b) as a function of the coefficient of sliding friction and
rolling friction. Analogous, Figure 5 shows the results of the draw down test, namely the AoR
in the lower box (a) and the shear angle (b) in the upper box. The grey coloured areas mark
the experimental reference angle of each test considering a deviation interval of ± 1.5 deg.
Hence, considering each experiment separately, all combinations within the grey area are able
to deliver the experimental reference angle.

Figure 4: Results of (a) AoR of lifting cylinder test. (b) Shear angle of shear box test

Figure 5: Results of Draw down test: (a) Shear Angle in the upper box. (b) AoR in the lower box.

Before the comparison and the differences are discussed in more detail, common features
should be emphasised first. Regardless of the experiment, all graphs share qualitatively
fundamental similarities. It can be seen that larger angles can only be achieved by increasing
both values at the same time. This has been previously mentioned by Wensrich et. al. in [1]:
“The only way in which a large AoR can be achieved is if both of these mechanisms [µs and
µr] work together”. In contrast, it can be seen that each angle can be simulated by a multitude
of combinations of both coefficients of friction. Furthermore, it can be stated that the range of
permissible parameters which result in the reference value is significantly higher of the AoR
result in the lower box (see Figure 5). This is generally disadvantageous for the limitation of
the permissible parameter combinations. The reason for this is the change in the heap shape
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depending on the coefficients of friction. Hence, the determination of the AoR can be difficult
in the individual case.
Two more reference criteria could be determined in the simulations of the draw down test.
The discharged bulk mass in the lower box depending on the coefficient of frictions is given
in Figure 6 a. The grey area highlights the area were the reference discharged mass of 27.0 kg
± 0.15 kg can be measured in the simulation. The area shape correlates qualitatively to the
graphs of the different angle measurements. However, instead of higher angles, the increase
in the coefficient of friction leads to a reduction of the discharged mass. The mass flow rate
of the draw down test depending on the coefficients of friction is given in Figure 6 b. The grey
area marks the experimental reference mass flow rate of 10.1 ± 0.3 kg/s. In contrast to the
previous analysis of the shear angles and the angles of repose, the graph of the mass flow rate
shows a significantly different form. The mass flow rates are greatest for small coefficients of
sliding friction and decreases for increasing coefficients of sliding friction µs. In contrast, an
increase in rolling friction coefficient has minor influence on the mass flow rate. But even in
this case it is not possible to distinguish which of the permissible parameter combinations is
the best choice to match the experimental mass flow rate and a realistic formation of AoR.
However, from the analysis of the mass flow rate it can be already concluded that the
coefficient of sliding friction has to be between 0.15 and 0.25.

Figure 6: Draw down test results: (a) Discharged mass in the lower box. (b) Mass flow rate in the
interval [1s; 2s].

The results above clearly show, that a single experimental value cannot be used to define a
single parameter combination. However, the analysis of the mass flow rate coupled to the mass
in lower box, the shear angle and the AoR can give a further improvement for the DEM
calibration. In the following section the differences and problems of the single calibration
experiment will discussed.
3.3 Comparison and Discussion of the DEM simulation results
Figure 7a shows the results of the superimposing of the shear angle, the discharged mass in
the lower box and the mass flow rate of the draw down test. The black areas mark the area of
superimposing, whereby all three reference criteria are fulfilled. Due to the fact that the mass
flow rate is mainly sensitive to the sliding friction coefficient the permissible values of
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coefficient of sliding friction is further limited in comparison to just considering the shear
angle and the remaining mass in the lower box. There are two areas of permissible
combinations. The smaller area is in the range of µs ≈ 0.23 and µr ≈ 0.425 and the larger area
is in the range of the coefficient of sliding friction between 0.18 and 0.22 and the coefficient
of rolling friction values between 0.65 and 0.80. Figure 7 a clearly shows, that the rolling
friction coefficient must be higher than the sliding friction coefficient. Sometimes it is argued
that the value of µs has to be significantly higher than the one of µr. This opinion is based on
the assumption of considering spherical particles or wheels, where μr is approximately one
percent of μs. But in the DEM simulation the spherical particles usually represent nonspherical real particles. Hence, the coefficient of rolling friction corresponds to an additional
artificial rolling resistance caused by the non-sphericity and can be used as tuning parameter
to represent the particle shape as described in [9]. However, the consideration of the behaviour
of non-spherical particles via rolling friction is limited. Interlocking or seizing of particles can
only be considered via the shape of particles.

Figure 7: (a) Superimposing of permissible combinations of the Shear Angle, remaining mass in the
lower box and the mass flow rate of the draw down test. (Black area: valid combinations to fulfil all
criteria). (b) Superimposing of permissible combinations of all references

By superimposition of all tests, the valid values for the coefficient of rolling and sliding
friction are slightly further limited in comparison to the results of the draw down test. For
reasons of clarity, Figure 7 b only shows the area that results from superimposing all the graphs
of the three individual tests (Figure 4, 5, 6). The main area stays the same like in the draw
down test, while the smaller area in the range of µs ≈ 0.23 and µr ≈ 0.45 is further limited.
Hence, considering the main area of permissible combinations the valid range for the
coefficient of sliding friction is between 0.18 and 0.23 combined with a rolling friction
coefficient between 0.65 and 0.8. The slight decrease of the valid parameter range considering
the draw down test only and the draw down test plus the lifting cylinder test and shear box test
shows that the draw down test alone provides a significant reduction of the valid parameter
range. Hence, it might not be necessary to undertake further tests. A further refinement of the
parameter / grid space is generally possible. Unfortunately, it is a very time- consuming step
if a systematic parameter variation approach is used. Automated optimisation algorithms may
be a better solution for the determination of a more resolved valid parameter combination.
The experiments and simulations, however, clearly show that a significant measurement
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error has to be taken into account especially for the measurement of angles. Hence, it must be
critically questioned if the determination of DEM parameters with an accuracy of more than
1 or 2 decimal places really make sense. If values with higher accuracy are used it is very
likely, that the measurement error becomes dominant and a clear distinction of the quality of
the combinations is less meaningful.
3.4 Final Result of the DEM Calibration
The only permissible simulated combination of the grid is the one considering a coefficient
of particle sliding friction of 0.2 and a rolling friction coefficient of 0.8. The adjusted particle
density is 2588 kg/m³. The results of the simulation and the corresponding reference values of
the experiments are given in Table 3.
Table 3: Evaluation of Calibrated Parameter Combination Results
Test

Reference

Cylinder

AoR

β

Shear Box

Shear Angle

φ

Draw Down

Shear Angle
AoR
Mass flow rate
Mass in box

φ
β
ṁ
m

cyl

SB

DD

DD
DD

DD

Experiment

Simulation

Deviation

30.0 °

30.6 °

+2.0 %

35.5 °

35.3 °

-0.6 %

38.2 °
29.8 °
10.1 kg/s
27.0 kg

37.4 °
29.9 °
10.0 kg/s
27.1 kg

-2.1 %
+0.3 %
-1.0 %
+0.4 %

The maximum deviation is 2.1 % in case of the shear angle of the draw down test. The
mean deviation over all references is 1.1 %. Finally, Figure 8 shows the result of each test
using the calibrated parameters µs = 0.2 and µr = 0.8.

Figure 8: Final results of the calibration (a) lifting cylinder test, (b) shear box test, (c) draw down test

4

VALIDATION OF THE DETERMINED PARAMETER

To check the quality of the selected contact parameters determined in the calibration, it is
essential to carry out a validation under altered flow conditions. For this purpose, first
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validation experiments are carried out on an annular trough test rig (Figure 9), which was
developed for wear tests according to [27]. The test rig consists of a rotating annular trough
with an outer diameter of 1.0 m and an inner diameter of 0.5 m, resulting in a track width of
250 mm. The trough is filled with the bulk material to a defined height of 120 mm, whereby
the filling height can be adjusted by means of a vertically displaceable scraper. The scraper
ensures continuous smoothing of the bulk material surface during each rotation. In the middle
of the track width a plate (flat obstacle) is placed into the material stream like shown in Figure
9 (b,c). The plate is connected to a load cell, which allows the measurement of the forces acting
due to the continuous material stream flow. Furthermore, the measurement of the profile of
the dynamic bulk heap, which accumulates in front of the plate, is conducted by using a camera
line laser triangulation. All relevant dimensions of the experimental setup are shown in Figure
9 (c).
The experiments are carried out at revolutions of 3, 6 and 9 rpm. This corresponds to flow
velocities relative to the middle of the plate of 0.12, 0.24 and 0.36 m/s. The heap and force
profiles are measured for 40 seconds in steady state flow condition. To perform the DEM
calibration simulations, the test stand is reproduced in a simplified scale of 1:1 in the DEM,
whereby only the geometries that interact with the bulk material are taken into account. Figure
9 (d) shows the test stand in the filled condition with the plate and the scraper. For the
validation simulations, 5 revolutions are conducted for each revolution speed and the
measurements take place in the steady state after the first revolution. The simulation
parameters correspond to those from the calibration.
(a)

(b)

(c)

(d)

Figure 9: Annular trough test rig for validation (a) Build up, (b) Functioning principal in top view, (b)
Positions of plate and optical laser measurement system (d) DEM simulation result

Figure 10 shows the data of the plate force measurements in the experiments and the
simulations for the different rotational speeds. By taking into account the average plate forces
in the steady state of both, the experiment and the simulation, Figure 11 (a) is given. The
comparison shows that the forces for the different rotational speeds can be represented by
using the calibrated DEM friction parameters with errors lower than 1%. Finally, Figure 11
(b) show the comparison of the heap profiles of the simulation and the experiments for 3 and
6 rpm. The red line profile represents the average experimental profile. Taking into account
that it is a dynamic measurement and the experimental profiles represent only a mean value, a
good agreement of both profiles can be noted.
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Simulation

9 rpm

6 rpm

3 rpm

Experiment

Figure 10: Plate force measurement in the experiment (left) and simulation (right)

(a)
(b)
Figure 11: Comparison between experiment and simulation: (a) average plate forces, (b) heap profiles

5

CONCLUSION

In the presented paper, the problem of the ambiguity of the parameter selection in the DEM
calibration procedure is discussed considering different standard tests and using gravel as a
non-cohesive bulk material. The different standard test rigs used in the experiments are
explained in detail. Experimental reference tests and simulation series were carried out. The
general dependence of the macroscopic reference criteria (AoR, shear angle, mass flow rate,
and discharged mass) on the coefficients of particle sliding and rolling friction have been
presented. The problem of an infinite number of friction coefficient combinations allowing to
reproduce the experimental reference criteria has been shown by a systematic parameter
variation. Furthermore, it was highlighted how the combination of individual tests criteria
together with the consideration of measurement errors in experiment and simulation allows a
clearer selection of the coefficients of friction.
Considering the effort and the quality of the permissible values, a calibration procedure
using only the draw down test seems to be sufficient and accurate enough to determine a
unique parameter combination. Hence, the draw down test should be used as a standard test
for the calibration of DEM friction parameters for non-cohesive, free flowing bulk materials
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under rapid flow regimes. The presented systematic variation of the parameters has shown
how the DEM calibration can be conducted using multi reference criteria from different
experiments. Due to the high number of simulations and the related high computational effort,
the use of a suitable optimization algorithm for a practicable application of calibration
procedure is recommended. The suggested draw down test as a single test with four calibration
criteria is very beneficial for an automated optimisation procedure of the DEM parameter
calibration due to the reduction of numerical effort to run only one simulation model. Finally,
the paper showed that calibrated DEM parameters created realistic simulation results in an
independent validation experiment.
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