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 In different areas of industry (mining, food processing, pharmaceutical, manufacturing...), 
the problem of grain, aggregate and clusters flow arises during the handling activities 
especially loading and unloading. Thus, the study and control of the parameters that govern 
the flow of the granular medium and its interaction with its environment are key parameters 
to achieve the desired operational excellence and performance of these activities. The 
adhesion of granular materials on various surfaces of equipments (trucks surfaces, 
hoppers, silos…) is one of the major problems facing mining companies. In this paper we 
presented the Calibration of the Discrete Element Method (DEM) parameters for modeling 
phosphate ore built on the identification of the repose angle. This will help us to specify the 
correct inputs parameters that will be introduced for the modeling of adhesion phenomena. 
First we introduced the model contact which allow us to well define contact between 
phosphate particles-particles (or clusters-clusters) and phosphate particles (clusters) with 
tipper surface taking into consideration the cohesive and plastic nature of the contact. 
Secondly, we presented a calibration method based on the determination of the repose angle 
of the phosphate ore. This method allowed us, using fractional factorial designs and Box 
Behnken designs, to determine the optimal parameters for a more accurate simulation. 
Thirdly, we studied the impact of particle velocities on the tipper surface during charging 
and discharging of phosphate ore. This study allowed us to predict the areas most affected 
by the abrasion-erosion phenomenon caused by the impact of particles on the tipper 
surface. This calibration method allowed us to identify the optimal values for the key 
parameters that will be used later in the modelling of the phosphate clogging phenomenon 
on the surfaces of transport truck tippers in the mines. 
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1. Introduction  

In recent years, the global fertilizer market has been 
characterized by a significant increase in consumption (1.7% /year 
since 2011), supported mainly by Asia which dominates the 
market and concentrates about 2/3 of global production and 
consumption [1]. The lowest possible purchase cost has become an 
important competitive factor which has led to the relocation of 
fertilizer production to areas with significant resources at low 
exploitation costs (Russia, Qatar, Iran, North Africa and probably 
in the long term the USA with the exploitation of shale gas). Since 
fertilisation contributes to both the quantity and quality of 
agricultural production on which the world's food system is based, 
phosphate mining has become the linchpin of the world food 
security. Studies show how the consumption of phosphate rock, 
the origin of phosphorus which is a key element in the manufacture 

of fertilisers, will continue to increase over the coming years. In 
Morocco, it is estimated that phosphate production will reach 262 
Mt in 2050 [1–4].  

Clogging is one of the main problems that reduce the efficiency 
of phosphate extraction. This phenomenon results from the 
adhesion of the phosphate to different surfaces of the transport 
truck tipper. This blocked portion intensifies during the winter 
period, especially in the bottom and sides of the tipper [5]. This 
problem is called granular clogging.  

The phosphate rock, used as raw material, comes from 
Benguerir mine. From a stratigraphic point of view, the Benguerir 
phosphate series is formed by an alternation of phosphate rock 
levels and sterile silico-carbonate levels (intercaler) (Figure 1) and 
the ensemble is capped by a carbonate slab called the Thersity slab.  

It is very difficul to explore the charging and discharging for 
extraction in situ because of high-risk work conditions [6,7]. Thus, 
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to minimise the cost of experiments and save time, a number of 
Discrete Element Method simulations (DEM) have been 
developed [8–12]. With DEM, we can investigate the mechanical 
and kinematic behaviour of granular materials. In recent years, 
researchers have carried out DEM simulations with grain shapes 
and sizes that are complex enough and large enough to be closer to 
reality, given that DEM was invented much earlier.[13]. the 
discrete elements method remains the most used calculation tool 
for the simulation of the various phenomena that appear during the 
handling of granular materials [14–21]. In the literature, and up to 
today, we have found three principal approaches used in the 
simulationt of problems of granular systems: the Monte Carlo 
approach [22-27], the cellular automation approach [28-31] and 
the DEM approache [32-34].The cell automation method and the 
Monte Carlo approaches have enabled the simulation of problems 
related to granular materials by taking into account only the 
geometric and statistical aspect, but without considering the real 
mechanical interactions between grains.. In contrast, the DEM 
method takes into account the interaction between particles by 
introducing different contact models. Thus it accurately reflects the 
mechanical phenomenon of the grain packing. It can generate 
differents particle size distributions, with varying geometric 
characteristics and surfaces, as well as various material ratios from 
the analyzed sample. 

 
Figure 1: Layered decomposition of Benguerir phosphate [5] 

However, what influences the precision of the simulation is the 
parameter settings [22]. Precise simulations can only be performed 
if the parameters of the granular materials are well defined. The 
settings of the process parameters, the nature of the contacts that 
govern the phenomenon and the behaviour of the materials  
influences the simulation results [23].  

A crucial phase in the development of a discrete element 
method is the identification of the simulation parameters, namely 
the specific granular material parameters (Young's modulus,bulk 
density and Poisson Coefficient) and the parameters related to the 
nature of the contacts (the particle-wall and particle-particle 
friction coefficients and the coefficients of restitution). As a result, 
a calibration of the setup parameters is strongly required to obtain 
accurate values for the DEM simulation [24–27].  

Simulation on software in general requires values for the 
parameters of the model. For this purpose, there are two main 
methods for the DEM software to acquire these parameters of 
contact. The first one is the direct measurement method (DMM), 

and the second one is the bulk calibration method (BCM) [22,28–
31]. The DMM approach is based on measuring values directly  on 
the particle or contact level. Some properties are easily measured 
while others remain very difficult, depending on the size of the 
grains. Almost all attempts have been made at the millimetre level 
or above [32,33]. Although the values are being directly measured 
with a certain precision, this does not automatically imply that the 
DEM model will have the same level of precision at the global 
level [34–36]. This DMM would be precise if the contact is 
modelled in an accurate way that captures the physical behaviour 
of the contact and if both shape and size of the grains are precisely 
modelled [37,38]. Precise  modelling of grain shape and size is too 
complex when modelling real industrial cases. the calculation time 
and power limit of the simulators tend to lead to the selection of 
reasonably large grain sizes, while the shape of the particles cannot 
be accurately modelled [39–41]. The BCM uses an approach 
where field measurements or laboratory tests are performed to 
quantify a specific parameter of the bulk granular material. 
Experiences are reproduced on software as closely as possible to 
the configuration and procedures in the laboratory or in the terrain. 
Simulation values are continuously iterated till the intended 
response corresponds to the measured one. The difference between 
the real shape and the virtual model of the grains requires a 
calibration of the contact parameters [30,31,42,43].  

In the DEM simulation, the contact model is a crucial factor 
that affects the precision level of the simulation. In order to get 
closer to the actual situation, different contact models appeared in 
a number of several applications [44–53]. In this study, we used 
two contact models for our simulation. The Johnson-Kendall-
Roberts (JKR) is used for the particle-tipper contact, and the 
Edinburgh-Elasto-Plastic-Adhesion (EEPA) is used for the 
particle-particle contact [45]. Furthermore, The modelling of the 
real shape is important in a discrete element simulation, and the 
more the geometrical characteristics of the real particles are related 
to the numerical particles, the closer the results of the numerical 
simulation are to the real behaviour of the material [54–59]. In the 
ideal case the grain geometry is retrieved using a rotary scanner as 
illustrated in the work [58] which allows to obtain the contours of 
a particle with precision.  

In this work we calibrated DEM for phosphate ore in order to 
define the parameters of the contact models between the phosphate 
particles themselves and the surface of the tipper of the ore 
transport truck. This work will allow us to model with DEM the 
phenomenon of phosphate adhesion during unloading. We 
presented the contact models we used, followed by the calibration 
method adopted during this work which is based on the calibration 
of the angle of repose. The size, shape and distribution of the 
phosphate particles used in the calibration were studied. We used 
the fractional factorial designs and Box Behnken designs to 
determine the influence of the different calibration parameters on 
the angle of repose. 

2. Edinburgh-Elasto-Plastic-Adhesion (EEPA) model for 
the particle-particle contact  

The Edinburgh Elasto-plastic adhesion EEPA model was 
introduced by Morrissey [60], and implemented in EDEM® as an 
option [53], to model cohesive materials with elasto-plastic 
behaviour such as phosphate and clay. It is an extension of the 
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hysteretic spring model but this time with non-linear behaviour. 
This model is able to highlight the history of stress dependence of 
cohesive granular materials with uniaxial consolidation 
experiments [53]. In [74], the author highlighted the ability of 
EEPA to generate behaviour that is dependent on the history of 
previous loads, which is not the case for  Hertz-Mindlin, since it’s 
an elastic model. For this purpose, we chose the EEPA to model  
particle-particle contact of phosphate ore. 

2.1.  EEPA Force: Normal Direction 

This model is an extension of the linear hysteretic model of 
Walton and Braun [61] , allowing tensile forces to develop and also 
allowing non-linear force-displacement behaviour (overlap) as 
shown in Figures 2 and 3. The load-displacement curve is defined 
by the constant pull-off force 𝐹𝐹0, the loading branch stiffness 𝑘𝑘1, 
the loading-unloading branch stiffness 𝑘𝑘2  , the minimum force 
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚  , the adhesion branch stiffness 𝑘𝑘𝑎𝑎 ,and the plastic overlap 
(deformation) 𝛿𝛿𝑝𝑝. 

 
Figure 2 : Formalism used during a contact [62] 

The normal force 𝐹𝐹𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  is composed of two forces, which 
show its plastic character, namely the hysteretic spring force 𝐹𝐹ℎ𝑦𝑦𝑦𝑦 
and the damping  force 𝐹𝐹𝑚𝑚𝑛𝑛 . 

                        𝐹𝐹𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = �𝐹𝐹ℎ𝑦𝑦𝑦𝑦 + 𝐹𝐹𝑚𝑚𝑛𝑛�𝒏𝒏                                  (1) 

 
Figure 3 :EEPA model force-displacement relation in the normal direction[63] 

where 𝒏𝒏 is the normal unit vector at the point of contact at the 
centre of the two particles. 

(2) 

where  𝐹𝐹0  is the adhesion force constant, 𝛿𝛿𝑚𝑚𝑚𝑚  and 𝛿𝛿𝑝𝑝𝑚𝑚  are 
respectively the total normal overlap and the plastic overlap. The 
loading stiffness 𝑘𝑘1 is given by: 

                           𝑘𝑘1 = �
2𝐸𝐸∗𝑅𝑅∗      𝑖𝑖𝑖𝑖  𝑚𝑚 = 1
4
3 √𝑅𝑅

∗𝐸𝐸∗  𝑖𝑖𝑖𝑖  𝑚𝑚 > 1                                (3) 

where 𝐸𝐸∗ and 𝑅𝑅∗ are the equivalent Young's modulus and radius. 

                                        𝑅𝑅∗ = 𝑅𝑅1𝑅𝑅2
𝑅𝑅1+𝑅𝑅2

                                              (4) 

𝑅𝑅1,𝑅𝑅2 are radius of particule 1 and 2. 

                               𝐸𝐸∗ =   �1−𝜈𝜈1
2

𝐸𝐸1
+ 1−𝜈𝜈22

𝐸𝐸2
� −1                               (5) 

𝐸𝐸1,𝐸𝐸2are Young's modulus of particule 1 and 2. 

𝜈𝜈1, 𝜈𝜈2 are Poisson’s ratio of particule 1 and 2. 

For our study we took 1.5 as the value of the non-linear slope 
exponent n. λ𝑝𝑝 is defined as the contact plasticity ratio and is given 
by: 

                                     λ𝑝𝑝 = �1 − 𝑘𝑘1
𝑘𝑘2
�                                           (6) 

The damping force Fnd can be calculated by: 

                                      𝐹𝐹𝑚𝑚𝑛𝑛 = −𝛽𝛽𝑚𝑚 ∗ 𝜈𝜈𝑚𝑚                                        (7) 

where β𝑚𝑚and ν𝑚𝑚 are respectively the normal damping coefficient 
and the relative normal velocity. 

                                   𝛽𝛽𝑚𝑚 =  ( 4𝑚𝑚∗𝑘𝑘1
1+(𝜋𝜋/ ln 𝑒𝑒)2

)1/2                                 (8) 

where 𝑒𝑒 is the coefficient of restitution and 𝑚𝑚∗ is the equivalent 
mass of the two particles withe: 

                             𝑚𝑚∗ =  𝑚𝑚1𝑚𝑚2
𝑚𝑚1+𝑚𝑚2

                                                    (9) 

2.2. EEPA Force: Force in the Shear Direction  

The tangential force 𝐹𝐹𝑦𝑦  is composed of two forces namely 
tangential damping force  𝐹𝐹𝑦𝑦𝑛𝑛  and tangential spring force 𝐹𝐹𝑦𝑦𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 . 

                                  𝐹𝐹𝑦𝑦 =  𝐹𝐹𝑦𝑦𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐹𝐹𝑦𝑦𝑛𝑛                                       (10) 

The EEPA force vector is incrementally updated : 

                    𝐹𝐹𝑦𝑦𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐹𝐹𝑦𝑦
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,(𝑛𝑛𝑑𝑑−1) − 𝑘𝑘𝑑𝑑𝜈𝜈𝑑𝑑∆𝑡𝑡                        (11) 

The tangential stiffness is given by : 

                           𝑘𝑘𝑑𝑑 = �
𝑘𝑘1 𝑖𝑖𝑖𝑖                  𝑛𝑛 = 1
8 𝐺𝐺∗�𝑅𝑅∗𝛿𝛿𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 𝑛𝑛 > 1

                            (12) 

where 𝐺𝐺∗ is the effective shear modulus,  

                        𝐺𝐺∗ = �2−𝜈𝜈1
𝐺𝐺1

+ 2−𝜈𝜈2
𝐺𝐺2

�
−1

                                    (13) 

and  𝑘𝑘𝑦𝑦𝑠𝑠  is the tangential stiffness multiplier. The tangential 
damping force 𝐹𝐹𝑦𝑦𝑛𝑛 is calculated by : 

                                     𝐹𝐹𝑦𝑦𝑛𝑛 = −𝛽𝛽𝑑𝑑𝜈𝜈𝑑𝑑                                             (14) 

 𝛽𝛽𝑑𝑑 is given by: 

                                    𝛽𝛽𝑑𝑑 = � 4𝑚𝑚∗𝑘𝑘𝑡𝑡
1+(𝜋𝜋/ ln 𝑒𝑒)2

                                      (15) 
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For the stability of the model, tangential force take a critical 
value 𝑖𝑖𝑐𝑐𝑑𝑑 : 

                       𝑖𝑖𝑐𝑐𝑑𝑑 ≤  𝜇𝜇�𝐹𝐹ℎ𝑦𝑦𝑦𝑦 + 𝑘𝑘𝑎𝑎𝑛𝑛ℎ𝛿𝛿𝑚𝑚𝑚𝑚 −  𝐹𝐹0|                           (16) 

where  𝜇𝜇 is the friction parameter. 

3. Johnson-Kendall-Roberts (JKR) Contact Model  

Johnson, Kendall and Roberts theory (JKR) [64] introduced 
adhesion between different surfaces, induced by their surface 
energies. The  (JKR) model is often used to model adherence when 
caused by capillary forces [60,65–67]. This phenomenon of 
adhesion has the effect of increasing the contact surface, 
independently of the load, and justifies the need for a negative 
force for the release of the surfaces. The theory of the JKR model 
has been detailed in [68]. 

For the collision detection, the Sweep and Prune algorithm 
remains the most famous algorithm used in contact detection when 
applying the discrete element method [69,70]. This method gives 
each particle a rectangle parallelepiped that contains it exactly, and 
the boundaries of this box define on each x, y and z axis a moving 
interval [xmin , xmax], [ymin , ymax] and [zmin , zmax] respectively 
(figure 4). The collision of the particles occurred if there is an 
intersection between the intervals on one of the three axes. 

 
Figure 4: Principle of the Sweep and Prune algorithm 

4. Calibration methodology and parameter analysis  

4.1. Angle of repose calibration  

To generate results close to reality based on simulations of real 
industrial processes, the inputs relating to the granular materials 
must be as accurate as possible. The difficulties encountered in the 
use of DEM lie in the experimental determination of the grain 
properties ( shapes, sizes, coefficient of restitution, rolling friction,  
grain-grain friction and grain-wall friction, density of gains). 
Consequently, it is necessary to calibrate the input parameters to 
achieve satisfactory results [31]. The calibration procedure 
consists of determining the value of an input parameter by direct 
measurement such as AoR, bulk density and particle size 
distribution [71], we then proceed with a series of adjustments until 
the coincidence between the measured values and the simulated 
values. A necessary condition is that the tests and measurement 
method must be reproducible in the laboratory so that the 
coefficients of interaction can be easily determined. 

The angle of repose During a flow, a material forms a natural 
pile whose slope, defined with the horizontal, forms the natural 
angle of repose (AoR). It is used to describe the mechanical 
properties of granular materials. . The natural angle of repose is 

constant for a given material, but varies with its moisture content 
[72]. It is used when studying collapsing, stratifiing and 
segregating. The AoR does not depend only on the mechanical 
properties of the particles, like density, friction static coefficient  
and friction dynamic coefficient, but also on the intrinsic properties 
like shape, geometry and the size of the particles as well as the bulk 
forming methods [72–75]. When the input values are set, the 
identification of interaction parameters such as static friction, 
rolling friction and restitution coefficients must be carried out. 
These parameters have the ability to considerably affect the nature 
of the flow. Thus they are very often used as calibration parameters 
[22, 31,76, 77]. 

The cylinder lifting (Figure 5) is a common experiment for 
obtaining the AoR of granular materials [78,79]. The device is 
basically similar to the one commonly used in litterature, whose 
principle consists essentially in translating a cylinder suspended 
upwards [79,80]. 

 
Figure 5: Controlled hollow cylinder test [78] 

In [29,73], the author investigated the influence of the 
dimensions of the test rig and the particle size distribution on the 
calibration test based on the angle of rest test using a lifting 
cylinder and they showed that the results remain invariant . The 
translation speed of the cylinder is considered as a parameter 
influencing the AoR. Thus the experiment has provided invariant 
results for granular materials subjected to static stresses when 
lifting speeds are low. 

 
Figure 6: Phosphate AoR test 

For our test, 15 kg of mixed phosphate layers (SA2, C1, C2, 
C3, C4, C5 and C6) is used to carry out the Talus angle test. Inside 
a cylinder with an internal diameter of 200 mm and a height of 30 
cm, a quantity of the Phosphate's particules are glued in such a way 
that the flow does not interact with the cylinder material. Similarly, 
on the support on which the phosphate mass will stand, a quantity 
of phosphate grains is glued to avoid interaction between the 
particles and the support (Figure 6). Consequently, the interaction 
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of the particles with the material of the cylinder and the support 
will be neglected. The cylinder was lifted at a speed of 0.05 m/s 
[29]. 

The AoR test was designed to investigate the influence of 
grain-grain interaction parameters on output variables (angle of 
repose in our case). We repeated this physical test several times, to 
have an average of the AoR responses. This average will constitute 
the target value to be reached during the calibration of the 
interaction parameters in the EDEM® software. This angle is 
calculated by measuring the base diameter of the phosphate cone 
and its height (Figure 7,8). 

 
Figure 7: Angle of repose of Phosphate 

             𝛼𝛼 = 𝑡𝑡𝑡𝑡𝑛𝑛−1 �2ℎ
𝑛𝑛
� = 𝑡𝑡𝑡𝑡𝑛𝑛−1 �2×12

38
� = 33°                 (19) 

ℎ , 𝑑𝑑 are respectively the height and the diameter of the 
phosphate cone. Thus the characteristic angle of repose of the 
phosphate is 33°. For the verification we used the software ImageJ 
[81] and the results are shown in Figure 6. This value will therefore 
be the calibration target in the following. 

 
Figure 8: Simulation of the AoR test with EDEM® software 

4.2 Particle  size distribution and shape 
4.2.1  Particle size and distribution 

The dimensional distribution of the grains in percentage is 
determined using dry particle size analysis of samples of phosphate 
of mass M=1.5 Kg (10 samples). This test is the oldest, most 
common and most economical test described in the NP 18-560 
standard. It consists in classifying the different particles 
constituting the sample by a series of nylon sieves nested one 
inside the other, with decreasing openings from top to bottom. The 
phosphate, dried for 24 hours in an oven at T=120°C to avoid 
agglomeration of the grains due to the presence of water, is placed 
at the top and the classification is then obtained by vibrating all the 
sieves for 5 min. At the end of the test, the rejection from each 
sieve is weighed (Table1) and the percentage of each size is 
presented in Figure 9. This study showed that most of the overall 
mass is concentrated in the 150 μm to 500 μm range. 

Table 1: Results of the particle size analysis of phosphate 

Siev
e 
size 
µm 

Retaine
d (g) 

Retai
-ned 
(%) 

Retaine
d 

cumulat
-ive (g) 

Retained 
cumulativ

e (%) 

Cumulati
-ve sieve 

(%) 

2000 49.8 3.32 49.8 3.32 96.68 
800 172.05 11.47 221.85 14.79 85.21 
500 399.45 26.63 621.3 41.42 58.58 
250 399 26.6 1020.3 68.02 31.98 
150 280.5 18.71 1300.95 86.73 13.27 
80 150.3 10.02 1451.25 96.75 3.25 

< 80 45.3 3.02 1496.55 99.77 0.23 
 

 
Figure 9: Grain size distribution of phosphate 

For the simulation we are asked to enter the particle size 
distribution of the granular material. For this purpose a statistical 
test of normality will be carried out to check whether the data in 
Table 1 follow a normal distribution. The distribution is 
symmetrical, bell-shaped. It would seem that it can be modelled by 
a normal distribution. To confirm this, we construct Henry's line. 
Henry's line is used to approximate the average and standard 
deviation of the observations of a variable when only the 
frequencies of its values are available (Figure 10). The distribution 
can therefore be considered Gaussian. The estimated population 
average is 390.8µm and the standard deviation is 𝜎𝜎 = 476.19µm. 
The software results show that the coefficient of determination R2 
= 0.907 and the corrected coefficient of determination   𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 = 
0.91. These two values indicate that our model is very reliable and 
can be applied to describe the influence of factors on the response.   

4.2.2  Particule shape 

The modelling of the real shape is important in a discrete 
element simulation, and the more the geometrical characteristics 
of the real particles are related to the numerical particles, the closer 
the results of the numerical simulation are to the real behaviour of 
the material [57,59,82]. In the ideal case the grain geometry is 
retrieved using a rotary scanner [58] which allows to obtain the 
contours of a particle with precision. In this work, and in order to 
carry out a three-dimensional modelling of the geometry of an 
irregular Phosphate particle, samples of each layer of the Benguerir 
Phosphate are taken to view the structure of their grains under an 
electronic microscope (Figure 11). Several particle images were 
taken to select the most representative in terms of size and 
angularity in order to produce an STL file of the outer shape of a 
Phosphate particle using CATIA V5 software and which has a 
geometry roughly gathering almost all the details of the real 
particles. 
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The EDEM® software allows users to specify the particle 
geometry through the so-called "multi-sphere" model, which 
selects spheres of different sizes to fill the inner volume of the 
numerical particle geometry, and with the non-linear least squares 
optimisation the solutions are refined to to reach the minimum 
error value for mass and shape. When the STL file is entered into 
the software, different types of particles can be generated in such 
a way that the shape and size of the particle can be modified by 
changing the number of bonded spheres and their sizes. However, 
the calculation time increases exponentially with the number of 
bonded spheres. 

 
Figure 10: Henry line of particle size distribution 

In order to minimise time of simulation [83], consider that 
combining a number of spheres greater than eight can give 
satisfactory simulation results (Figure  12). 

 
Figure 11: Phosphate grain of sample C1, C3, C6 taken by electronic microscope 

 
Figure 12: Particle constructed using the 'multi-sphere' method from STL files 

5. Test results according to the fractional factorial design 

For our simulation process, the DEM was applied, and the 
EDEM® software was chosen in this research [84]. The EEPA 
contact model was adopted , with a value of 9.81 m/s2 for the 
gravitational acceleration. The inputs parameteres  applied in our 
simulation are presented in Table 2,3,4. 

Table 2: Values of some simulation parameters 

 
Young's 
modulus 
E (Pa) 

Shear 
modulus 
G (Pa) 

Poisson 
Coef. 
( 𝜈𝜈) 

Average 
density

  𝜌𝜌 (𝐾𝐾𝐾𝐾/𝑚𝑚3) 

Phosphate 106 2.5 106 0.25 2404 

Table 3: Results of the shear cell test 

Reference layer C (KPa) 𝜑𝜑 (°) 

C3 30 33 

Table 4: Results of the odometer test 

Layer  reference shear index (Cc) Swell index 
(Cs) 

C6 0.193 0.010 

The developers of the EDEM® software recommend using a 
experimental plan to adjust the properties of the granular material. 
Thus, a fractional factorial design [85,86] with two levels of 
resolution and five factors will be used to study the five inter-
granular interaction factors in sixteen experiments (Figure 13). For 
this purpose, an initial range of these interaction parameters was 
determined on the basis of the literature [5,87,88] and on the basis 
of the GEMM integrated material data library in the EDEM® 
software. 

 
Figure 13: Choice of experimental plan 

Table 5: Model parameter ranges 

Parameter Identifier Low 
level High level 

Coefficient of 
restitution A 0.15 0.75 

Static friction 
coefficient B 0.2 1 

Rolling resistance 
coefficient C 0 0.3 

Surface energy (J/m2) D 0.3 1.5 

Pull-off constant E -0.009 0 

This library helps the software user through a set of questions 
(field of application, density, experimental angle of repose) to set 
likely values of the parameters to model the physical phenomenon 
(Table 5). The fractional factorial design will be used first to 
analyse the relationships between the parameters potentially 
influencing the AoR. Once the influencing factors have been 
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determined, a response surface design analysis will be carried out 
to accurately determine the parameter values of the model. 

The results of the test according to the fractional factorial 
design 25−1 are presented in Figure 14. It can be seen that the angle 
of repose has a large range of variation with a maximum and 
minimum value of 47.92° and 14.3° respectively, which suggests 
the influence of certain simulation parameters on the angle of 
repose. 

We conducted a more in-depth analysis of the model results 
reported on the graph (Figure 15). The significance of the factors 
can be seen intuitively and is in the following decreasing order: 
coefficient of static friction > surface energy > coefficient of 
rolling resistance > coefficient of restitution > pull-off constant. 

Based on Figure 16 we state that the four parameters: 
coefficient of rolling resistance, surface energy and static friction 
coefficient of the particles have a great influence on the AoR of the 
phosphate mass, Unlike the other parameters, with an order of 
influence as follows: coefficient of static friction > surface energy 
> coefficient of rolling resistance. 

 
Figure 14: Simulation results following the fractional factorial design 

As the parameters contact coefficient of restitution and pull-off 
constant have no significant effect on the response of the angle of 
repose of the phosphate mass, their values will be set at the low 
levels shown in Table 6.   

 
Figure 15: Significance of study factors 

 
Figure 16: Factors influencing the Angle of Repose 

Table 6: Values of non-significant parameters 

Non-significant parameter Value 

Coefficient of restitution 0.15 

Pull-off constant -0.009 

6. Results of the simulation according to Box Behnken's 
planTest [89–91] 

After the determination of the significative factors for the angle 
of repose through the fractional factorial design it is necessary to 
find the exact values of these parameters retained to arrive at a 
correct modelling of the behaviour of the phosphate. For this 
purpose the Box Behnken design of experiments are used to find 
the quadratic relation that links these parameters, considered 
continuous this time, to the 'angle of repose' response. A three-
factor response surface design is chosen and will be studied in 15 
trials as recommended by the Minitab software (Figure 17). 

 
Figure 17: Choice of plan of experiments 

From an analysis of the responses of simulation the angle of 
repose in Figure 14, it can be seen that the (AoR) approaches the 
experimental value for ranges of coefficient of friction, coefficient 
of rolling resistance and surface energy in the intervals [0.4; 1], [0; 
0.4] and [0.8; 1.2] respectively. Thus these intervals will form the 
basis of the study using Box Behnken plan. The results of the 
numerical simulation following the test matrix are shown in Figure 
18 , and it can be seen that the responses are close to the results of 
the previous fractional plan. In addition, a quadratic regression 
model is established by the software MiniTab (Equation 20) which 
has a coefficient of determination of  98.58% close to 1 (i.e.) it has 
a high reliability. 

𝐴𝐴𝐴𝐴𝑅𝑅 = 2.89 + 50.81 𝐵𝐵 + 15.66 𝐶𝐶 + 6.5 𝐷𝐷 − 23.25 𝐵𝐵2  − 20.43 𝐶𝐶2  (20) 
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Figure 18: Simulation results following the Box Behnken plan 

7. Analysis of the interaction effect of the regression model  

In this test, the AoR of the phosphate mass is used as an 
indicator for evaluating the regression model. Response surfaces 
and contour diagram of the pairwise interaction of the different 
parameters that affect the angle of repose are shown in Figures 19 
and 20. An analysis of the parabolas that exist on the response 
surface curve shows the existence of a non-linear dependence of 
the AoR on the coefficient of static friction and the coefficient of 
rolling resistance. These quadratic dependencies are illustrated in 
the model of Equation 20 with the square term of the coefficient of 
static friction and rolling resistance. As shown in Figures 19 and 
20, the angle of repose increases with the increase in surface 
energy. When this energy increases, it will lead to a stronger 
adhesion between the particles, which will lead to the creation of 
new aggregates that will give more stability to the granular 
material. This will make particle collapse more difficult and 
therefore the angle of rest will increase. Similarly the AoR 
increases with the increase of the coefficient of static friction since 
the friction contradicts the movement of the particles on each other 
and thus the angle of the phosphate pile increases. The figures 21 
and 22 show that while the rolling resistance coefficient of the 
particles increases the repose angle of the phosphate volume 
increases. This is because the rolling resistance prevents the 
particles from rolling down the slope of the granular cone, which 
contributes to the increase in the angle of repose. 

 
Figure 19: Variation of the angle of repose with surface energy and the static 

friction coefficient 

 
Figure 20 :Contour graph of AoR, surface energy and static friction coefficient 

 
Figure 21 :Variation of the AoR as a function of the surface energy and the rolling 

resistance coefficient 

 
Figure 22: Contour graph of the AoR as a function of the surface energy and the 

rolling resistance coefficient 

8. Results and discussion 

The repose angle AoR of the phosphate mass measured by field 
test was 33°. We taked this real angle as the response value and 
used the contours above and take as values of significant 
parameters the following values: 

Table 7: Optimised values of the simulation parameters 

Parameters Values 

Static friction coef. 0.7 

Rolling resistance coef. 0.3 

Surface energy 1j/m2 
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A simulation under EDEM® was performed under the 
optimised parameters and the angle of repose for phosphate ore 
was 34.38°. We compared the test results with the simulation 
results. The relative error was 4.19%. This error value shows that 
the optimised parameters can be utilised as a reference for the 
characteristics of the phosphate. 

9. Particle velocities 

In this section we will investigate the impact of particle 
velocity on the contact with the tipper surface during loading and 
unloading. During the first few moments of loading of the tipper 
by the loader bucket, the simulation results show that the area most 
affected by the falling grain is in the front part of the tipper as 
shown in Figure 23. This configuration is quite natural since the 
particles leaving the bucket are accelerated by gravity to find this 
area on the tipper first, and then the grains that follow will be 
oriented towards the sides once the angle of repose exceeds the 
AoR of the phosphate.  

 
Figure 23: Area of first impact on the tipper 

Just before the collision,the particles have a maximum kinetic 
energy, as they are accelerated by gravity to reach a maximum 
speed of 3.92 m/s during the first contacts with the tipper (Figure 
24). This maximum falling speed starts to decrease as the granular 
material accumulates in the tipper since the height of fall decreases 
(figure 25). 

Of course, this area of first impact can move on the tipper 
depending on the position of the loader bucket. Thus, the 
amplitude of the falling speed will depend on the height of the 
bucket. Figure 26 shows the decrease in the value of the maximum 
particle velocity (2.75 m/s) in the case of the reduction of the drop 
height. However, the position of the filler was fixed according to 
multiple observations of the truck loading operation in the field or 
on website videos. 

 
Figure 24: Maximum impact speed 

 
Figure 25: Variation of maximum particle velocities 

 
Figure 26: Decrease in particle velocity with decreasing of drop height 

This data predicts that the front part of the tipper will be more 
exposed to abrasive erosion due to the high rates of direct collision 
of the particles against the tipper during the early loading phase. 
This is confirmed by the presence of pits and cavities in the same 
area on the tippers . These pits will increase the flow angle and 
consequently trap the phosphate grains and give rise to the 
nucleation of the clogging phenomenon. 

10. Conclusion 

In this work, we studied phosphate ore using the discrete 
element method. The study is devoted to the calibration of the 
DEM based on the angle of repose. The simulation parameters are 
calibrated and optimized by combining the results from the various 
physical tests and the DEM simulation with the EDEM® software. 
We took the value of the angle of repose as the target for the 
simulation response values, and using the Minitab software, we 
were able to analyze and optimize the simulation parameters using 
the response surface method. These physical parameters that 
significantly affect the AoRt were selected, and the interaction 
between them was analyzed to determine optimal values. We also 
applied the fractional factorial design test, and the results are 
analysed to determine the influence of each of the factors and it 
was found that the angle of repose depends only on the coefficient 
of static friction, the surface energy and the rolling resistance 
coefficient. In addition we used Box-Behnken response surface 
methode. The results were analysed and we established the 
regression model of the significant factors on the angle of repose. 
This model predicts an increase in the angle of repose as the 
significant factors increase. The results show that when the surface 
energy, static friction coefficient and rolling resistance coefficient 
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take the values: 1 J/m2, 0.7 and 0.3 respectively, the simulation 
results are consistent with the experimental test result and the error 
in the angle of repose obtained is  4.19%.  

A study was conducted on the impact of particle velocity on 
the surface of the tipper during loading and unloading. This study 
allowed us to predict that the front part of the tipper will be more 
exposed to abrasive erosion due to the high speed of direct 
collision of the particles against the tipper during the beginning of 
the loading phase, which corresponds perfectly to the reality in the 
field. 

This work constitutes the first part for the study of phosphate 
or clogging. Indeed, the identification of the different parameters 
that define phosphate by the calibration method will allow us to 
better model the phenomenon with the DEM method. The study of 
the impact velocities will be used to model the stresses and strains 
on the tipper surface during the loading and unloading of the 
phosphate in our next work. 
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