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ABSTRACT 

One of the most common methods to measure soil 
strength in-situ is by cone penetrometer. This paper is 
about the development of a 3 dimensional (3D) discrete 
element model (DEM) for simulation of the soil-cone 
penetrometer interaction. To simulate cohesive soil the 
Hertz-Mindlin with bonding contact model was used in 
EDEM 2.7 discrete element software. The parameters 
were calibrated to real test result and after that the effect 
of the model dimension (namely the diameter of the 
cylinder) on soil penetration resistance was analysed. 
The results of the calculations were very similar to the 
real soil penetration resistances therefore the model can 
be used to simulate the cone penetrometer in-situ test. 
Another result of the paper that a suggestion for proper 
model size is given in soil-cone penetrometer discrete 
element simulations. 

INTRODUCTION 

To measure soil’s penetration resistance during vertical 
load, cone penetrometers are widely applied (McKyes 
1985 and Laib 2002). With this equipment the normal 
force can be measured while the cone is pressed into the 
soil vertically. The cone index (C. I.) can be calculated 
thereafter by dividing the measured vertical force value 
with the projected area of the cone. Then the cone index 
can be used to compare the individual soils by their 
bearing capacity. 
Thanks to the evolution of the information technology 
in the 20th-21st century numerical simulations can be 
used to investigate real materials virtually. Earlier 
researches showed that cohesive soil can be modelled 
properly using the Discrete Element Method (DEM) 
(Chen et al 2013, Tamás et al 2013) which was invented 
by Cundall and Strack in 1979 (Cundall and Strack 
1979). To our best knowledge limited papers were 
published in subject of investigation of the soil-cone 
penetrometer interaction with DEM. One of the 
exceptions is the work of Tanaka et al (Tanaka et al 
2000) who developed a 2D discrete element model to 
simulate this phenomena for non-cohesive soil. 

The main difficulties of the discrete element simulations 
are the calibration of the contact properties to real, 
measurable soil mechanical properties and to choose a 
correct model size where the effect of the model 
boundary walls on simulation results is negligible. 
In this paper the EDEM 2.7 Academic software, 
available from DEM Solutions Ltd. was used to 
simulate cohesive soil’s behaviour during cone 
penetration test. The aim of the paper is to investigate 
the effect of model size (namely the diameter of the soil 
model) on penetration resistance. From the results the 
correct model diameter can be choosen for simulation of 
a soil-cone penetrometer interaction. 

MATERIALS AND METHODS 

To simulate soil-cone penetrometer interaction with 
DEM the whole penetration process has to be divided 
into small timestep of dt. In every timestep the 
individual displacements of each particle can be 
calculated using Newton’s 2nd law which needs the 
values of the forces and moments acting on the given 
elements. The software calculates these values with the 
help of the contact models which define the behaviour 
of the contacts between two or more particles. 
Therefore the contact models play an important role in 
every discrete element simulations. 
In our simulations the Hertz-Mindlin with bonding 
model were used to simulate cohesive material which is 
based on the work of Hertz (Hertz 1882), Mindlin 
(Mindlin 1949), Mindlin and Deresiewicz (Mindlin and 
Deresiewicz 1953) and Potyondy and Cundall 
(Potyondy and Cundall 2004). In this contact model the 
contact normal and shear directions are individual, the 
forces and moments (as well as the damping forces and 
moments) are calculated according to the normal and 
shear directions of the contact coordinate system. To 
calculate the contact normal force the normal overlap of 
the elements (n), the equivalent Young’s modulus (E*) 
and – radius (R*) should be known. These parameters 
can be calculated with the following formulas where E, 
υ and R are the Young’s modulus, the Poisson-ratio and 
the radius of the elements, respectively and the indexes 
represents the contacting particles as 1 and 2: 
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If the parameters above are available the contact normal 
force can be determined with Equation (1): 
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In shear (or tangential) direction the contact force can 
be calculated from the tangential overlap of the 
elements (t): 

ttt SF   

where St is the tangential stiffness which can be 
determined with the equivalent shear modulus (G*), 
equivalent radius and the normal overlap of the 
elements using the following formulas: 
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In Equivation (2) the G1 and G2 are the shear modulus 
of the contacting elements nr. 1 and nr. 2, respectively. 
However, the contact tangential force has a limit, 
namely the value of the force can not be higher than the 
maximum which can be calculated from the Coulomb 
friction: 

snt FF   

where µs is the static frictional coefficient between the 
elements. 
In the Hertz-Mindlin with bonding contact model the 
damping effect can be handled as a damping force in 
contact normal (Fn

d) and tangential direction (Ft
d) as 

well. 
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The equivalent mass (m*) can be determined from the 
mass of the two contacting particles (m1 and m2): 
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rel are the relative normal and tangential 
velocities of the contacting elements, respectively and 
the normal stiffness (Sn) and β can be determined as: 
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where e is the so-called coefficient of restitution. 
Another important contact parameter in the Hertz-
Mindlin with bonding model is the contact radius 
(Rcontact) which determines the boundary of the particle’s 
contacting volume. So if the contact radius is set up 
greater than the element’s radius the particle can be in 
contact numerically with another one without being in 
contact with it physically. 
To simulate cohesive behaviour of the soil the so-called 
Parallel Bonds are added to the default Hertz-Mindlin 
with bonding contact model. So the forces and moments 
calculated with Equation (3-6) are summed to the 
corresponding normal and tangential components: 
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The area and the polar moments of inertia of the bond’s 
cross section can be determined as: 
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where RB is the radius of the bond. In addition the Sn
B 

and St
B are the bond normal- and tangential stiffness, 

Δn and Δt are the relative normal- and tangential 
displacements, ΔΘn and ΔΘt are the relative normal- and 
tangential rotations of the contacting elements, 
respectively. These parameters are calculated at the 
bond formation time (tBond) when the Parallel bonds are 
added to the model. These bonds can break if the value 
of the normal or tangential bond stresses become higher 
than their limits (the so-called bond normal and 
tangential strength): 
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The in-situ cone penetrometer tests 

Cone penetrometer measurements were conducted near 
Mohács, Hungary in the October of 2015 using the 
Eijkelkamp penetrologger can be seen in the following 
figure. 
 

 
 
Figure 1: The used Eijkelkamp cone penetrometer with 

the additional accessories 
 
The cone bevel angle was 60°and the projected area was 
1e-4 m2. 10 measurements were performed by pressing 
the penetrometer cone into the soil with average 
velocity of 1e-2 m·s-1. During the test the resistance of 
the soil (e. g. the normal force) were collected in every 
depth of 1e-2 m. Finally the average penetration 
resistance were calculated by averaging the 10 
individual force values in each depth. The results of the 
test can be seen in the Figure (2). According to figure 
the soil penetration resistance has a high standard 
deviation which can be experienced because of the 
relative small projected area of the cone (Laib 2002). 

 
 

Figure 2: Results of the in-situ penetration test 
 
Development of the 3D discrete element model 

A 3D discrete element model was developed to simulate 
cone penetrometer in-situ tests of cohesive soil. First the 
initial geometries of soil models were created by 
allowing the elements to fall down under Earth gravity. 
To investigate the effect of the model size on 
penetration resistance five individual geometries (with 
five individual diameters) of soil models were 
generated. The parameters of the models were detailed 
in the Table 1, where the so-called area-ratio can be 
calculated by dividing the area of the soil model with 
the area of the penetrometer cone (1e-4m2): 
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The height of the models was 1.15e-2 m in each 
simulation. 
 
Table 1: The geometrical properties of the individual 
discrete element soil models 
 

Diameter of the soil model cross 
section (m) 

Area ratio (-) 

Ø6.77e-2 36 
Ø9.03e-2 64 

Ø1.128e-1 100 
Ø1.354e-1 144 
Ø1.58e-1 196 

 
After the particles’ maximum velocity become small 
enough (vmax≤1e-4 m·s-1) the Parallel Bonds were added 
and the same geometry of penetrometer cone to that of 
used in the in-situ test was imported to the model from 
an .stl file. The contact properties of the Hertz-Mindlin 
with bonding model were chosen according to our latest 
research (Kotrocz and Kerényi 2017) where the direct 
shear test of cohesive soil were modelled with the 
discrete element method. Only the value of the bond 
radius was set up higher to reach closer results to the 
penetration resistance of the in-situ tests. The contact 
parameters were detailed in Table 2. 



 

 

Table 2: The contact properties of the discrete element 
model 
 

Parameter Value 
Geometrical properties 

Particle radius distribution (m) 2e-03…4.5e-03 
Contact radius (Rcontact) (m) 2.67e-03…6e-03 

Properties of the Herzt-Mindlin with bonding 
contact model 

Bulk density (kg m-3) 1800 
Shear modulus (Pa) 2.88e+06 
Poisson ratio (-) 0.3 
coefficient of restitution (e) (-) 0.5 
Friction coefficient between ball 
and ball (µball) (-) 

0.5 

Friction coefficient between ball 
and walls (µ) (-) 

0.5 

Bond radius (RB) (m) 3e-03 
Bond normal stiffness 
(Sn

B) (Pa m-1) 
1.2e+07 

Bond shear stiffness 
(St

B) (Pa m-1) 
1.2e+07 

Bond normal strength (Pa) 7.738e+4 
Bond shear strength (Pa) 3.869e+4 

 

 
 

Figure 3: The 3D discrete element model of soil with 
diameter of Ø9.03e-2 m for simulation of the cone 

penetration test 
 
Then the same velocity of 1e-2 m·s-1 was set up to press 
down the cone into the soil model in each simulation. 
The timestep of the calculations were 1e-5 s which is 
approximately the 11.7 % of the Rayleigh timestep. 
This value is within the range of 10…20 % according to 
the EDEM 2.7 software user manual. Finally the results 
were saved in every timestep of 5e-2 s. The initial 
geometry of the simulation of soil model with diameter 
of Ø9.03e-2 m (area ratio of 64) can be seen in 
Figure (3). 

RESULTS AND DISCUSSION 

First the results of the soil-cone penetrometer 
simulations were analysed qualitatively. This means that 
the velocity of the particles, the contact forces and the 
place where the bonds breaks were investigated in each 
calculations. In the left side of Figure 4 (a) the elements 
were coloured as the value of the compressive force, in 
the right side (b) the particle’s colours were chosen 
according to their velocities and finally at the bottom of 
the figure (c) the broken bonds were illustrated as blue 
lines. According to the work of Tanaka et al (Tanaka 
et al 2000) the highest compressive force values arise 
near the penetrometer cone and the highest particle’s 
velocity can be experienced here as well. This can be 
seen in the figure and can be observed because of the 
friction between the balls and the penetrometer cone.  
 

 
 

Figure 4: a) The compressive force between the 
elements and b) The velocity of the elements and (c) 

The broken bonds (as blue lines) near the penetrometer 
cone, both in case of simulation of soil model with 

diameter of Ø9.03e-2 m. 
 
Similar results were experienced in the other discrete 
element simulations as well. According to these results 
the calculations seem to be good qualitative 
approximations of the real soil-cone penetrometer in-
situ test. 
After that the results were analysed quantitavely as 
well. The penetration resistance of the soil model was 
illustrated as a function of penetration depth in 
Figure (5) in case of soil model with diameter of 
Ø9.03e-2 m (area ratio of 64). According to the figure it 
can be seen that the penetration resistance values 
fluctuated a little bit which can be experienced because 
of the particle’s geometry. In discrete element 



 

 

calculations this result occurs often however it can be 
reduced by using smaller elements in the simulations. 
This will lead to increase the number of the particles 
and the calculation time as well which is not acceptable. 
 

 
 

Figure 5: Results of the cone penetrometer discrete 
element simulation of soil model with diameter of 

Ø9.03e-2 m 
 
In Figure (5) a polynom trendline can be seen as well 
which was fitted to the simulation results using the 
Ordinary Least Squares available in Microsoft Excel 
2016 software. The type of the trendline has choosen to 
reach high R2 values of the line fitting. Similar was 
done in each simulations the results can be seen in the 
following table: 
 
Table 3: The results of the trendline fitting in all 
discrete element simulations. 
 

Diameter of the 
soil model cross 

section (m) 
Area ratio (-) Value of R2 (-) 

Ø6.77e-2 36 91,4 % 
Ø9.03e-2 64 88,0 % 

Ø1.128e-1 100 85,4 % 
Ø1.354e-1 144 88,9 % 
Ø1.58e-1 196 83,3 % 

 
In addition these trendlines can be seen in Figure (6) 
where the average result of the in-situ cone 
penetrometer test was illustrated as blue lines as well. 
This figure also can be used to investigate the effect of 
the model size on penetration resistance. According to 
Figure (6) the highest soil resistance value occurs in 
case of simulation of soil model with diameter of 
Ø6.77e-2 m (or with area ratio of 36). This is in 
accordance with our expectations because the cross 
section of the model become smaller and smaller, the 
penetration resistance should get higher and higher as 
well. This is because in case of small diameter (small 
area ratio) the elements can not move away from the 
penetrometer cone and become contact with the 
boundary walls earlier than they do in case of soil 
model with larger cross section. This will lead to 

increase the value of contact forces between the 
elements and therefore the value of the vertical forces 
acting on the cone as well. 
 

 
 

Figure 6: Results of the cone penetrometer discrete 
element simulations and of the in-situ test 

 
It can be seen as well that the simulations of soil model 
with higher cross sections gave similar penetration 
resistance values which means that the boundary of the 
simulations will no longer has great effect on the results 
if a soil model with minimum diameter of Ø9.03e-2 m 
(area ratio of 64) will be used in the discrete element 
simulations. 
 

 
 

Figure 7: The effect of the model size on soil 
pemetration resistance 

 
In Figure (7) the penetration resistance values from the 
simulations at given depth (e. g. the soil model’s C. I. 
index) were illustrated as a function of area ratio. 
Similar to mentioned above can be said: the highest 
penetration resitance values can be experienced in case 
of simulation of soil model with area ratio of 36. In the 
other simulations the resulst are similar to each other 
therefore the soil model with area ratio of 64 (diameter 
of Ø9.03e-2 m) can be chosen for correct model size for 
simulation of soil-cone penetrometer interaction. 



 

 

Choosing highest diameter for the soil model is 
unnecessary because only the calculations time will be 
increase but the model’s penetration resistance will not 
change significantly. 
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