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Abstract Discrete Element Method (DEM) is a well-established and validated tool for the
simulation of bulk materials. However, a lot of questions still need answering in the domain of
cohesion and adhesion. Cohesive materials display a wide range of distinct and elusive properties
which contribute towards their reduced flowability.
The JKR model is one of the most widely used models in this realm which takes into account
Surface Energy Density and increased particle overlap to explain cohesion. The ambiguity
associated with Surface Energy or Interfacial Energy is tackled by developing thorough
calibration procedures which will help in fine tuning these parameters. One of the limitations
of DEM is the usage of reduced Young’s Modulus to capture collision time scales for a stable
simulation in manageable computational times. Reducing the Young’s Modulus in a cohesive
JKR simulation usually leads to unrealistic overlaps which can be mitigated by also reducing
the Surface Energy Density.
In recent years systematic parameter calibration and validation endeavours have quite
successfully tried to answer those questions on a macroscopic level. This work focuses on an
analytically driven calibration protocol using draw down and angle of repose tests which can
be classified as uniaxial low consolidation tests. Hence, complications due to high compaction
stresses can be neglected. Cohesive DEM parameters will be calibrated using a combination set
of Friction coefficients, Young’s Modulus and Surface Energy Density. The calibration
protocol also aids in deciding to which extent these parameters can be reduced in order to get
good agreement between simulation and experiment. Further investigations will be carried out
to assess the effect of cohesion and adhesion on rolling resistance. The JKR model is used
during the exercise due to its robustness, manageable computational times and a relatively wide
area of application. This will allow to narrow down on a unique set of parameters for different
materials.
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INTRODUCTION

In order to design efficient bulk solid handling equipment, Discrete Element Method (DEM)
is employed as a very robust and widely used tool for simulating material flows[1]. Simulation
of fine granular materials is extremely time consuming with currently available computational
resources, as the particle sizes are in the range of microns. DEM models for industrial
applications are typically idealized in terms of the considered particle size, shape and stiffness.
Due to this idealisation, calibration in DEM is required and has become a frequently used
approach.
Calibration exercises try to bridge the gap between idealization and reality by comparing
experimental results with simulations, which are conducted over a carefully chosen parameter
field. A matching response between simulations and experiments can be found in this way,
allowing to implement the narrowed down ambiguous parameter set in real world applications
with satisfactory results.
Valuable work in the field of calibration and validation has been undertaken by [3], [4],
[5],[6]. One of the major draw backs of this approach is that it involves a lot of trial and error,
henceforth a large number of simulations are required. HPCs are therefore a valuable tool to
run several simulations in parallel. This allows for a thorough analysis of the parameter fields.
Implementation of optimization and A.I algorithms ([7],[8],[9],[10]) can further reduce the time
required for computations.
During calibration exercises further complications may arise when calibrating cohesive
materials as some experiments used for cohesion less bulk material characterization might not
give satisfactory results with cohesive materials. Additional parameters such as Surface energy
density must also be analysed in parallel, which further increases the number of simulations
required to obtain acceptable calibration results. Cohesive materials are especialy difficult to
handle, therefore significant problems occur in industry due to blockages in equipment such as
hoppers, chutes, feeders and conveyors.
This paper focuses on developing a calibration protocol for cohesive bulk materials such
as wet sand using a draw down experiment. It was observed that at smaller opening sizes the
material was unable to flow and resulted in material-arching at the opening. By defining
different openings of the draw down experimental set-up, limits for blockage and free flow of
bulk materials can be specified in both simulation and experiments. Wet sand with a Moisture
Content (MC) of 10% is used for the experimental measurements.
2

METHODS AND MODELS

2.1 Contact Models
As in most DEM simulations, the Hertz-Mindlin contact model is used and rolling friction
is according to [2]. The choice of time step is critical as it can have a profound effect on the
simulation behavior. 15% of Rayleigh time was used as the simulation time step, as it is a widely
well-established criterion for DEM simulations.
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Table 1: Parameter and Model Selection for DEM Simulations

2.2 The Johnson-Kendell-Roberts (JKR) Model
Johnson et al. [11] tries to explain cohesion using the surface energy density while others
use liquid bridging or water content of individual particles to explain the sticky materials[12].
Easo and Wassgren [13] used a combination of different models for liquid bridging and surface
tension. Two major phenomenon which contribute to cohesion are material bridging and intermolecular interaction. Particles in the range of micro meters to nanometers are more influenced
by Wan-der-waals forces or electrostatic forces. Therefore, it becomes quite important to
identify the governing cohesion mechanism at the start of each calibration exercise.
Table 2: Cohesion Mechanism ([14])

Johnson-Kendell and Roberts [11] developed a model in 1971 which further extends the
Hertz model to take into account the effect of tensile forces at the contact area edges to explain
the cohesive behavior. According to this model the total force, Fall, acting at the contact point
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of the two particles is given by:
Fall = Fext + 3γπR + √3γπRFext + (3γπR)2

(1)

Where, Fext is the external normal force acting on the particle, γ is the cumulative surface
energy density, and R is the effective radius for the particle radii R1 and R2. The radius of
contact a as proposed by JKR theory becomes:
𝑅
(2)
𝑎3 = (𝐹𝑒𝑥𝑡 + 3γπR + √6γπRFext + (3γπR)2
𝐾
The cumulative surface energy is given by:
(3)
γ = γ1 + γ2 − 2γ12
here, γ1 and γ2 are the intrinsic surface energies (J/m2) of the two particles and γ12 is the
interfacial energy. With an attractive surface energy, a force is required to separate the spheres.
This force is generally referred to as work of adhesion [11],
(4)
𝐹𝑐 = 3𝜋𝛾𝑅
This work of cohesion or pull force, Fc, is independent of the elastic contact properties of
the particles. When taking into account the surface energy at contact this model predicts that
the force at the contact is changed from Hertzian contact to a more cohesive contact. Chokshi
et al. [15] proposed a modified equation for the JKR model which is the bases of the simplified
JKR model implemented in LIGGGHTS®.
𝐹=

4𝐸𝑎3
4𝛾𝐸
− 2𝜋𝑎2 √
3𝑅
𝜋𝑎

(5)

This simplified approach reduces the computational time by combining together surface
energy, young’s modulus and contact radius into one parameter ‘Cohesion Energy Density
(CED)’. Investigations prior to this work have shown that with high CED values and low
Young’s modulus the particles implode into each other leading to highly unstable systems. This
may be due to the fact that a reduction in stiffness of the particles is unable to counteract the
effects of high attractive forces leading to unrealistic overlaps. A relation given by [16] explains
the reduction of surface energy with respect to young’s modulus which is given by:
𝐸𝑚𝑜𝑑 2⁄5
(6)
𝛾𝑚𝑜𝑑 = 𝛾 (
)
𝐸
3 EXPERIMENTAL SETUP
A draw-down experimental set-up, as proposed by [17], [18], [19], was used for the
calibration of wet sand. It consists of two boxes made of Perspex, their dimensions are shown
in Figure 1. The depth of the top box is 100mm and the lower box is 180mm. Flaps are installed
at the bottom opening of the top box, which can be opened instantaneously, so that the material
flows un-obstructed from the top box and the errors related to delayed opening can be reduced.
To measure the flow rate of the material from the top box, it is placed on load cells. As the
material flows out from the top box a shear angle is formed in the top box , while a heap is
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formed at the bottom which is a good indication of the angle of repose. The material under
investigation was filled up to a height of 300mm in the top box. The shear angle (degree), φDD,
in the top box and the angle of repose (degree), βDD, in the bottom box were measured through
image analysis. Each experiment was repeated three times. In Table 3, the results of the
experiments are presented.

Figure 1: Schematic of draw down apparatus.
Table 3: Experimental Results
Angle of Repose βDD
Mass loss [kg]
(AOR) [degree]
Opening 90 mm
1.75
0.47

4

Opening 120 mm

28.7

7.23

Opening 150 mm

30.1

7.79

DEM PARAMETER CALIBRATION

4.1 Simulation Set-up
The open-source DEM programme LIGGGHTS® was used during the calibration exercise.
It is computationally not possible to simulate wet-sand with real particle size distributions as
they are in the ranges of micro-meter to nano-meter. A scaling factor of 10 was used during the
simulation. The scaled-up particles were about 10 times smaller than the opening size. This
ensures that blocking due to scale-up will not occur.
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Figure 2: Particle size distribution comparison.
A parameter set of 𝜇𝑝−𝑝 (particle-to-particle friction), 𝜇𝑟 (co-efficient of rolling friction),
CED (Cohesion Energy Density) was analysed. For simplification AED (Adhesion Energy
Density) value was kept the same as CED value. Mass loss in the top box and the angle of
repose in the bottom box were measured, by systematically varying the parameter field in order
to narrow down on a set of unique values which shows good agreement with the experimental
results.
Every simulation was undertaken with a particle count of approximately 95000 particles.
The simulation time was set to a constant 6 seconds. Simulations for opening sizes of 90 mm
and 150 mm were performed and later the same simulation approach was applied to opening
size 120 mm to get more refined results for the developed approach. These were then compared
together to get the best possible agreement. The calibration was undertaken according to the
procedure shown in Figure 3.

Figure 3: Calibration protocol using the draw down testing apparatus
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4.2 Simulation Results
In order to narrow down on a unique set of parameters, which represents the up-scaled
particles, a large number of simulations were performed (aprox. 1500) in parallel on the OvGU
HPC Neumann.
CED values corresponding to no flow and sure flow were taken as the lower and the upper
limits respectively. A sensitivity analysis between these limits was then undertaken in order to
narrow down on the value of CED, which results in an overlap agreement for all possible
parameter combinations. The lower limit corresponds to the phenomenon when there is flow
from the opening sizes of 120 mm and 150 mm at all combinations of 𝜇𝑝−𝑝 and 𝜇𝑟 . In the
experiments mass loss from these opening sizes and arching at opening sizes of 90 mm and
below were recorded. This criteria can be different for different materials and should be
investigated in the experiments. The upper limit on the other hand shows no flow or arching at
even the lowest possible combination of 𝜇𝑝−𝑝 and 𝜇𝑟 .
It was further observed that changing AED values also led to differences in the material
behavior inside the apparatus. This strengthens our understanding that wall effects also play a
major role in the flow or the loss of material from the top box.
Figure 4 shows the results of mass loss in the top box and angle of repose AOR for CED
700000 for the three opening sizes. The AOR in simulations was measured with the same
algorithm used in [6]. The limits of the highlighted areas in the contour plots were chosen ±10%
of the average experimental values, this percentage is same as the experimental deviation of the
results.

Figure 4: Contour plot for opening 150 mm
The simulations undertaken in the first phase resulted in similar contour areas for mass loss
and angle of repose for an opening size of 150 mm. The red area shows the region where arching
occurs with an opening size of 90 mm. The overlaying of result for two opening sizes with
repeatable arching and outflow behavior shows that based on these two tests it is not possible
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to identify a unique parameter set which results in the same mass loss and AOR.
In order to get a more refined area of our parameter set the same simulations were repeated
for an opening size of 120 mm (see Figure 5 left). Overlapping these two plots results in a
common area which can be identified as the best possible solution for the three opening sizes.
In this way it was found possible that a unique set of parameters can be identified which fit
most of the scenarios for the SJKR model. Figure 5 right shows a common overlap area (marked
by red circle in bottom figure) at approximately 𝜇𝑝−𝑝 = 0.7 and 𝜇𝑟 = 0.8, giving the required
parameter set for wet sand calibration. Figure 6 shows the direct comparison of experimental
and simulation results of the draw down test after the flow of the material has finished.

Figure 5: (left) Contour plot for opening 120 mm; (right) Overlap of both plots.

Figure 6: Comparison of experimental and simulation results for the acquired best fitted
parameter set (CED=700k J/m3).
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Table 4: Comparison of Experimental and Simulation Results
Mass loss (kg)
Opening
size (mm)
90

Experimental
0.47

120
150

Shear Angle (degree)

Angle of repose (degree)

Simulation Experimental Simulation Experimental Simulation
0.43

N/A

N/A

1.75

1.25

7.23

8.36

78.57

77.49

28.7

40.35

7.79

8.77

84.51

83.03

30.1

35.1

Table 4 shows the comparison between experimental and simulation results for the obtained
parameter set. The experimental and simulation regime was undertaken using a low
consolidation approach. High consolidated cohesive materials behave similar to a solid
structure, which is very difficult to simulate and quantify. Efforts are made to avoid
consolidation of bulk material in practical applications, however it is quite difficult to prevent.
A thorough study has been undertaken in this work to analyse all possible parameters which
can contribute to an eventual progress towards consolidation of cohesive bulk material in
practical application, allowing us to avoid this eventuality.
5

Conclusion
From the obtained results it is clear that a satisfactory agreement for simulations and
experiments was achieved. However, it also became clear, that more tests (at least 3) are
necessary to achieve a single parameter set. Draw down experimental measurements can
therefore be used not only for free flowing bulk materials but also to calibrate cohesive
materials using the SJKR model. The following examinations would be beneficial in terms of
improving and further validating the presented method.
 Other cohesive contact models such as the Edinburgh Elasto-Plastic Adhesion ‘EEPA’
contact model and ‘Easo’ liquid bridging contact models are available in LIGGGHTS ®
which can also be studied in this context, especially in the area of particle-wall
adhesion
 Implementation and study of the JKR model in its entirety, albeit for the narrowed
down parameter set.
 Study of further cohesive rolling resistance models.
 Study the effect of AED in detail.
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