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Abstract

Direct shear tests are commonly used in agricultural research to
determine the soil’s cohesion and internal friction angle. This
phenomenon can be modelled using the Discrete Element Method
(DEM) very well. In this paper the results of numerical discrete
element simulations were presented. The aim of the calculations
was to analyse the effect of the Hertz-Mindlin with bonding contact
properties on shear force-shear displacement curve. Using these
results the contact parameters can be set up to reach similar results
in the discrete element simulations and real direct shear test.
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1. Introduction

Soil shear behaviour plays an important role in agricultural
researches because soils are under significant shear stress when
traction force is generated by the driven wheels of the tractors or
trucks [1, 2, 3]. Therefore, the mechanical properties of the soil,
namely the cohesion and the internal friction angle are important
parameters which can be used in the design process of these
machines to reduce the stress applied into the soil during tillage
operations. One of the most common methods to measure these
properties is the laboratory direct shear box test [1, 2, 3].
Discrete Element Method (DEM) was developed in the last
century by Cundall and Strack [4] and is widely used in the literature
to model cohesive and non-cohesive materials such as soil [5, 6, 7].
In most researches the Hertz-Mindlin contact models are used to
simulate soil cutting [5], wheel-rolling [7] etc. where numerical
direct shear tests are presented to calibrate the soil material.
However, Safranyik investigated the effect of the Hertz-Mindlin
with bonding contact properties on soil’s cohesion and internal
friction angle [8], but there is no publication about the effect of these
contact properties on the shear force-shear displacement curve yet.
Therefore, the aim of this work to investigate these phenomena.

2. Materials and Methods

In DEM, the importance of the contact models is very high
because in most cases only rigid particles are used in the

simulations. In this paper the Hertz-Mindlin with bonding contact
model was used to model cohesive soil which consists two
separate model. The Hertz-Mindlin model [9, 10, 11] is present
to model the friction and pressure between the particles and the
Parallel Bond model [12] is responsible to simulate the cohesion
in the soil.

By using the Hertz-Mindlin contact model the contact force
can be divided into normal and shear forces according to the
normal and tangential direction of the contact. The contact normal
force (Fn) between the particles can be calculated from the normal
overlap of the elements (8,) by Eq. 1:
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The E* denote to equivalent elastic modulus and R* is the
equivalent radius. These can be determined from the parameters,
E and R of the contacting particles. In addition, the contact shear
force (Fy) can be calculated as:
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where G* is the equivalent shear modulus and &: is the
tangential overlap of the elements. The shear force has a limit; it
cannot be greater than the value from Eq. 3 which represents the
Coulomb-friction criteria.
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In addition, there are damping forces, in normal (Fnd) and
tangential direction (Fu) as well to model the energy dissipation
of the collision:
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where B can be calculated by Eq. 6 using the coefficient of
restitution (e).
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Once the Parallel Bond is formed between the particles, a set
of elastic springs are created around the contact point with Bond
radius of RB. The Bond model acts parallel with the Hertz-
Mindlin contact model, therefore additional normal (AF.) and
shear (AF,) forces are summed to the corresponding components:

AF,=-SP-4-A5,, )
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These can be calculated from the cross section (A), the normal
(SuB) and tangential stiffness (S&) of the Bond and the relative
normal (Ad,) and tangential displacements (Ad,) of the contacting
particles. With Parallel Bonds, moments can be transmitted
through the elements in normal and shear direction as well. The
value of these moments can be determined from the polar
moments of inertia of the Bond (J) and from the particles relative
normal (A0,) and tangential rotations (A6:).
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Note that the relative displacements and rotations are set to zero
when the Bond is defined at the time of tBond. Each Bond has a
limit value of stress (i.e. the Bond’s normal (omax) and shear
strength (tmax)) and if one of these limits are obtained, the Bond
will break and from the next timestep the contacting particles will
move according to the Hertz-Mindlin contact model only. The
maximum of the stresses in the Bond can be calculated by Eq. 11
and Eq. 12.

O_max:—AFn+2-M,'RB (11)
A J
— (12)
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In DEM, the simulating process is divided into small timesteps
of dt, and in each timestep the elements’ displacement-vectors
(including the translations and rotations of the particles) are
calculated according to Newton 2" law. The value of dt has great
effect on simulation results, it should be small enough to capture
great impacts between the elements. But by choosing small
timestep, the calculation time will be increased dramatically. To
set up the correct value of the timestep, the EDEM User Manual
[13] makes a suggestion, namely it should be in the range of 0.1...
0.2 times of the Rayleigh timestep (trayieign). In our simulations
this was taken into account which resulted that the calculations
were performed with timestep of 5e-06 s.

3. Real direct shear test and discrete element simulations

To compare the results of the discrete element simulation with
real measurement values, direct shear tests were conducted in the

laboratory of the Szent Istvan University of G6doll6, Institute of
Process Engineering. First the soil samples were transported to
the laboratory in core cylinders, and after that the tests were
carried out using the ELE 26-2112/01 type direct shear apparatus
(Figure 1). The samples were loaded vertically with the load force
0of' 400 N, and the shearing process was started with the speed of
5 mm/min. During the process, the force acting on the top
cylinder of the shear box assembly (as shear force) and the
horizontal displacement of the top cylinder (as shear
displacement) were measured. Note that the vertical displacement
of the samples was not measured during the measurements. The
diameter and the height of the top and bottom cylinder as well
were 60 mm and 12,7 mm, respectively.

Figure 1. The ELE 26-2112/01 type direct shear apparatus.

The same geometry of shear box assembly where created in
EDEM 2.7 software environment. The cylinders were filled with
spherical elements with radius of 1,33...3 mm, and after the
whole system obtained the equilibrium state (the maximum of the
elements velocity got smaller than 0,01 mm/s) the Parallel Bonds
were installed between the particles. Then the vertical force of
400 N (i.e. the normal load) was applied on to the top of the
model through a clump element, shown as grey colour in Figure
2. Finally, the top section of the assembly was moved horizontally
with the speed of 50 mm/s which is 10 times higher than the used
shearing speed in real direct shear tests. This was chosen to
minimize the calculation time of the discrete element simulations
and according to our earlier research it has negligible effect on
the results.
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Figure 2. Numerical direct shear tests.

Some of the contact properties of the first model (shown in
Table 1) were set up according to the calibration process
presented in our earlier research [14] and the remaining contact
parameters were chosen for sensitivity test:

—particle’s shear modulus,
—particle’s Poisson-ratio,
—particle’s density,
—Parallel Bond radius, and
—Parallel Bond stiffness.



Table 1. The properties of the first discrete
element soil model

| Value
Geometrical properties

Parameter

Particle radius

distribution (mm) 1,33...3
Contact radius (mm) 1,6...3,6
Initial porosity (before the 0.425
normal load applied) (-) ’

Properties of the
Hertz-Mindlin with bonding contact model
between the soil elements

Density (kg/m°) 1,8e+03
Shear modulus (Pa) 1,44e+07
Poisson ratio (-) 0,25
Coefficient of restitution 0.5

between the soil particles (-)
Coefficient of restitution

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

Friction coefficient between

ball and ball (-) 0.4
Friction coefficient between 0.6
ball and walls (-) ’
Bond radius (mm) 1,5
Bond normal stiffness

(Pa/m) 9,5¢+06
Bond shear stiffness

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

Properties of the
Hertz-Mindlin contact model
between the cylinder (wall) elements

Density (kg/m’) 7,8e+03
Shear modulus (Pa) 7,692¢+10
Poisson ratio (-) 0,3
Coefficient of restitution 0.5
between walls (-) ’
Friction coefficient between 0.1
wall and wall (-) ’

Discrete element simulations were performed with different
values of these properties (Table 2) and their effect on
simulation results, namely the shear force-shear displacement
curve were analysed. Our aim was to determine which contact
parameters have significant effect on the process of soil
shearing and therefore is necessary to take into account while
calibrating the properties of the soil model to the measurement
results.

Table 2. The value of the contact properties in the

sensitivity test.

Parameter Range of value
1,44e+06...

Shear modulus (Pa) 1.4e+08
Poisson ratio (-) 0,2...0,3

. 3 1,6e+03...
Density (kg/m”) 2.0e+03
Bond radius (mm) 0,5...3,0
Bond normal and shear 9,5¢+06...
stiffness (Pa/m) 4,75e+07

4. Results and Discussion

In this section, the results of the discrete element simulation are

presented.

Bond's Normal Force {N)

-Lx

0.00 0.1 o3 0.04 0.06 LX)

Bond's Tangential Farce (N)

0.0 0.04 0.08 0.2 016 0.20

b)

Figure 3. The Parallel Bonds between the particles.

First the results were checked qualitatively to be sure that the
simulation process is similar to the real direct shear test. Thus,
the Parallel Bonds with their normal and tangential forces and
moments were investigated. In Figure 3, the Bonds between the
elements are shown as beams, and are coloured according to the
Bond’s normal and tangential force in the part of the figure a) and
b), respectively. It can be seen that the highest forces arise in the
shear zone and on the top of the soil, where the normal load is
applied. We concluded that the axial and shear moments in the
bonds are much smaller, thus has negligible effect on the normal
and shear stresses on the Bond according to Eq. 11 and Eq. 12.
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So it can be asserted that the highest Bond’s stresses arise near
the shear zone which is a good result when comparing the
calculations to the theoretical process.
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Figure 4. Effect of the particle’s shear modulus.

In Figure 4, the effect of the particle’s shear modulus is shown.
It can be clearly seen that this property has great effect on the
shear force-shear displacement curve. By increasing the value of
the shear modulus, the maximum of the shear force is increasing
as well while the displacement, where these maximum forces
arise, is reducing. According to these results, it can be asserted
that the shear modulus of the elements has great effect on the
gradient of the curve. Note that in case of shear modulus value
of 1,44e¢+07...4,32e+07 Pa the characteristic of the curve is
changing; in case of smaller shear modulus one can get the so-
called asymptotic shear force-shear displacement curve which is
typical in case of loose or non-cohesive soils [1, 2, 3]. On the
other hand, in case of high particle’s shear modulus, the curve has
high peak forces which can be measured in cemented, cohesive
soils [1, 2, 3].
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Figure 5. Effect of the particle’s Poisson ratio.

After the shear modulus, the Poisson ratio and the density of
the particles were analysed, the results can be seen in Figure 5
and Figure 6. It can be asserted that in the range of value of these
contact properties, there is no significant effect on the shear force-
shear displacement curve.
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Figure 6. Effect of the particle’s density.
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Figure 7. Effect of the Bond radius.
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Figure 8. Effect of the Bond radius on the maximum of the
shear forces.

Finally, the properties of the Parallel Bond contact model,
namely the Bond radius and stiffness were analysed. In Figure 7,
it can be seen that by increasing the Bond radius, the peak force



and the displacement, where these forces occur, is increasing as
well. But this contact parameter has negligible effect on the
gradient of the curve in the range of shear displacement of 0...2
mm. In Figure 8, the peak forces are presented in a function of
Parallel Bond radius. It is shown that a quadratic polynomial
curve can be fitted to the points with high value of R2 using the
Ordinary Least Squares method. This can be used further to
estimate the value of the peak force in case of varying Parallel
Bond radius. Note that the quadratic polynomial curve was
chosen because according to Eq. 7 and Eq. 8, the normal and
shear forces in the Bond is proportional to the area of the Bond,
thus to the 2™ power of the Bond’s radius.
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Figure 9. Effect of the Bond stiffness.

In Figure 9, the effect of the Bond’s stiffness is shown. By
changing the value of this parameter, the shear force-shear
displacement curve is modified a little bit, the peak force is
slightly different in the investigated five cases. But this difference
is negligible, the first sections of the curves (in the range of
displacement of zero to 4 mm) are almost exactly the same. So
we concluded that this parameter is not so important in the
calibration process of cohesive soils as the particle’s shear
modulus and the radius of the Parallel Bond were.

After the effect of the contact parameters was determined, our
aim was to calibrate the properties of the model to the shear force-
shear displacement curve, measured during the laboratory direct
shear tests. So the Parallel Bond radius and the shear modulus of
the particles were set up correctly (Table 3), the other parameters
remained the same as were in the first model.

Table 3. The calibrated value of the contact properties derived
from the results of the sensitivity test.

Parameter Range of value
Shear modulus (Pa) 1,488e+07
Poisson ratio (-) 0,25
Bulk density (kg/m’) 1,8e+03
Bond radius (mm) 0,93
Bond normal and shear

stiffness (Pa/m) 9,5¢+06

Figure 10 shows the results of the simulation observed with the
calibrated/final contact properties. Up to the displacement of 10
mm the shear force-shear displacement curves from the
calculation and measurement are very similar which is a very
good result. This means that this soil model is able to simulate

the failure of cohesive soil properly, thus can be used in all cases,
where the normal load of the soil is similar to the load in the direct
shear test (e. g. in case of wheel rolling on deformable soil with
similar vertical load).
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Figure 10. Comparison of the shear force-displacement curves
from the measurement and from the simulations.

5. Conclusion

In this paper the discrete element method was adapted to simulate
cohesive soil’s direct shear test. The aim of our work was to
determine those properties of the Hertz-Mindlin with bonding
contact model, which has significant effect on shear force-shear
displacement curve. As a results, we concluded that these
parameters were the particle’s shear modulus and Parallel Bond
radius. The other investigated parameters (including the Poisson-
ratio, the density of the elements and the Parallel Bond stiffness)
has negligible effect on soil shearing process, thus can be ignored
while calibrating the discrete element model to the result of real
measurements. The remaining contact properties can be set up
using our earlier research.

The soil model with final contact properties was able the
simulate the real direct shear test properly, thus it can be used in
additional simulations where soil shearing plays important role
(i. e. wheel rolling, soil cutting). On the other hand, the results
can be used to develop a calibration process for direct shear
simulations.
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