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ABSTRACT 

The Discrete Element Method (DEM) is useful for modelling granular flow such as bulk materials handling.  In DEM codes 
discrete particles are usually modelled as individual spheres.  The simplest way to model the contact between spheres is a 
linear contact model.  This model consists of a spring in the contact normal direction and the contact tangential direction and 
allows for frictional slip.  For each sphere, it is necessary to specify parameters such as the size, the density, the contact 
spring stiffness and the friction coefficient.  In materials such as soil, rock and seed grains the particles are however not 
spherical.  To model such materials, clumped particles can be used.  A clump consists of two or more spheres rigidly joined 
together to form an arbitrary shaped particle.  The accuracy with which DEM can model the material behaviour depends on 
the combination of parameter values used.  Determining these values remains one of the main challenges since it is difficult 
to be directly measured.  In this study a reverse calibration method for determining the parameters of cohesionless granular 
material is presented.  This includes the particle size and shape distribution, the density, the contact spring stiffness and the 
contact friction coefficient. This was done by conducting laboratory experiments followed by equivalent numerical 
experiments and iteratively changing the parameters until the laboratory results were met. Using the calibrated material 
parameters, industrial processes were modelled and the results compared to experimental measurements.  Excavator bucket 
filling (2D and 3D) and silo discharge (2D) were modelled.  The 3D bucket model accurately predicted the orientation of the 
bucket.  The model also accurately predicted the drag force over the first third of the drag, but predicted drag forces too high 
for the latter part of the drag.  The 2D bucket model could predict the flow patterns in the material as it flows into the bucket.  
In the 2D silo model, the flow patterns and flow rates were compared to experimental measurements and observations.  A 
good qualitative agreement with the observed flow patterns were achieved and high flow rates could be predicted accurately 
with a maximum error of 7%.  The prediction of lower flow rates was less accurate.  
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1.  INTRODUCTION 
 
It is estimated that about 40% of the capacity of industrial plants are wasted because of bulk handling 
problems (Tijskens et al. 2003).  According to Nordell (1997), the modelling of granular behaviour 
using Discrete Element Methods (DEM), has the potential to be one of the most important scientific 
advancements to the mining industry.  Over the last ten years, advances in computer technology have 
made the modelling of full scale industrial processes possible (Groger and Katterfeld, 2006).  Processes 
that can be modelled and optimised include: drilling, blasting, block caving, digging, crushing, flow 
regulation, storage, segregation and mixing. 
 
Conveyor and chute designs can benefit from DEM modelling in the following ways (Nordell, 2003):  
decreasing belt wear, less dust generation, improved belt capacity and centre loading, less spillage and 
blockage, lower noise emission, minimising material degradation, minimising power consumption and 
improved safety.  A DEM model provides the engineer with unique detailed information to assist in the 
design of transfer points in large conveyor systems (Hustrulid and Mustoe).  
 
The interaction between granular material and machines not only plays an important role in the mining 
industry, but also in agriculture.  The interaction between soil and machines such as ploughs and 
bulldozers is a typical example.  DEM is a promising approach to model granular material-machine 
interaction (Asaf et al., 2006a) and can be used to overcome some of the difficulties encountered by 
analytical methods and the finite element method.  The machines/tools are modelled using a number of 
walls and the complexity of the tool geometry does not complicate the DEM model.  Large deformation 
and the development of the material free surface are automatically handled by the method.  In 
agriculture the bulk materials handling of granules such as seed grains and mineral fertiliser is a 
common occurrence and most of the processes can still be improved and optimised (Van Liedekerke et 
al., 2006).   
 
Processes such as silo discharge are difficult to model with the finite element method (FEM) if large 
deformation occurs (Shen and Kushwaha, 1998).  The large deformation leads to severe mesh distortion 
which can only be overcome using remeshing techniques or so-called meshless methods (Coetzee et al., 
2006). Remeshing can introduce computational errors (Wieckowski, 2002) and can be problematic 
where history-dependent material properties are present (Sulsky et al., 1995). Other processes such as 
fertiliser spreading can not be modelled with a continuum based method such as FEM due to the discrete 
nature of the material flow.  Analytical methods are limited and can only provide a first order solution to 
problems with simple geometry (Van Liedekerke et al., 2006, Perumpral et al, 1983). 
 
DEM models the material as discrete particles (usually spheres) of different size.  Calculations 
performed during a DEM simulation cycle alternate between the application of Newton’s second law 
(applied to the particles) and a force-displacement law (applied at the contacts between particles).  Each 
particle has material parameters (micro parameters) that influence the particle and hence the bulk 
behaviour (macro properties).  The main problem with DEM is to determine the material micro 
parameters (particle size and shape, contact stiffness, friction coefficient, damping values, bonding 
strength).  The micro parameters should be specified such that the flow of thousands of particles behaves 
in the same way as the real granular material (macro properties).  Laboratory experiments (e.g. shear 
tests, biaxial/triaxial tests and oedometer tests) or in-situ tests are necessary to determine these 
parameters before any useful modelling and predictions can be made (Asaf et al., 2005). 
 
Very few researchers have tried to determine the micro parameters experimentally.  Vu-Quoc et al. 
(2000) measured the coefficient of restitution in soybeans by performing simple drop tests from various 
heights.  Data from high-speed video recordings was used to determine the particle properties.  Tanaka 
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et al. (2000) conducted bar penetration tests and compared the results with those obtained from DEM 
simulations.  The material density could be measured, but the contact stiffness was chosen without any 
experimental validation.  By comparing the movement of the particles during the experiment with the 
movement of the particles during the simulation, the friction coefficient that gave the best results could 
be determined.  
 
Recently, Franco et al. (2005) proposed an inverse calibration method to determine the micro parameters 
for modelling soil-bulldozer blade interaction.  In their approach, the material was assumed 
cohesionless.  Based on DEM results, the particle friction coefficient and stiffness were determined from 
energy principles and direct shear tests.  The draft force and vertical force acting on the blade, as 
predicted by DEM, were then compared with McKeys’s (1985) calculation model.  The calibration 
process was based on direct shear test DEM simulations and blade-soil DEM simulations and 
experimental validation was not performed.   
 
Asaf et al. (2005, 2006b) proposed an in-situ method for determining the micro parameters.  Their 
method was based on wedge penetration tests and a non-linear optimisation scheme.  The methodology 
was validated by using DEM simulation results instead of real in-situ tests.  Landry et al. (2006a,b,c) 
modelled machine-manure interaction using the discrete element method.  In their approach, data from 
numerical shear tests, values from literature and simple analytical approaches were used to determine 
the material parameters. 
 
In this paper, a method for determining micro parameters for frictional material is proposed.  The 
method is based on two laboratory experiments, a shear test and a compression test (oedometer).  There 
is assumed to be no cohesion or adhesion at particle-particle and particle-wall contacts respectively.  The 
parameters to be determined are the particle size and size distribution, particle shape, particle density, 
particle stiffness, particle-particle friction coefficient and particle-wall friction coefficient.   
 
Two typical processes were modelled and the results compared to experiments to validate the calibration 
process.  The first process was the complete discharge of a silo and the second the filling of an excavator 
bucket.  Both processes were modelled using two-dimensional software (PFC2D) and corn grains were 
used as material.   The calibration of the material properties was also done in 2D.  The bucket filling was 
modelled in 3D using PFC3D.  In this case a 3D calibration process was followed using gravel as 
material. 
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2.  THE DISCRETE ELEMENT METHOD 
 
Discrete element methods are based on the simulation of the motion of granular material as separate 
particles. DEM was first applied to rock mechanics and soils by Cundall and Strack (1979).  
Calculations performed during a DEM simulation cycle alternate between the application of Newton’s 
second law (applied to the particles) and a force-displacement law (applied at the contacts between 
particles).   
 
Using the soft particle approach, each contact is modelled with a linear spring in the contact normal 
direction (secant stiffness kn) and a linear spring in the contact tangential direction (tangent stiffness ks) 
as depicted in Figure 1.  Frictional slip is allowed in the tangential direction with a friction coefficient m.  
The particles are allowed to overlap and the amount of overlap is used in combination with the spring 
stiffness to calculate the contact force components.  The contact force in the normal direction is based on 
the total overlap nU  in the contact normal direction and is given by 
 

 nnn UkF =          (1) 
The contact shear force is based on the incremental relative displacement increment sUD  in the contact 
tangential direction and is given by 
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Figure 1 – A typical linear DEM contact model 
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In PFC2D/3D, the user can choose between two damping models.  The first model makes use of two 
viscous dampers, cn and cs in the contact normal and tangential directions respectively as shown in 
Figure 1.  This model dissipates energy at the contacts and is specified by the damping ratio x.  The 
second model is named local damping.  In this model the following damping force is applied to each 
particle, 
 

 ( )xsignFFd
�

balance-of-outa-=       (3) 

where �  is the damping factor (�  < 1), balance-of-outF  is the resultant force vector acting on the particle due 

to all contacts and x� is the particle’s velocity vector.  This damping model has the advantage that is can 
quickly bring a dynamic system to static equilibrium, but it can not be physically justified.   
 
 
According to Groger and Katterfeld (2006) no experiment is known that could be used for the 
calibration of the damping constants, except for the measurement of the rebound height of a dropped 
spherical particle. Practically relatively high contact damping coefficients are required.  Determining the 
damping constants was not included in the calibration process and locl damping was used throughout.  
In the shear test and compression test, quasi-static conditions can be assumed and the default value 
�  = 0.7 was used.  In the bucket modelling, a value of �  = 0.2 was used and in the silo model a value of 
�  = 0.1.   
 
The model described above is the basic linear contact model as found in most DEM codes.  Non-linear 
models (Hertz, 1882; Mindlin and Deresiewicz, 1953; Walton and Braun, 1986) are also available, but 
are usually computationally less efficient.  In general, cohesion can be modelled using bonds at contacts.  
In this study only cohesionless material is considered and bonds are not needed.  For a detailed 
description of DEM, the reader is referred to Cundall and Strack (1979), Cleary and Sawley (1999), 
Hogue, (1998), Zhang and Whiten (1996) and Itasca (1999). 
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3.  CALIBRATION OF MATERIAL PARAMETERS 
 
In this research, corn grains were used.  Since only cohesionless material was under consideration, the 
material parameters investigated were the particles size and shape, particle density, particle friction 
coefficient and particle contact stiffness.  In this section the calibration of the corn (2D) is given.  The 
calibration of the gravel (3D) is summarised in Section 6. 
 
3.1  Particle size and shape 
 
Most DEM codes make use of spherical particles because it simplifies contact detection and contact 
force calculations.  Using spherical particles, the internal friction of the material (assembly of particles) 
is usually too low when compared to real granular material like crushed rock.  Non-spherical particles 
are needed to increase the particle interlocking effect and one solution is to make use of clumped 
particles (Abbaspour-Fard, 2005).  In PFC clumps can be formed by adding two or more spherical 
particles together to form one rigid particle, i.e. particles comprising the clump remain at a fixed 
distance from each other.  Particles within a clump can overlap to any extent and contact forces are not 
generated between these particles.  Clumps can not break up during simulations regardless of the forces 
acting on them.  Asaf et al. (2005) investigated the effect of particle structure on internal friction angle.  
They used two equally sized discs, clumped together, and biaxial tests to investigate the effect of particle 
centre distance on the internal friction angle.  Results showed that the internal friction increases with an 
increase in the centre distance with an asymptotic behaviour.  It was noticeable that beyond a certain 
centre distance, the value of the internal friction remained relatively constant although the centre 
distance is increased.  Wang et al. (2007) made use of X-ray tomography to accurately build complex 
particle shapes from spherical particles.  Although their approach is successful, it still needs up to 1000 
spheres to accurately represent a physical particle.  This will increase simulation time tremendously and 
is not considered in this paper. 
 
The particles were chosen so that it roughly represented the physical shape and size of the corn grains.  
Figure 2 shows the “tear-drop” shape of the corn grains and the equivalent DEM clump used in this 
study.  The radius of the particles used in the simulations was chosen from a uniform distribution within 
the range shown in the figure.  Although the grain shapes could be modelled more accurately by using 
more than two particles in a clump, the representation chosen was thought to be accurate enough and yet 
computationally efficient.  The corn grains all had the same general shape and only a single clump type 
(two clumped disks) was used. 
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Figure 2 - (a) Physical grain dimensions and (b) DEM grain model.  Dimensions in [mm]  

 
3.2 Particle density 
 
The average (bulk) material density was measured by filling a cylindrical container with material 
(grains).  The container with material was weighed and the internal dimensions of the container 
measured to calculate the volume.  The average density was defined as the total material mass divided 
by the volume filled by the material. 
 
In DEM, particles with the previously determined shape and size distribution were generated and 
allowed to fill a container. Once the particles had settled under gravity, the mass of the particles 
occupying the container was calculated together with the occupied volume.  The density of the particles 
was then adjusted using the ratio of the measured bulk density to the numerically calculated bulk 
density.  The system was allowed to reach static equilibrium and the process was repeated until the 
measured bulk density was achieved.  Within three to four iterations, an accuracy of 0.1% could be 
achieved. 
 
3.3  Direct shear tests 
 
A shearbox was used to experimentally determine the corn internal friction angle f  and the friction angle 
between corn and steel and between corn and glass.  The box had dimensions of 375 ´  375 mm with a 
total height of approximately 175 mm and was large enough for testing particles up to 12 mm in size 
(Head, 1998).    
 
Although the ratio of particle normal stiffness to particle tangential stiffness, kn/ks, has an influence on 
the materials Young’s modulus and Poisson’s ratio (Itasca, 1999, Landry et al., 2006a), this ratio was 
taken equal to one, i.e. the particle normal and tangential stiffness were assumed to be the same.   
 
Asaf et al. (2005) have shown that the internal friction angle is dependent on the normal stress applied to 
the shear test.  The internal friction angle decreases with an increase in normal stress and it is important 
to apply an expected range of normal stress during testing.  In this study, the normal stresses imposed 
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during the shear tests were chosen to be within the range experienced during the experiments (silo 
discharge and bucket filling).    
 
 A numerically equivalent DEM model with the same dimensions as the physical apparatus was 
constructed and tests were performed under the same conditions.  The average shear stress between 
2.1% and 4.8% strain (8 and 18 mm of displacement) was used to calculate the friction angle, which was 
defined as the average shear stress divided by the applied normal stress, Figure 3.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Typical shear test result for a normal stress of 2 kPa 
 
 
A series of shear tests were performed using a range of particle stiffness and friction coefficient values.  
The shear simulations showed that the internal friction angle depended on both the particle stiffness and 
friction coefficient, especially in the low stiffness range. 
 
The shear test results are shown in Figure 4.  All particle friction values µ resulted in a higher internal 
friction value f .  For example, with the particle friction µ = 0.3, all the calculated internal friction angles 
were greater than tan-1(0.3) = 16.7º.  This is a direct result of the interlocking phenomenon and was also 
observed by Asaf et al. (2006b).  The interlocking friction angle can be found by calculating the internal 
friction angle based on a shear test simulation where the particle friction coefficient µ is set equal to 
zero.  According to Asaf et al. (2005) the interlocking angle is dependent on the particle size, size 
distribution, porosity and particle stiffness. 
 
From Figure 4, it is clear that both the particle stiffness and friction coefficient had an influence on the 
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material internal friction angle f .  For stiffness values below 100 kN/m the internal friction angle is 
strongly dependent on the particle stiffness, but for higher stiffness values the dependence decreases, 
and more so for lower friction coefficients.  Thus, the direct shear test can not be used to determine a 
unique set of parameters.  It is clear from Figure 4 that more than one combination of the particle 
friction coefficient and stiffness values can result in an internal friction angle similar to the measured 
value (indicated by the dotted line).  Another test, the confined compression test, is used in the next 
section to determine the unique set of parameters.  The friction angle with steel/glass was measured by 
replacing the lower part of the shearbox with a steel/glass sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - The effect of particle stiffness and particle friction on the material internal friction 
 
 
 
The shear results correspond to the results by Asaf et al. (2005) who have shown that the internal 
friction angle increases with an increase particle stiffness.  Corriveau et al. (1996) also studied the effect 
of particle friction on the internal friction angle numerically by using a linear-spring-dashpot and the 
Walton and Braun contact model.  They performed biaxial tests with an assembly of 1250 and 300 
circular disks.  Their results showed that the internal friction angle depended strongly on the particle 
friction coefficient in the lower range of µ.  In the upper range there was only a slight increase in f  with 
an increase in µ.  They also showed that as the particle size distribution was made wider, the magnitude 
of f  increased. 
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3.4  Confined compression test 
 
In the confined compression test (also called the oedometer test), stress is applied to the specimen along 
the vertical axis, while strain in the horizontal directions is prevented.  Shear stresses and shear strains as 
well as compressive stresses and volume changes occur in this test, but since the material is prevented 
from failing in shear, compression is the dominant source of strain.   
 
Usually this test is used to determine soil consolidation ratios.  Here it is used to determine the elasticity 
of the material, similar to a uniaxial tensile test.  There are, however, some differences between the 
confined compression test performed here and a uniaxial tensile test.  During a uniaxial tensile test, 
stress is applied in the axial z-direction.  There is no stress in the x- and y-directions, but strain in all 
three directions, ex, ey and ez.  Young’s modulus of elasticity is defined as  
 

 
z

zE
e

s
=          (4) 

 
During confined compression, the direct strain in the x- and y-directions is constrained to be zero.  This 
has the result that normal stresses develop in the x- and y-directions.  It can be shown that the relation 
between the confined Young’s modulus E´ and the usual Young’s modulus E, is given by 
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where n is Poisson’s ratio and E is given by Equation 4. 
 
The experiments were performed with a 250 mm diameter cylinder and a specimen height of 80 mm.  
Side friction will always play a role in this test and therefore it had to be included in the numerical 
model.  The wall friction was set to the specific material-steel friction coefficient as measured in the 
shear test.  Figure 5 shows a typical experimental result obtained from unloading and reloading 
(hysteresis).   
 
Roughly two-thirds of the strain that occurred during initial loading was recovered during subsequent 
unloading.  The strains that resulted from sliding between particles were largely irreversible.  The 
rebound upon unloading was caused by the elastic energy stored within the particles, as the assembly 
was loaded.  However, there could be some reverse sliding between particles during unloading.  Only a 
small amount of permanent strain resulted from the next two cycles.  All experiments were performed at 
low compression rates (±2mm/minute) to avoid any dynamic effects, i.e. quasi-static conditions were 
assumed.  The numerical results (Figure 6) showed little to no hysteresis.  This might be due to the 
initial porosity of the material.  During the experiments and particularly the first loading cycle, relative 
particle movement might occur, decreasing the porosity and compressing the material.  During 
subsequent cycles, the particles have settled and relative particle movement is limited. 
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Figure 5 - Experimental load-displacement curve from confined compression test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - DEM load-displacement curve from confined compression tes 
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Experiments and simulations were stopped after three cycles.  The second and third cycles followed a 
stable hysteresis loop.  These stable cycles were used to determine the stiffness of the system of 
particles.  The confined Young’s modulus was calculated as 
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where s80 is an axial compression stress of  80kPa and e80 the equivalent strain and s10 an axial 
compression stress of 10kPa and e10 the equivalent strain.  Although this approach ignores the non-linear 
load-displacement effect, the same procedure is used for both the experimental and numerical results.  A 
series of simulations, each with different particle stiffness and friction values, were performed.  Stiffness 
values of 10, 50, 100, 300, 450 and 500 kN/m were used with friction coefficients of 0.10, 0.12, 0.20 
and 0.30 for each stiffness value respectively.  The results are summarised in Figure 7.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - Effect of particle stiffness and particle friction on the confined stiffness 
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It was found that the friction coefficient had little to no effect on the system stiffness and in the range 
tested, a linear relation existed between particle stiffness and the confined Young’s modulus.  
Deformation is predominantly due to distortion of the individual particles (particle stiffness) and not due 
to relative particle movement (friction). 
 
With both the shear test and compression test results available, a unique set of micro parameters could 
be determined.   The compression test showed to be independent of the particle friction within the range 
tested.  A particle stiffness of 450 kN/m resulted in a confined Young’s modulus close to the measured 
value (Figure 7).  With the stiffness known, the shear results (Figure 4) could be used to determine the 
particle friction coefficient.  A value of µ = 0.12, resulted in an internal friction angle f  = 24º which is 
close to the measured value of f  = 23º.  
 
 
3.5  Angle of repose 
 
With the particle size, shape, stiffness and friction values known, the angle of repose f r was determined 
experimentally and numerically as a final test.   Approximately one thousand grains were dropped from 
a fixed height of 100 mm and allowed to reach a static equilibrium state under the action of gravity.  The 
test was repeated using DEM and the angle of repose measured as shown in Figure 8.  It is also known 
that for frictional cohesionless granular material, the angle of repose is a good indication of the internal 
friction angle (Lambe and Whitman, 1969).  It was also found to be the case in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - Angle of repose 
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3.6  Summary of corn properties 
 
Table 1 summarises the corn material properties.  The measured values were determined experimentally.  
The DEM macro properties were obtained numerically using the calibrated micro parameters.  The 
values of the angle of repose, average density and corn-steel friction coefficient correspond well to the 
values measured by Reimbert and Reimbert (1976).   
 
 
Table 1 - Measured corn properties and calibrated DEM parameters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Macro Property Measured  DEM 

Internal friction angle, f      23º 24º 

Angle of repose, f r          25º±2º 24º±1º 

Average density, r    778 kg·m-3 778 kg·m-3 kg/m3 

Confined bulk modulus, E´   1.60 MPa 1.52 MPa 

Material-steel friction, f s   14º 14º 

Material-glass friction, f g 12º 12º 

Calibrated Micro Properties 

Particle stiffness, kn = ks  450 kN/m 

Particle density, r p 855 kg/m3 

Particle friction coefficient, m 0.12 
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4.  2D SILO DISCHARGE 
 
Roughly one-half of the products and about three-quarters of the raw materials of the chemical industry 
are in the form of granular material that is usually stored in silos or bunkers. In agriculture, chemicals, 
minerals and seed grains are also stored in silos and hoppers.  Although the silo is widely used, definite 
theories for the flow of material in silos are not available (Yang and Hsiau, 2001). 
 
Rectangular silos have not been studied as often as circular silos, and relatively little detailed 
information exist on pressure patterns which develop on their walls (Brown et al., 2000). Rectangular 
silos have advantages over circular silos when available space is limited and simplicity in construction is 
important. Brown et al. (2000) investigated the pressure on a model rectangular silo using a series of 
strain gauges and wall pressure sensors. 
 
Yang and Hsiau (2001) investigated silo discharge using experiments and DEM.  They used an 
“idealised” material: a single column of equally sized glass beads. The modelling of irregular shaped 
particles, such as sand or seed grains, is not addressed. They, however, obtained good results by 
comparing flow rates and flow patterns. Masson and Martinez (2000) used equally sized acrylic 
cylinders in experiments and compared the results to DEM simulations. Friction and contact stiffness 
proved to play a major role in the flow and the stress field during filling and discharging. 
 
Martinez et al. (2002) investigated silo discharge using the finite element method with remeshing. The 
authors conclude that the remeshing introduces additional costs and meshless methods can avoid this 
inconvenience. Karlsson et al. (1998) used FEM based on the Eulerian frame of reference. The major 
disadvantage of this approach is that all boundaries are fixed. The upper free surface in a silo requires 
refilling to be fixed, and as a result it is not possible to simulate the complete discharging process. 
However, the redistribution of stresses when the flow develops is very fast, and the upper surface does 
not move much during this time. Thus, the Eulerian approach could be used to simulate only the initial 
stress transients.  
 
4.1  Experimental Setup 
 
A model silo was built to investigate the flow of material out of a rectangular flat-bottomed silo. The 
focus was mainly on flow patterns and flow rate.  The flow pattern in a silo is of great importance when 
handling material that degenerates with time. Then it is important to achieve the first-in-first-out storage 
principle (Karlsson et al., 1998). The model silo used for the experiments had dimensions of 310 mm 
wide, a maximum fill height of 600 mm and a depth (out-of-plane) of 730 mm.  All the sides were 
constructed of glass and the opening width could be varied.  The depth to width ratio of the silo was 
high enough for the flow to be mainly two-dimensional.   
 
The silo was filled in the same way used by Brown et al. (2000): A hopper was suspended above the silo 
and its door (200mm × 200 mm) opened until the silo was filled. The top surface was then carefully 
levelled. Coloured grains were used to create layers within the material which could be used to compare 
flow patterns. During discharge, the mass of the material within the silo was measured by suspending 
the silo from a load cell.  
 
4.2  Results 
 
In the DEM model, the silo was filled following the experimental procedures. Although a symmetry 
plane could be used, no symmetry plane was used and as a result the flow patterns shown are not 
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perfectly symmetric as seen during the experiments.  Figure 9 shows the flow of corn out of the silo with 
the silo opening w = 45 mm and the initial fill height h = 500 mm.  There is a good agreement between 
the DEM and experimental results regarding flow patterns.  It can, however, be seen that the DEM 
discharge rate is higher.  To make a quantitative comparison of the flow patterns is difficult, but it can 
be seen that the type of flow in the experiment and the model is mass flow (versus funnel flow).  The 
flow rate can, however, be compared quantitatively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 - Silo discharge with silo opening w = 45 mm and initial fill height h = 500 mm 
 
 
The mass of the material within the silo was measured by suspending the silo from a load cell. The 
question however arises whether the measured mass of the material during discharge is a true 
representation of the flow rate.  Close to the silo opening the free falling material will not contribute to 
the measured value although the material is still within the silo. The acceleration and deceleration of the 
material as it flows in the silo will also create dynamic effects. The flow rate is defined as the rate at 
which material flows through the silo opening measured in kg·s�1 . 
 
The results of the DEM simulations were used to clarify this point. Figure 10 shows the two methods of 
calculating the mass of material within the silo. 1) The mass method: simply add up the mass of all the 
particles above the silo opening at each time step. 2) The load method: add the resultant vertical force 
(converted to mass in kg) of all the walls at each time step. The load approach is similar to the 
experimental approach.  From the figure it can be seen that the resultant vertical force on the silo walls 
show high fluctuations due to the collisions between the particles and the walls. The result from the 
mass method, however, is a good fit to the result from the load method. It can be concluded that the 
measured values are a good representation of the material mass in the silo.  
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Figure 10 - Comparing two methods of determining the silo discharge rate:  The mass method and the 

load method 

Figure 11 shows the corn mass within the silo as a function of time for two openings: w = 45 mm and 
w = 80 mm.  The initial fill height is h = 500 mm.  For both openings, DEM predicts a slightly higher 
flow rate than the measured rates.  Taking the linear slope between 60 kg and 40 kg, the discharge rates 
are calculated as shown in Table 2.  From this it is confirmed that DEM predicts a slightly higher flow 
rate and is more accurate for larger silo openings where the flow is less restricted. 
 
 

Table 2 -  Comparison between the measured flow rates and the rates predicted by DEM 

 w  = 80 mm w = 45 mm 

DEM 30.8 kg·s-1 9.2 kg·s-1 

Experiment 28.6 kg·s-1 7.0 kg·s-1 

Error 7.1% 31.4% 

0 2 4 6 8 10 12 
0 

20 

40 

60 

80 

100 

120 

Time  [s] 

M
as

s 
/ F

or
ce

   
[k

g]
 

Vertical force on all the walls  

Sum of all particles’ mass 



 

18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 - The mass in the silo versus time.  Experiment and DEM results for two silo openings, w = 45 mm 
and w = 80 mm 
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5.  2D BUCKET FILLING 
 
Buckets or scoops are often used to handle bulk materials.  Examples include excavators, digger loaders, 
bucket wheels and draglines. 
 
5.1  Experimental Setup 
 
Two parallel glass panels were fixed 200 mm apart to form a bin. A bucket profile was fixed to a trolley 
which was driven by a ball screw and stepper motor. The complete rig could be set at an angle q to the 
horizontal as shown in Figure 12.  The first arm was then rotated and fixed such that both arms remained 
vertical.  The second arm remained free to move in the vertical direction.  Counter weights were used to 
set the “effective” bucket weight.  When the bucket was dragged in the direction as indicated, it was also 
free to move in the vertical direction as a result of the effective bucket weight and the force of the 
material acting on it.  The bottom edge of the bucket was always set to be parallel to the drag direction 
and the material free surface.  This type of motion resembles that of a dragline bucket which is dragged 
in the drag direction by a set of ropes, but with freedom of motion in all other directions (Rowlands, 
1991). 
 
Spring loaded Teflon wipers were used to seal the small opening between the bucket profile and the 
glass panels.  Force transducers (strain gauges) were used to measure the bucket drag force (see Figure 
12 for the direction).  The vertical displacement of the bucket was also measured and used as input to the 
DEM simulation (see Figure 12 for the direction).  In both the experiments and the DEM simulations the 
bucket was given a drag velocity of 10 mm×s-1.  The dimensions of the bucket profile are shown in 
Figure 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 - Experimental setup for observing bucket filling and the bucket dimensions 
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5.2  Results 
 
It is difficult to make quantitative comparisons regarding flow patterns.  When comparing the material 
free surface, qualitative comparisons can however be made. Figure 13 and Figure 14 show how the 
material flows into the bucket for rig angles of q = 0º and q = 20º respectively.  When comparing the 
shape of the material free surface, the simulations are able to accurately predict the flow of material into 
the bucket during the initial stages of filling up to a displacement of 600 mm.  For displacements 
between 600 mm and 800 mm, the simulations however fail to accurately predict the material free 
surface.  Figure 15 shows typical drag forces obtained from experiments and simulations.  From this 
result, it is clear that the DEM model captures the general trend in drag force, but it predicts lower 
values compared to the measured values.  Over the complete drag of 800 mm, the model predicts a force 
which is 15-50 N lower than the measured force.  At the end of the drag the error is 20%.  In the bin, 
frictional forces against the side panels will have an influence on the measured results.  These frictional 
forces were not included in the DEM model and might be the reason why the model predicts lower drag 
forces.   
 
Rowlands (1991) made use of mixtures of millet, peas and corn in a similar test rig.  The observation of 
the filling behaviour led to the development of a theory that describes the flow characteristics and 
patterns of material entering the bucket.  Rowlands (1991) named this concept the Shear Zone Theory.  
He observed that definite planes of shear (rupture) formed between distinct moving material regimes.  
These shear planes changed orientation and location depending on initial setup and during different 
stages of the filling process itself.  The generalised theory is shown in Figure 16.  The different flow 
regions, as named by Rowlands (1991), are indicated on the figure.  The movements of the material 
relative to the bucket are indicated by the arrows.   
 
The virgin material remains largely undisturbed until the final third of the drag during which 
“bulldozing” occurs.  The initial laminar layer flows into the bucket during the first third of the drag 
(Figure 16a).  After entering to a certain distance, this layer fails at the bucket lip and subsequently 
becomes stationary with respect to the bucket for the remainder of the drag (Figure 16b,c).  At steeper 
drag angles, the material flows more rapidly towards the rear because of the added gravitational 
assistance.  This effect can be seen by comparing Figure 13 and Figure 14. 
 
 With the laminar layer becoming stationary, a new zone, the active flow zone, develops (Figure 16).  In 
this zone, the material displacement is predominantly in the vertical direction.  The active dig zone is 
located above the teeth and bucket lip.  This area develops as material starts to enter the bucket and 
increases in size after failure of the initial laminar layer.  In this zone, the virgin material fails and either 
flows into the bucket as part of the laminar layer during the first part of filling or moves into the active 
flow zone during the latter part of filling.   
 
The dead load that has resulted from “live” material in the active flow zone ramps up and over the initial 
laminar layer.  Some of the material in the initial laminar layer fails and starts to form part of the dead 
load (Figure 16c).  During experiments, a definite rupture or shear line could be observed here.  With an 
increase in drag angle, the active dig zone and active flow zone tended to join into one continuous band.  
It should be noted that Figure 16 only shows three stages of the filling process, but in reality there is a 
gradual transition from the one stage to the other.  It should also be noted that this is a generalised theory 
and there will be variations in the results when different materials and bucket geometries are used.  
During experiments two definite shear lines could be observed.  The one extended from the tip of the lip 
up to the free surface.  This is named the cutting shear line.  The second line is the one between the 
initial laminar layer and the dead load, called the dead load shear line.   
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Figure 13 - Bucket filling results with rig angle q = 0º 
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Figure 14 - Bucket filling results with rig angle q = 20º 
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Figure 15 - Typical bucket drag forces with rig angle q = 10º and a bucket weight Wb = 138.3 N 
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Figure 16 - The shear zone theory according to Rowlands (1991) 
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Making use of DEM and investigating the flow regions, the following procedure was devised.  The 
bucket was moved through the material and “paused” after each 100 mm.  The displacement vector of 
each particle was then set to be zero after which the bucket was given a further displacement of 10-15 
mm (1-3 particle lengths).  The particle displacement ratio PDR was defined as the ratio of the 
magnitude of the particle absolute displacement vector to the magnitude of the bucket absolute 
displacement vector.  The particles were then coloured according to their individual PDR values.  A 
PDR equal to unity means that the particle is moving with the bucket.  The result is shown in Figure 17.  
This is in effect the average velocity ratio over a short period. 
 
 
The flow regimes as predicted by the Shear Zone Theory are indicated on the figure.  The three pictures 
correspond to the three pictures given in Figure 16.  After a displacement of 100 mm, the active dig zone 
is clearly visible with 0.40 £ PDR < 0.65.  The initial laminar layer moves into the bucket with 0.10 £ 
PDR < 0.25.  This corresponds well to the flow zones shown in Figure 16a. 
 
After 500 mm, the characteristic “V” shape of the active flow zone can be seen with 0.10 £ PDR < 0.25.  
Although the PDR is relatively low, the displacement is predominantly in the vertical direction.  The 
active dig zone is still present and in the back of the bucket, the initial laminar layer starts to become 
stationary relative to the bucket.  This is visible by the PDR values that increase towards the back of the 
bucket.  This corresponds well to the flow zones shown in Figure 16b. 
 
After 800 mm the existence of the dead load shear line is clearly visible.  When compared to Figure 16c, 
the active flow zone and active dig zone can not be distinguished from the dead load.  The reason for 
this is that at a bucket displacement of 800 mm, the bulldozing effect is large and overshadows the other 
flow zones.  The flow zones should be plotted somewhere between a displacement of 500 mm and 800 
mm in order to try and visualise all the flow zones as shown in Figure 16c. 
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Figure 17 - Flow regions using the particle-bucket displacement ratio 
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6.  3D BUCKET FILLING 
 
 
In this section three-dimensional modelling of a dragline bucket is performed and the results compared 
to experimental results using a 1:18 scale bucket and a test rig designed for this purpose.  Crushed rock 
(gravel) is used and the same calibration procedure as used for the corn was followed, but all DEM 
models were 3D instead of 2D. 
 
6.1 Material Calibration 
 
The material used in the dragline bucket experiments is shown in Figure 18. It was crushed rock (gravel) 
from a roller mill with a 25 mm aperture between the rollers. The corn grains used had all the same 
general shape, but the gravel had distinctly different shapes.  A random sample of 300 rocks was taken 
and the rocks could be classified into four distinct particle shapes. These shapes were kept as simple as 
possible, while ensuring that every rock in the sample belonged to one of the particle shapes. The 
particle shapes were (Figure 19): 
 

• Particle 1: long rectangular particle comprising of three aligned spheres (length to width ratio of  
clumped particle greater than 2) 
• Particle 2: pyramid shape particle comprising of four spheres 
• Particle 3: flat particle comprising of four spheres (length to width ratio of clumped particle less 
than two, and ratio between length and height greater than 2) 
• Particle 4: spherical particles comprising of one sphere. 

 
The rock sample was classified according to the above shapes. The number of particles belonging to 
each shape was recorded and a particle shape distribution was obtained (Figure 20). This data was then 
used to ensure that the same distribution between particle shapes was maintained when generating 
particles for the DEM model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 - Crushed rock used in dragline experiments 
 
 



 

28 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 - Simplified rock particle shapes used in dragline DEM model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 - Measured rock particle shape distribution 
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A sample of each particle shape was taken and the size distribution obtained using a sieve sorting 
machine (mesh sizes 9.5 mm, 13.2 mm, 19 mm, 26.5 mm and 37.5 mm). The results for each particle 
shape can be seen in Figure 21.  A MATLAB code was written to generate clumps using the particle 
shape distribution and the particle size distribution.  The sorting sieve classifies the particles in discrete 
sizes, and the distribution between these sizes was assumed to be linear.   The linear distribution used to 
generate the clumps is also shown in Figure 21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 - Measured rock particle size distribution and linear distribution used in the DEM model 
 
 
The particle density was detrmined following the same procedures as used with the corn grains.  An 
oedometer was also used to determine the stiffness.    The shearbox used to measure the internal friction 
angle of the corn  could not be used with the rock due to the limited size of the shearbox.  It is, however, 
known that for frictional cohesionless granular material, the angle of repose is a good indication of the 
internal friction angle (Lambe and Whitman, 1969). 
 A sample of the material was taken and dropped from a given height through a funnel with a known 
diameter. This process was continued until a given mass of material had been allowed to flow though the 
funnel. The angle of repose was then measured to be 41° (Figure 18). 
 
The dimension of the experimental setup was then used to construct an identical numerical model. The 
same mass of material was allowed to flow though the funnel and the angle generated was measured. 
This process was continued, varying the inter-particle friction coefficient, until the same angle was 
obtained. 
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The calibrated parameters are summarised in Table 3.  Note that the shear stiffness is assumed to have 
the same value as the normal stiffness.  This is an assumption often made in discrete element modelling 
(Itasca, 1999).         

Table 3 – Calibrated rock parameters 

Parameter Rock (dragline) 

Particle density r  1518 kg/m3 

Contact stiffness kn/s 1·75́ 107 N/m 

Friction coefficient m 0.53 

Angle of repose f r 41° 

 
 
 
6.2 Experimental Setup 
 
A scale dragline model was build to obtain data which could be used to validate the numerical results. 
The drag forces, the bucket trajectory (path) and the bucket’s orientation during a filling cycle were 
recorded.   The bucket was a 1:18 scale model of a 61m3 bucket. The bucket had a length and width of 
roughly 300 mm and a fill height of 175 mm.  The drag bed made provision for sensor attachment and 
was designed to be inclined which allowed different drag angles to be tested (Figure 21). 
 
The bucket was dragged at constant rope speed using a hydraulic cylinder in conjunction with a servo 
valve. The cylinder speed was measured by means of a linear variable differential transducer.  The drag 
force was measured using a calibrated commercial load cell on each rope. 
 
Three ASM W12 cable displacement sensors were used to determine the three-dimensional position of a 
point on the bucket.  The body of each sensor was attached to the rig frame, with the end of each cable 
attached to the centre of the bucket arch (Figure 21).  Using a triangulation algorithm, the position of the 
arch point could be determined.  The three sensors were placed in a plane parallel to the drag bed and 
positioned to maximize the angle between sensors.  The bucket’s orientation (angle) was measured using 
a Micro-Strain 3DM-G three axis inclinometer.  This sensor was also attached to the bucket arch.  Data 
was collected at 25 Hz using a HBM spider 8-30. 
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Figure 21 - Dragline experimental setup showing the position of the sensors 
 
 
 
 
6.3 DEM Model 
 
The modelling of large systems is still a challenge (Tijskens, 2006).  Even with parallel processing 
becoming available, clever modelling can reduce the computation times without loss in accuracy.  
Reducing the number of particles and walls in the model is the most obvious and most effective solution 
to reduce computation time. Reducing the number of particles and walls reduces the number of 
calculations performed per cycle.  A drag bed is considered optimised when its volume is as small as 
possible, without allowing boundary effects to unduly influence the simulation. Experimental data 
revealed that the bucket follows a parabolic trajectory while filling. The drag bed was modelled using 
this information and simplified to reduce the number of balls. The drag bed can be seen in Figure 22. 
This shape required 25 percent less particles than a standard rectangular drag bed. 
 
A CAD model of the bucket was created and converted to a STL model.  A code was written to convert 
the STL model to PFC3D wall commands.  In order to decrease the total number of walls, the bucket was 
simplified in the following ways. 
 
• Rounds or fillets were replaced with chamfers or completely removed 
• Giving the bucket basket a uniform thickness 
• Removing the arch and top rail 
• Closing the small gap that normal exists between the teeth and shrouds (Figure 22) 
 
The simplifications were restricted to areas that would have little or no effect on the flow of material in 
or around the bucket. The simplified bucket shape can be seen in Figure 22. The new bucket allowed the 
number of walls to be reduced from 5000 to 520.  Although these changes would affect the bucket 
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weight and moments of inertia, the original weight and moments of inertia were still used in the dynamic 
bucket model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22 – (a) Original bucket, (b) simplified bucket and (c) drag bed design with dimensions in mm 
 
 
 
6.4 Results 
 
Each experiment was repeated three times to ensure the results were reliable and repeatable. The bucket 
position, orientation and drag force were recorded for each test.  The results showed that the bucket 
behaviour is predominantly two-dimensional with very little rolling and yawing motion.  Rowlands 
(1991) also observed that the flow of material into the bucket is mostly two-dimensional and the motion 
of a dragline bucket can be accurately modelled taking into account only the bucket translation in the 
drag direction, translation vertical to the drag direction as the bucket digs into the soil and pitching (roll 
and yaw can be ignored). 
 
Figure 23 shows the bucket’s pitch angle versus drag distance.  In both the experiment and the 
simulation, the bucket was placed flat on the drag bed and the pitch angle set to zero.  During the 
experiment, the pitch angle increased to almost 3 degrees before it decreased as the bucket started to dig 
into the soil.  At a displacement of roughly 0.3 m (one bucket length), the pitch angle has decreased to -
6.5 degrees.  The DEM model also predicts this behaviour with the pitch angle at -10 degrees after a 
displacement of one bucket length.   
 
Figure 24 shows the total drag force (sum of the force in each of the two drag ropes) versus drag 
distance.  There is an almost linear increase in measured drag force with a final value of 500 N at a drag 
distance of 1 m (three bucket lengths).  The DEM model accurately predicts the drag force up to a 
displacement of 0.3 m (one bucket length).  Thereafter, DEM predicts higher drag forces and at the end 
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of the drag it is almost three times the measured value. The reason for this is still unknown and needs 
further investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23 -  Comparison between the measured and the DEM predicted pitch angle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 - Comparison between the measured and the DEM predicted drag force 
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Figure 25 illustrates one of the advantages of DEM simulations where the mass of material inside the 
bucket can easily be determined as a function of drag distance.  A FISH function was written which 
checked all particles and simply added up the mass of all particles found to be inside the bucket.  This 
can easily be done since the position and orientation of the bucket is known.  It is difficult to verify this 
experimentally since the mass of material inside the bucket can not be determined without influencing 
the experiment.  This result also confirms that the bucket fills within 3 bucket lengths (1 m in drag 
distance), a rule of thumb used by bucket manufacturers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25 - The DEM predicted soil mass inside the bucket 
 
 
7.  CONCLUSION 
 
The main objective of this paper was to develop and validate a calibration process to determine the 
material parameters needed in DEM simulations.  The study was limited to cohesionless granular 
material.  For cohesive materials, particle-particle bonds (available in PFC) will have to be used.  This 
will introduce another parameter to the calibration process and needs further study.  The calibration 
process was based on experimental and DEM shear tests and compression tests.   
 
The internal friction angle resulting from DEM shear tests depends on both the particle stiffness value 
and the particle friction coefficient.  From these results alone a unique set of stiffness and friction values 
can not be determined.  The results from the compression test show that the simulated macro stiffness is 
a linear function of the particle stiffness and not influenced by the particle friction coefficient.  Thus, 
from the compression test, the particle stiffness can be determined and then from the shear test results 
the particle friction coefficient can be determined. This results in a unique set of parameters which 
yields macro values close to the measured values.   
 
The non-linear effect of the oedometer load-displacement curve was not taken into account.  In future a 
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way to match the DEM curve with the measured curve taking into account the non-linearity should be 
introduced for better results. Also, material porosity needs to be taken into account.  The particle size 
distribution and shapes would influence the initial porosity and changes in porosity during flow. 
 
 
It is shown that DEM can accurately model the complete discharge of a silo.  A close correlation with 
observed flow patterns and measured flow rates was achieved.  It is also shown that DEM can accurately 
model the filling process of an excavator bucket.  The force acting on the bucket and the fill rate can be 
predicted.  The flow zones observed by Rowlands (1991) were also observed during the experiments and 
it is shown that DEM can predict these different flow zones.  In future the knowledge of the flow zones 
can be used to optimise buckets in terms of fill rate, bucket force and bucket wear. 
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