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Abstract: Cone penetration in-situ tests are commonly used to measure the cone 
index of the soils. This measurement process can be modelled very well 
with Discrete Element Method (DEM) if the parameters of the correct 
contact model are defined properly. In this paper the Hertz-Mindlin 
with bonding contact model are used and the effect of the properties of 
this contact model on soil’s penetration resistance is investigated. Our 
aim was to determine those contact parameters which play important 
role in the penetration process, thus are necessary to take into account 
while calibrating the discrete element soil model to the results of real 
penetration tests. 
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1. Introduction 

Soil compaction is one of the most known problem in agriculture, and it has 
negative effect on crop growth and yield. In the last few decades, the size of the 
agricultural machines has been increased which resulted in increasing the mass of 
the machines, thus increasing the vertical load applied into the soil during tillage 
operations as well. This normal stress is generated in the soil by the driven and non-
driven wheels, and is responsible for soil compaction. 

One of the most common method to measure soil strength is by cone 
penetrometers [1]. During the measurement, the penetrometer cone is pressed into 
the soil up to given depth, while the vertical force acting on the tip of the cone is 
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measured. By dividing this force with the projected area of the cone, the soil’s 
resistance to penetration can be determined [2]. 

Thanks to the development of the information technology in the last few decades, 
researchers can simulate mechanical processes using numerical methods. One of 
these is the Finite Element Method (FEM) which can be used to model continuous 
materials by approximating the geometry with the finite element mesh [3], and 
calculating the displacement of the nodes. This method is very useful in multi mass 
simulations (e. g. in modelling the vibration of a one-cylinder engine crankshaft) [4] 
or performing static analysis on continuous materials as well [5]. It is also used for 
simulation of the penetration process [6], but because of soil consists of individual 
particles, these calculations can be used only to determine the location of the hard 
layers in the soils [7] and are not able for proper simulation of the soil’s deformation. 
More suitable method seems to be the Discrete Element Method (DEM) which is 
established by Cundall and Strack [8] and is used to model bulk materials such as 
soils. Tanaka et al created a two-dimensional (2D) discrete element model for 
modelling of the penetration in-situ test [9], however Butlanska et al investigated 
this phenomenon in three dimension (3D) [10]. They concluded that the results 
highly depend on whether full, half or quarter circle soil geometries are used, and 
the use of spherical elements with non-cohesive or non-bonded contact models 
results in large error [11]. 

In our work, we used spherical elements with the Hertz-Mindlin with bonding 
contact model to simulate the penetration process in cohesive soils. Our aim was to 
investigate the effect of the contact properties on simulation results, namely on the 
penetration resistance-penetration depth curve. The results of the paper can be used 
further when calibrating the contact properties to the results of in-situ penetration 
tests. 

2. Materials and Methods 

2.1 Discrete element contact models 

DEM is based on dividing the process into small timesteps of Δt, and calculating 
the displacement vectors of the individual elements according to Newton’s 2nd law 
in each timestep. In most cases, the particles are non-deformable during the 
simulations, thus the importance of the contact models between the elements are 
very high. In our calculations, we used the Hertz-Mindlin with bonding model 
available in EDEM 2.7 software and shown in Fig. 1, which consists two separate 
model, the Hertz-Mindlin model (Fig. 1/a) and the Parallel Bond contact model 
(Fig. 1/b). 
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Figure 1. The Hertz-Mindlin (a) and the Parallel Bond contact models (b) [15]. 

With the first, the friction between the elements can be simulated, and with Parallel 
Bonds, the cohesion between soil particles can be taken into account. In the Hertz-
Mindlin contact model [12, 13, 14], the contact force transferred from one particle 
to another, is divided into normal (Fn) and shear force (Fs). The normal component 
can be determined using Eq. 1: 

 Fn=
4

3
·E*·�R*·�Un�3

2 , (1) 

The E* represents the equivalent elastic modulus, R* is the equivalent radius and 
Un is the normal overlap of the contacting elements. These can be determined from 
the parameters, E, R and the location of the particles. The contact shear force (Fs) 
can be calculated from the equivalent shear modulus (G*) and tangential 
displacement (Us) according to Eq. 2: 

 Fs=-�8·G
*
·�R*·Un� ·Us ,   (2) 

In addition, it has a limit according to Coulomb’s law of friction, namely it cannot 
be higher than the value from Eq. 3: 

 Fs ≤ Fn· μ
s
 . (3) 

In Eq. 3, the µs denotes to the friction coefficient between the soil particles. In 
addition, there are damping forces to model the energy dissipation of the particle’s 
collisions, they can be divided into normal (Fn

d) and shear components (Fs
d) as well 

and can be calculated as: 

 Fn
d=-2·�5

6
·β·√Kn·m*·vn

rel , (4) 

 Fs
d=-2·�5

6
·β·√Ks·m*·vs

rel . (5) 
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In Eq. 4 and Eq. 5, Kn, Ks, m*, vn
rel and vs

rel are the normal and shear contact 
stiffness (Fig. 1/a), the equivalent mass and the normal and shear component of the 
relative velocity (vrel) of the contacting elements, respectively. In addition, β can be 
calculated with Eq. 6 using the coefficient of restitution (e). 

 β=
lne

�ln2e+π2
 . (6) 

Parallel Bonds can be added to the model at the time of tBond to represents the 
cementinous effect between the elements. This contact model can be envisioned as 
a set of elastic springs around the contact point with bond radius of RB [15]. The 
bonds act parallel with the Hertz-Mindlin contact model, therefore additional normal 
(ΔFn) and shear forces (ΔFs) are summed to the corresponding components: 

 ∆Fn=-kn
B·AB·∆Un , (7) 

 ∆Fs=-ks
B·AB·∆Us . (8) 

In Eq. 7 and Eq. 8, kn
B, ks

B, AB and ΔUn and ΔUs are the bond’s normal and 
tangential stiffness, the area of the bond and the normal and shear component of the 
relative displacement of the contacting elements, respectively. These displacements 
are incremental, thus are calculated from the time of tBond, when both of them are set 
to zero. Because Parallel Bond behaves as beam contact between the particles, it can 
transmit moments through the elements in both normal and tangential direction as 
well. These moments can be calculated similar to the bond forces, but the area of the 
bond should be changed to the polar moment of inertia (JB) and the relative 
displacements to the relative rotations of the elements (Δθn and Δθs), as it is shown 
in Eq. 9 and Eq. 10. 

 ∆Mn=-kn
B·JB·∆θ

n
 , (9) 

 ∆Ms=-ks
B·

JB

2
·∆θ

s
 . (10) 

Similar to the relative displacements of ΔUn and ΔUs, the relative rotations are set 
to zero at the bond’s formation time of tBond as well. In addition, there are limit 
stresses (i. e. the normal and tangential Parallel Bond strengths). If the stress in the 
bond obtains the strength value in normal or tangential direction, the bond will break 
in the next timestep, and the elements will move only according to the Hertz-Mindlin 
contact model. The maximum normal (σmax) and tangential bond stresses (τmax) can 
be determined using Eq. 11 and Eq. 12: 

 σmax=
-∆Fn

A
+

2·∆Ms

JB
·RB , (11) 

 τmax=
-∆Fs

A
+
∆Mn

JB
·RB . (12) 
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2.2 Discrete element simulations of cone penetration test. 

To analyse the effect of the contact properties on simulation results, a lot of 
numerical cone penetration simulations were performed. First, the initial geometry 
of the soil was created by filling up a cylinder with diameter of Ø135,4 mm and 
height of 130 mm with spherical elements (Fig. 2/a). The size of the model was 
chosen according to our earlier research [16] where it is proved, that the boundary 
of the model is far enough from the cone penetrometer, thus it has negligible effect 
on simulation results. The particles were created using the Simple Sequential 
Inhibition (SSI) technique [17], which places elements with random diameter to 
random locations. The contact properties of the Hertz-Mindlin model for soil 
particles are summarized in Table 1. After the creation of the elements, the particles 
fell down to the bottom of the cylinder because of Earth gravity. Finally, when the 
whole system obtained the equilibrium state (the element’s maximum velocity got 
smaller than 1e-2 mm/s), the Parallel Bonds were formed between the particles, then 
the geometry of the penetrometer cone (shown in Fig. 2/b) was imported into the 
program using an .stl file. The properties of the soil’s Parallel Bond contact model 
and of the wall elements (as penetrometer cone) can be also seen in Table 1. Note, 
that some contact parameters of the soil were determined according to the process 
which is published in our earlier research [18], the remaining properties were chosen 
for sensitivity tests. These are presented in Table 1 as grey background, and the 
ranges where the effect of these contact properties were investigated, were also 
shown in the table. The properties of the penetrometer cone were chosen as general 
steel material. Additionally, the initial geometry of the system can be seen in 
Fig. 2/a. 

 

Figure 2. The initial geometry of the soil (a) and the dimension of the used 

penetration bar (b). 
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In the next step, the geometry of the penetrometer cone was pressed into the soil 
model with vertical speed of 20 mm/s, which is typical in cone penetration in-situ 
tests. During the simulations, the force acting on the penetrometer cone (as soil 
resistance) was calculated and was saved in each 0,05th calculation time. This 
process was repeated in all discrete element simulations where the timestep was set 
to the value of 5e-6 s. 

Table 1. The settings of the discrete element cone penetration tests 

Parameter Value 

Geometrical properties 

Particle radius distribution (mm) 1,33…3 
Contact radius (mm) 1,6…3,6 

Initial porosity (before the penetration bar 
pressed into the soil) (-) 

0,425 

Properties of the Hertz-Mindlin with bonding contact model between 

the soil elements 

Density (kg/m3) 1,6e+03…2,0 e+03 
Shear modulus (Pa) 1,44e+06…1,44e+08 

Poisson ratio (-) 0,2…0,3 
Coefficient of restitution between the soil 

particles (-) 0,5 

Coefficient of restitution between the soil 
particles and walls (-) 0,5 

Friction coefficient between ball and ball (-) 0,4 
Friction coefficient between ball and walls (-) 0,6 

Bond radius (mm) 0,5…5,0 
Bond normal stiffness (Pa/m) 

9,5e+06…4,75e+07 
Bond shear stiffness (Pa/m) 
Bond normal strength (Pa) 3,131e+4 
Bond shear strength (Pa) 4,428e+4 

Properties of the Hertz-Mindlin contact model between the 

penetrometer (wall) elements 

Density (kg/m3) 7,8e+03 
Shear modulus (Pa) 7,692e+10 

Poisson ratio (-) 0,3 
Coefficient of restitution between walls (-) 0,5 

Friction coefficient between wall and wall (-) 0,1 
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3. Results and Discussion 

In this section, the results of the sensitivity test of numerical discrete element 
penetration simulations are shown. First all simulations were evaluated qualitatively 
which means that we analysed the broken Parallel Bonds, the compression force and 
the velocity of the particles before evaluating the vertical forces that acts on the 
penetration cone. Fig. 3 shows typical results of the simulations, the broken bonds 
are presented as blue lines in Fig. 3/a. It can be asserted, that they break near the 
penetration cone which can be acceptable. In the part b) and c) of the figure, the 
compression force of the particles and their velocities are shown, respectively. It can 
be clearly seen that the highest forces arise in front of the cone. Similar to that can 
be said in case of the element’s velocity, however high velocities can be experienced 
near the penetration bar as well. This is because of the friction between the 
penetrometer and the soil particles, and is similar to the results in Tanaka et al [9]. 
According to these, we concluded that the simulation results are in accordance with 
our expectations and the results of other researches, thus the calculations provided 
good results qualitatively. 

 

Figure 3. The broken bonds (a), the compression force between the elements (b) 

and the particle’s velocity (c) at penetration depth of 64 mm. 

In the next step, we investigated the results quantitatively as well, the penetration 
resistance-penetration depth curves were compared in case of different contact 
properties values. First, the effect of the particle’s density and Poisson-ratio on soil 
resistance to penetration were analysed. Fig. 4 shows the results in case of different 
density values. It can be asserted, that this contact property does not have significant 
effect on penetration resistance, the curves are almost the same. Similar to that can 
be concluded in case of different Poisson-ratio (Fig. 5), because there are small 
differences in the penetration resistance-depth curves. 
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Figure 4. The effect of the particle’s density on penetration resistance. 

 

Figure 5. The effect of the particle’s Poisson-ratio on penetration resistance. 

However, this is not the case in the simulations with different particle’s shear 
modulus. Fig. 6 shows that the penetration resistance is increasing when this contact 
property is increased as well, but this tendency is stopped in case of shear modulus 
of 4,32e+07 Pa. If higher than this value is set up in the simulations, this parameter 
has negligible effect on soil’s resistance to penetration. 
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Figure 6. The effect of the particle’s shear modulus on penetration resistance. 

 

Figure 7. The effect of the Parallel Bond radius on penetration resistance. 

Parallel Bond radius also has large effect on simulation results. According to 
Fig. 7, the higher the value of this parameter is, the force acting on the penetration 
cone, thus the penetration resistance of the soil model will be higher as well. This 
conclusion stands in the whole range (namely the value from 0,5 mm to 5,0 mm), 
where this contact property was investigated. 
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In Fig. 8, the results can be seen in case of different Parallel Bond stiffness. It can 
be asserted, that the effect of this parameter is very similar to the experienced one in 
case of particle’s shear modulus. Namely, if the bond stiffness is increasing from 
9,5e+06 Pa/m to 2,85e+07 Pa/m, the model’s resistance to penetration will increase 
as well. But in case of the highest Parallel Bond stiffness values, the penetration 
resistance-depth curves are similar to each other, thus this parameter has no 
significant effect on simulation results in this range of value. 

 

Figure 8. The effect of the Parallel Bond stiffness on penetration resistance. 

4. Conclusion 

In this paper, the discrete element method was adopted to model the cone 
penetration in-situ measurements. We used the Hertz-Mindlin with bonding contact 
model to simulate cohesive soil and our aim was to investigate the effect of the 
contact properties on simulation results, namely on penetration resistance-
penetration depth curve. We concluded that the Parallel Bond radius, stiffness and 
the elements’ shear modulus affect the results, thus they play important role in 
calibration of the contact properties to the result of in-situ penetration test. On the 
other hand, the particle’s density and Poisson-ratio have negligible effect on the 
penetration resistance-depth curve in the investigated range, therefore it is not 
necessary to take these into account in the calibration process. 
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