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Abstract: As a result of the technical development of agriculture, machines with very high axle loads
appeared in the fields and on farm roads. As a result, subsurface soil pressure values will also increase, which
will ultimately put increased stress on underground pipelines and other structures. In our paper, we show the
possibility of modelling the problem using explicit dynamical methods by means of a simple example.
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1. Introduction

(Keller and Or 2022) demonstrated that while surface contact stresses remained nearly constant over the
course of modern mechanization, subsoil stresses have propagated into deeper soil layers. It can be assumed
that this will lead to an increase in the load on the subsurface structures.

Because of the complexity of the structure-soil interaction, buried underearth structures (i.e. pipes) and
surrounding soils jointly bear external loads (Bildik and Laman, 2019). The simplified analytical model if
the soil pressure considers the soil prism above the subsoil structure (Yu et. al. 2022), and by considering the
soil density and “wall” friction the equilibrium of infinitesimal soil slices results a differential equation which
has a solution giving the load on a pipe buried in depth H to be

1- e_ZfTKH
M= TTORK

where gy, is the vertical pressure, H is the cover depth, B is the trench width, y is the unit weight of the
backfill, f is the soil-soil friction coefficient and K is the Rankine active soil pressure coefficient. This model
is not suitable for the determination of the pressure load arising from the wheel rolling on the surface of this
soil-pipe structure.

Several experimental investigations were made for determining the pressure load of buried pipes.
Shmulevich et al. (1986) carried out experimental studies and showed that soil pressures have approximately
parabolic distribution. Talesnick and Frydman (2018) measured the soil pressure on a 0.8 m-diameter pipe
during installation and varied traffic loading.

Several authors have worked on modelling this phenomenon using the finite element method. (Ahmed et
al., 2015) evaluated the effect of geogrid on the soil pressure. (Wu et. al. 2021) made sensitivity study
regarding the FE model of soil — pipe interaction. (Kang 2019) analysed the effect of imperfect trench
installations. The effect of internal friction has been studied by (Whidden 2009). (Zamanian et. al. 2020)
considered the influence of hydrostatic pressure on the yield strength and shear dilatancy of the soil.

Analytical solutions of this problem adequate for taking into account even the acceleration of the moving
wheel do not exist, this is why our focus has turned towards the application of explicit dynamics modelling
method. Instead of soil mechanics relations based on the results of classical continuum mechanics, explicit
dynamical methods using the computational power of modern computing tools can provide a more accurate
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picture of the load conditions. For modelling the problem, we will use the so-called discrete element
modelling method. The discrete element method was developed for rock mechanics in the late 1970s (Cundall
and Strack, 1979). The method, which was later developed further, has now become suitable for modelling
almost any problem where granular materials interact with their environment or with each other. Such a
problem is the effect of soil pressure on underground structures. Using the potential of the new method, it is
also possible to model the load variations caused by a moving wheel passing over the pipeline.

2. The discrete element method

For modelling the mechanical behaviour of the granular material, EDEM discrete element software was used.
In the discrete element model the simulation evaluates the contact forces according to the “Hertz-Mindlin no
slip” contact model: the material and interaction parameters have their effect on the normal- and tangential
forces. These forces and moments acting between the interacting soil particles in the form of the following
equations [2].

The normal force is calculated using

4 3 5 InCp
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1% s the equivalent Young modulus of the two interacting soil particles, & is the
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overlap between these two soil particles. This normal overlap represents the normal deformation of a particle.

The normal overlap & between two particles i and j at positions x; and x; (where x is the distance measured

on the line connecting the centres of the two overlapping particles) with radii R; and R; is defined as: § =

RiR

Ri + R] — (x] — xi). RO = R11+;2

normal component of the relative velocity of the soil particles.
The tangential force can be calculated as

5 InC;-
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where Gi =2y Zgﬁ is the equivalent shear modulus of the two interacting soil particles, &; is the
2
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tangential overlap between the two particles and v is the tangential component of the relative velocity of
the soil particles. The tangential overlap is the tangential displacement of the contact point up to the point at
which the contact ends or the particle begins to roll or slip. The tangential overlap represents the tangential
deformation of a particle. The tangential force is limited by Coulomb friction uFE,, where u, is the coefficient
of static friction.

The moment from rolling friction is M,. = —u,.FyR;w;, where R; is the distance of the contact point from
the centre of the i-th soil particles and w; is the unit angular velocity vector, which is a dimensionless quantity
representing only the direction of rotation of the i-th soil particle. u, is the coefficient of rolling friction. The
tangential force also has moment on the particle: M; = F;R;.

According to (Potyondy and Cundall, 2004), from t > t,,,q (from the time, when bonding is “turned on”)
at contact points and at points which are closer to each other than a pre-defined distance (called bonded disk
radius) particles are glued to each other by bonding bridges. Bonds of finite stiffness can exist at contacts,
and these bonds carry load and can break. An applied macroscopic load is carried by the grain and “glue”
skeleton in the form of force chains that propagate from one grain to the next across grain contacts, some of
which may be filled with “glue”. The forces arising in these bonding bridges can be calculated by taking into
account their deformation and their material properties.

The bonding forces/moments acting on the particles are set to initial value zero, and are adjusted
incrementally every time step:

is the equivalent radius, m, = % is the equivalent mass and v, is the
1 2

§F, = —,S,Abt,
§F, = —v,S,Abt,
oM, = —w,S;Jdt,
SM, = —wSy 2 8t
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where A = R2m, | = %Rgn. Rp is the radius of the glue, S, , are the normal and shear stiffness per unit

area, dtis the timestep, v,, . are the normal and tangential velocities of the particles and w,, ; are the normal
and tangential components of the angular velocity vector.

The bond is broken when the normal or tangential stress exceeds some predefined value (the strength of the
bonding bridges):

F, 2M;
o< _Xn+TRBmaXI
T< _;+7R3max

These bonding forces/torques are in addition to the standard Hertz-Mindlin forces.

During the simulations, the linear- and angular momentum theorem is used to write the equation of motion
for all the individual particles resulting multiple number of differential equations to be solved in a sufficiently
large number of time steps. The used time step has a great impact on the stability of the numerical model.
We selected for the simulation 25% of the Rayleigh-type time step:

1
St = 0,25T; = 0,25 - (0.1631v + 0,8766) 1R (g—")z
14

It is important to consider that the quality of the obtainable solution could sensitively depend on the value
of this time step used during the simulations. The same time step must be used during the calibration process
of the discrete element model and during the simulations.

3. Materials and Methods

Among the possible explicit dynamic modelling procedures, the discrete element method was used to study
the phenomenon. A very important advantage of the modelling procedure we have chosen is that it can also
track the wheel separation under load conditions during wheel motion. This is not possible at all with
analytical methods and is rather difficult with solutions based on the finite element method.

3.1. The discrete element model

The discrete element model of the soil-wheel-pipe structure can be seen on (Figure 1). The model consists of
a D=420mm finned rigid wheel, approximately 45000soil particles and a radius R=100mm half pipe created
from 10 segments to make it possible to determine the soil pressure distribution on its surface. The soil depth
under the wheel was approximately 2000mm, which is quite small, but our goal was only to demonstrate the
possibilities of DEM modelling.

Time: 3.22001 s
Compresstve Force (1)

4.06e+001

3.25e+001
2.44e+001
1.63e+001

2.13e+000 ¥

I 0.00e+000

Figure 1. DEM model of the soil — wheel — pipe structure, particle-particle compressive force is shown
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For the discrete element model of soil, we used the following calibrated (based on the modelling of the
standard shear test) data from (Keppler et. al. 2015):
e Poisson’s ratio v, = 0.25, v, = 0.3
e Shear modulus G, = 107Pa, G, = 8 - 10° Pa,
e Density p, = 3000 kgm™, p, = 7500 kgm?,
e Coefficient of restitution: C,,_,, = C;.;—, = 0.5,
e Coefficient of static friction u,_, = 0.9, u,_, = 0.3,
e Coefficient of rolling friction Hepp = 0.01, uyp—r = 0.01.
And for the bonded soil model we used:
Normal stiffness: S,, = 10° Nm,
Shear stiffness S, = 10° Nm?,
Critical normal stress 0,4, = 1.5 - 10° Pa,
Critical shear test 7,,,,, = 8- 10° Pa,
Bonded disk radius Rz = 0.006m.

Subscript p means particle, t means other structural elements in the model. The bulk material particles were
created as a clump of two spheres having 2 mm radiuses and 1.5 mm distance between the two spherical
surfaces resulting one clumped particle. The whole geometrical configuration involved periodic boundaries
in x and y directions (see Figure 1.). This means quite similar “infinite” extent of the model to the direction
perpendicular (y) direction of the figure and behaves like the plain strain model in classical continuum

modelling. The kinematical parameters of the wheel were v, = 0 initial velocity and a = 0.47 sz constant

acceleration. This resulted the rolling of the wheel above the pipe without sliding. We used 25% of the
Raileigh time step during the DEM modelling calculations.

3.2. Data analysis

After the running of the simulations, we analysed the pressure distribution arising on the surface of the pipe
segments. On Figure 2. you see the pressure overload of the topmost horizontal segment of the pipe caused
by the rolling wheel.

=Y

[F8)

Pressure overload [-]

[§*]

Time [s]

Figure 2. Pressure overload caused by the wheel rolling over the pipe
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The pressure overload was calculated as the pressure arising from the soil resting above the pipe divided
by the pressure caused by the rolling wheel. Of course, this value highly depends on the axle load (in our
case it was 500N), but the goal of this article is to demonstrate the capabilities of the DEM modelling, so the
concrete value is not so important for us. The cause of the pressure overload is the change in the force
distribution between the soil particles (Figure 3.).

-

Figure 3. Particle force distribution vector field above the pipe segment
4. Results

Having all these data for all the pipe segments, we created the pipe wall overload diagram, by calculating the
maximal pressure overload for all pipe segments. It is worth to note, that by using this method we have the
chance to find the maximal overload values for all the separate pipe segments, although these quantities
appear in different positions of the wheel for each segment.

Figure 4. Pipe segments for pressure distribution data

Figure 5 shows the pressure overload values on all the pipe segments listen on Figure 4.
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Figure 5. Pressure overload of the different pipe segments.

The results of the numerical simulation show that the highest overload is expected at the top of the pipe.
This shows a good match between the results of the exercise and the "expected" physical behaviour as Zhou
et al. (2011) and Li (2017) who studied the 0.61 diameter and 0.1 m-diameter pipes, respectively, and both
depicted that the soil pressure is the largest at the pipe crown and has roughly parabola distribution.

5. Conclusions

What we found was that the side of the tube towards which the wheel was approaching was subjected to
much higher loads than the other side, and the highest overload is expected at the top of the pipe.

The method presented here provides a more detailed picture of the mechanical processes occurring in the
granular assemblies and about their interaction with the structures under investigation than the classical
analytical solutions. Our primary objective in this article was to investigate the applicability of the DEM-
based method. It follows that the results obtained can only be applied in practice after further experimental
and numerical analysis. However, we have been able to demonstrate that the application of DEM-based
methods can be realistic in the field of the present study. Of course, the applicability of the specific numerical
results requires a number of further tests.
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