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Abstract

The Finite-Discrete Element Method (FEM/DEM) is a promising tool to analyze the
tire-sand interactions. However, it usually requires a long driving distance to
investigate the tire running behavior on the sand road which will lead to a large-scale
simulation model. The Alternately Moving Road Method is proposed in this study to
reduce the size of the simulation model: the sand road which has been passed over by
the tire is removed and same size of road specimen is laid in front of the tire
simultaneously. This method possesses the ability to keep the road scale constant and
acceptable in the simulation of arbitrary length sand roads. Numerical model of tire
driving on sand road is established to verify the feasibility of the method. And the
simulation results are compared with the current experimental results to validate the
feasibility and effectiveness of the method.

Keywords: Alternately Moving Road Method, Tire-sand interactions, FEM/DEM,
Running behavior

1 Introduction

The in-depth study of the tire-sand interactions is significant to the design and
parameter match of off-road vehicles. Recently, as the rapidly developed of computer
technology, numerical method becomes an efficient and economic approach for the
research of this field. The Finite Element Method (FEM) and the Discrete Element
Method (DEM) are two frequently used methods. The FEM, which is based on the
continuous theory, possesses the advantage of describing the tire characteristics
[BIRIS et al., (2011); Cuong et al., (2013); Gonzd&ez Cueto et al., (2013); Li and
Schindler, (2013); Moslem and Hossein, (2014)], and the DEM is appropriate to
model the granular futures such as large displacement of the sand [Khot et al., (2007);
Knuth et al., (2012); Nakashima et al., (2007); Smith and Peng, (2013); Zhang et al.,
(2012)]. Thus, it is quite nature to use the DEM and the FEM together (FEM/DEM)
to taken into account the advantages of the two method in the investigation of tire-
sand interactions, where the sand can be modeled by using the DEM and the tire
model can be discretized into finite elements.

The FEM/DEM method has been used by David [David et al., (2001)], Nakashima
[Nakashima and Oida, (2004); Nakashima et al., (2008), (2009)] and Zhao [Zhao and
Zang, (2014a), (2014b)] to investigate the tire-soil interactions and proved to be an
effective tool. In these literatures, the discrete elements were contact with each other
and with the finite elements, and the contact detection was the most time consuming
part. Although various kinds of contact detection algorithms were applied by
researchers to improve the computing efficiency, it is still the bottleneck problem for
the application of this method due to large amount of discrete elements, especially for
a longish test road. In this study, the 3D FEM/DEM is applied to investigate the tire-
sand interactions and the Alternately Moving Road Method (AMRM) is proposed to
keep a constant number of discrete elements for the simulation of arbitrary length test
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roads.

The structure of the paper is as follows: Sect. 2 briefly introduces the basis for the
application of the FEM/DEM to the investigation of the tire running behavior on sand
terrain. Sect. 3 illustrates the principle of the AMRM according to two-dimensional
schematics. Sect. 4 presents the detailed FEM/DEM numerical example of a rigid tire
running on sand road, where the feasibility of the AMRM is also displayed. The
conclusions of this study are listed in Sect. 5.

2 The basis for analyzing tire running behavior by using FEM/DEM

The motions of the discrete elements and the finite element nodes are governed by the
Newton’s Second Law. For arbitrary element i, the equations are expressed by Eq. (1)
(used for both discrete elements and finite element nodes) and Eq. (2) (only used for
discrete elements).

m (d?y, / dt*) =F (1)

1;(d*6, 1 dt*) = M, (2)
where m; and I; are the mass and inertia moment of element i, respectively; u; and 6
are the displacement and the rotation angle of element i, respectively; F; and M; are
the total external force and centroidal moment of element i, respectively. Egs. (1) and
(2) are solved by the explicit finite difference method.

The contact models for elements are shown in Fig. 1, where h;; is the overlap of two
contact elements; vj, vj, @; and e; are the velocity and angular velocity of element i
and j, respectively; O;, O; are the mass center of the discrete element i and j,
respectively; C is the contact point of the elements; F, is the normal force, and F,
taken Coulomb friction law into account, is the tangential force among elements. Fp .
and F,, are the normal spring and the normal damping forces, respectively; Fs. and
Fs. are the tangential spring and the tangential damping forces, respectively. The
spring and damping forces are calculated by the Hertz-Mindlin theory [Balevicius et
al., (2004)] for both the two types of contact, where the finite elements are regarded
as spheres with infinite radius [Han et al., (2000)]; u« is the friction coefficient.

(a) Discrete elements model (b) Discrete and finite element model (c) Interaction forces
Figure 1. Contact models among elements

The concept of analyzing tire-sand interactions by using the FEM/DEM is illustrated
in Fig. 2. The discrete elements contact with each other and with the finite element
tire. Consequently, the tire drawbar pull N, vertical reaction force P and slip ratio s
can be derived from Egs. (3) - (5).

N=G-|R| 3)

P=>f, 4)
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where f is the contact force between the finite elements and the discrete elements; G=
> fy+ and R=Xf,. are the gross traction force and the resistance, respectively; v and @

are the translational speed and the angular velocity of the tire; r is the tire radius.
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Figure 2. The tire-sand analysis system by using the FEM/DEM
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3 The Alternately Moving Road Method

It is obvious that the sand outside a certain distance of the tire center have less
influence on the tire running behavior. Thus, during the tire running process, the sand
which is run over by the tire could be removed and new sand could be laid in front of
tire to form new road. Accordingly, the Alternately Moving Road Method is proposed
and the specific steps are as follows: first, the sand road sample, which is a section of
the whole road, is established. Then, the initial sand road is assembled by combining
two road samples in sequence. After that, the tire is placed on the sand road and starts
to run. The alternation is performed when the tire travels a proper distance. The
execution flowchart of the method is shown in Fig. 3, where T is the current
calculation time; Ty is the termination time, At denotes the time step of the explicit

time integration.
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Figure 3. The execution flowchart
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3.1 The establishment of sand road sample

Firstly, the discrete elements which are randomly distributed in a given domain are
generated. There might be contact among the elements but no overlaps, contact forces
or confining stress at this stage. Thus the elements should be rearranged to a steady
state under self-weight to simulate the real sand. The boundary of the domain is
constrained by rigid walls during the rearrangement process and the C-grid algorithm
[Williams et al., (2004)] is applied for the contact detection among the discrete
elements. The Discrete Element Set (DES) at the stable stage is the so-called sand
road sample (recorded as DES S), as illustrated by two-dimensional schematic in Fig.
4. To facilitate the descriptions later, the element sequence numbers in the schematic
are recorded as 1 ~ N; the coordinates of arbitrary element i are recorded as X: Sy, V:
Syi; the length of the sample is equal to a; The constraint boundaries of the rigid wall
are X: [0,a], Y: [0,b]. The contact detection regions for the C-grid algorithm are also
set to be X: [0,a], Y: [0,b].

A
Y

DES §

A

X a 0

Figure 4. The sand road sample
3.2 The assembly of the initial sand road

The initial sand road consists of two sand road samples mentioned in Sect. 3.1. The
sand road sample DES S is duplicated into two DESs and recorded as DES A, and
DES A;. The DES A and DES A; are arranged in sequence along the X direction to
assemble the initial sand road, as illustrated in Fig. 5. The total element number of the
initial sand road is 2N. This is realized by adding the constant value a to the X
coordinate of each element in DES A;. Simultaneously, the element sequence
numbers of DES A; are changed into N+1 ~ 2N. The coordinates of arbitrary element
i in DES Aj are X: Syinta, Y: Syin. Other parameters of the elements are unchanged.
The constraint boundaries of the rigid wall are altered into X: [0,2a], Y: [0,b]. The

contact detection regions for the discrete elements are also altered as X: [0,2a], V:
[0,b].

A
Y
b
DES Ai DES Ao
N X 2a < > 0
Initial sand road

Figure 5. The initial sand road
3.3 The Alternately Moving Road process
The tire is placed at the center position of the DES Ay, as illustrated in Fig. 6, and
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vertical load including self-weight of the tire and external load is loaded to the tire
mass center. A constant angular velocity » and corresponding translational speed v
are enforced to the mass center of the tire after the vertical reaction force between the
tire and the road is equal to the given vertical load. Then the tire starts to run along
the X direction under specific slip ratio conditions.

%
<— Tire A

@

DES Ax DES Ao

X 2a 0
< »

Initial sand road

Figure 6. Initial position of the tire

The Alternately Moving Road process is performed when the tire arrives at the
alternate point, where DES Ay has almost no influence on the tire running behavior
and the distal end of the DES A; is not serious damaged. In this study, the alternate
point is at the center position of the DES A; as illustrated in Fig. 7.
<«% 3| Tire A

"/l
. - Y
Alternate point @ ( 2
1

The distal end
™~ DES A1 DES Ao

A

X 2a 0
o »

Initial sand road

Figure 7. The alternate point for the AMRM

Then the elements of DES A, are removed and the road sample DES S (established in
Sect. 3.1) is duplicated again and recorded as DES A,. The element coordinates of
DES A, are altered by adding the constant value 2a to the X coordinate of each
element and the element sequence numbers are recorded as 1 to N. The coordinates of
arbitrary element i are X: S+2a, Y: Sy; after the alternation. Then, the DES A; and
DES A, form a new sand road, as illustrated in Fig. 8. The constraint boundaries of
the rigid wall are altered into X: [0,3a], Y: [0,b]. The contact detection regions for the

discrete elements are also changed into X: [0,3a], Y: [0,b].

Sand road after first alternation

‘Ll
-— . A
Tire
O Y
_______ - b
SA DES Ao
DES A2 DES A1 (Removed)

D X 3a 2a 0

< Initial sand road >

Figure 8. The first time of sand road alternation
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Repeat the alternate process along the tire running direction and the tire running
behavior on arbitrary length of sand road can be investigated with constant number of
discrete elements. The alternate principles are as follows: for the kth alternation, if k
is odd, the element sequence number is set to be 1~N; else if k is even, the element
sequence number is set to be N+1~2N; The coordinates for arbitrary element i should
be changed into X: S,+(k+2)a, Y: Sy; for k is odd, and to be X: Sy.n+(k+2)a, Y: Syi.n for
k is even; The constraint boundaries of the rigid wall and the contact detection regions
for the discrete elements should be changed into X: [ka,(k +2)a], Y: [0,b].

4 Numerical examples

Three-dimensional numerical model of tire running on sand road is established based
on the soil-bin experiment in [Shinone et al., (2010)] to validate the feasibility and
effectiveness of the AMRM in the investigation of the tire-sand interactions, where
the sand road is modeled by discrete elements and the tire is discretized into finite
elements. And the tire running behavior under different slip ratio is also investigated.

4.1 The sand road sample

Firstly, the discrete elements, which are randomly distributed in a given domain of X:
[0,735], Y: [0,480], Z: [0,280], are generated, as illustrated in Fig. 9. The friction

coefficient between the discrete element and the rigid wall is set to be 0.3. The
displacement contour of the discrete elements in Z direction during the rearrangement
process under self-weight is shown in Fig. 10. The time history of the total
gravitational potential energy (TGPE) is shown in Fig. 11. The value shows a
decreasing trend and tends to be stable after 1.1 s of rearrangement. Then the
rearrangement process is completed. The porosity value for the final state is about
0.32. The discrete element set is stored as the road sample. It should be noticed that
this paper is focusing on the validation of the effectiveness of the AMRM, thus the
radius range of the discrete element is 6~7 mm which is larger than the real sand.

Unit:mm

.
3

735 480

Figure 9. The configuration of the discrete element after the initial generation
Discrete element parameter: Young’s Modulus: 75000 MPa, Poisson’s Ratio: 0.3, Density:
2400 kg/m3, Element number: 45551, Friction coefficient: 0.3.
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Figure 10. The displacement counter of the discrete elements in Z direction
during the rearrangement process under self-weight (front view)
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Figure 11. Time history of the TGPE of the discrete elements
4.2 Models of the initial sand road and the tire

The initial sand road consists of two road samples as illustrated in Fig. 12. The model
size parameters are refer to the soil-bin experiment in [Shinone et al., (2010)]. The
discrete element number is 91102, the length of the initial sand road is 1470 mm
which is two times of the sand road sample illustrated in Sect. 4.1. The parameters of
the discrete elements are the same as the ones in Sect. 4.1.

[0)

Unit: mm

DES A: DES Ao

Sand road "\

(a) Front view (b) Left view
Figure 12. The models of the initial sand road and the finite element tire
Parameters of the tire: Young’s Modulus: 2 MPa, Poisson’s Ratio: 0.49, Density: 1800 kg/m®,
Element number: 1344.
The tire is placed on the sand road. Vertical load of 1295 N including the self-weight
of the tire and the external vertical load is loaded to the center of the tire. The tire



sinks onto the sand road until the vertical reaction force between the tire and road
reached 1295 N. Afterwards, constant angular velocity of 0.5 rad/s and corresponding
translational speed are enforced to the tire center, and the tire travels towards the X
direction under 30% slip ratio. The tire deformation is neglected for the given
experimental inflation pressure of the tire in [Shinone et al., (2010)]. The friction
coefficient between the tire and the sand road is set to be 0.4.

4.3 The alternately moving road process

The tire running along the X direction and the alternation of the sand road is
performed when the tire running a distance of k*735 mm, where k is alternate times.
The displacement counter of the discrete elements in Z direction during the traveling
process is shown in Fig. 13: Fig. 13(a) is the initial configuration; Fig. 13(b) shows
the rut of the tire at time 0.777 s; when the tire travels a distance of 735 mm, the first
alternation is performed, as shown in Fig. 13(c); then, the tire continues to move, and
the rut of the tire at 1.58 s is shown in Fig. 13(d); After 1470 mm of travel, the second
alternation is performed, as illustrated in Fig. 13(e); The total tire traveling distance is
1560 mm, and the final configuration is shown Fig. 13(f). During the running process,
the length of the sand road keeps a constant value of 1470 mm, the total number of the
discrete elements keeps a constant value of 91102.

The simulation is carried out on a PC. The principal characteristics of the PC are Intel
Core i3-2100 1.58GHz (CPU), 2.00GB (RAM) and Windows XP Home Basic SP3
32bit. The elapsed time for the above numerical test is approximately 72 hours.
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Figure 13. Displacement counter of the discrete elements under the rolling tire in
30% slip ratio
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4.4 Tire running behavior

Fig. 14 shows the vertical reaction force as a function of the traveling distance under
the 30% slip ratio condition. It can be seen that the vertical reaction force shows an
abrupt fluctuation at the initial stage. The possible reason is that there is a vertical
downward velocity when the tire was placed on the sand road (see Sect. 4.2 for detail),
this lead to an impact between the tire and the road. Afterward, the tire vertical
reaction force tend to be stable and its value fluctuates around 1295 N which is the
given load value.

1950 -

1300 -

Vertical reaction force /(N

0 200 400 600 200 1000 1200 1400 1600
Traveling distance /{num)

Figure 14. The vertical reaction force during the traveling process

Fig. 15 shows the drawbar pull as a function of the traveling distance under the 30%
slip ratio condition. Analogous to the abrupt fluctuations of the vertical reaction force,
the drawbar pull also shows a dramatic fluctuation at the initial stage because the tire
traction force G is proportional to the vertical reaction force. After that the drawbar
pull value is relatively stable without any abrupt fluctuations at the alternate point and
its value fluctuates around 75 N. The possible reason for the fluctuations of the
drawbar pull is the large radius values of the discrete elements.
350 4
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Figure 15. The tire drawbar pull during the traveling process

Fig. 16 shows the tire sinkage value as a function of the traveling distance under the
30% slip ratio condition. It can be seen that the tire sinkage value increases
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dramatically at the initial stage due to the unbalance vertical force acting on the tire.
Then its value fluctuates around the value of 45 mm and there are no abrupt
fluctuations at the alternate point.

Trawveling distance /(rum)
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Figure 16. The tire sinkage during the traveling process

Fig. 17(a) presents the flow trend of the discrete elements in the X-Z plane under the
rolling tire with 30% slip ratio. Herein, the velocity vectors of the elements are used
to display their flow trend. It can be seen that the flow trend can be divided into two
areas: the forward area flow in clockwise direction due to the bulldozing force of the
tire and the rear area in anticlockwise direction because of the traction force of the
rolling tire (digging effect). This result agrees qualitatively with the experimental
result [Zhuang, (2002)] as illustrated in Fig. 17(b).

(a) Simulation result (b) Experimental result [Zhuang, (2002)]
Figure 17. Flow trend of the sand particles under a rolling tire

A constant angular velocity of 0.5 rad/s and corresponding translational velocity for
different slip ratios according to Eq.(5) are loaded to the mass center of the tire to
further analyze the influence of the slip ratio on the tire running behavior. Fig. 18
illustrates the tire equivalent sinkage values (the average sinkage value under each
slip ratio) as a function of the slip ratios. It can be seen that the equivalent tire sinkage
values are rise with the increase of the slip ratio. And the trend becomes steeper when
the slip ratio is larger. This agrees qualitatively with the experimental results in
[Shinone et al., (2010)]. However, the simulation results are larger than the
experiment results. The possible reason is that the parameters in this study are
decided by a trial and error preliminary computation to ensure the numerical stability
at this stage. And the selection of the microscopic parameters among the discrete
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elements has strong effects on its macroscopic mechanics.
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Figure 18. The relation between tire sinkage and slip ratio

Fig. 19 illustrates the equivalent values (the average drawbar pull value under each
slip ratio) of the drawbar pull as a function of the slip ratios. It can be seen that the
drawbar pull shows an increasing trend when the slip ratio is less than 25%, and its
value tend to be stable when the slip ratio is larger than 25%. Such whole developing
trend agrees qualitatively with the experimental result in [Shinone et al., (2010)]. It
should be noticed that there is a large difference between the simulation results and
the experimental results when the slip ratio is less than 15%. The possible reason for
this phenomenon is the larger translational speed of the tire for the smaller slip ratio
condition according to Eq. (8), and this leads to larger tire bulldozing resistance. The
drawbar pull values have a little decrease after the slip ratio value is larger than 35%.
This is because the bulldozing force is even larger due to the larger tire sinkage
values under these slip ratio conditions. It should also be noticed that all the drawbar
pull values are smaller than the experimental results because of the larger sinkage
values, as shown in Fig. 19, which leads to larger bulldozing resistance.
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Figure 19. The relation between tire drawbar pull and slip ratio
4.5 Discussions

As can be seen from the Fig. 14, Fig. 15 and Fig. 16, the alternate moving road
process is stable and effective for the simulation of tire running behavior on arbitrary
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length sand roads.

As can be seen from Fig. 17, Fig. 18 and Fig. 19, the tire slip ratio has strong effect
on its running behavior. The sinkage value of the tire rises with the increases of the
slip ratio due to the tire traction effect (digging effect). This leads to the increase of
the bulldozing resistance which is the main resistance for tire running on sand road.
The drawbar pull shows a steeper increasing trend when the slip ratio is less than 25%
and the values tend to be stable when the slip ratio is larger due to the dramatically
increase of the resistance under these slip ratio conditions.

The comparisons between the simulation results and current experimental results
show that the FEM/DEM is a straightforward and effective tool to investigate the tire
running behavior on sand road, where the flow trend of the sand particles under a
rolling tire, the drawbar pull and the sinkage of the tire and the dynamic parameters
such as vertical acceleration value of the tire can be obtained expediently and
reasonably.

5. Conclusions
From the above investigation, following results can be obtained:

(1) The Alternately Moving Road Method is proposed and applied to the FEM/DEM
simulation of tire running behavior on the sand road. This method possesses the
ability of simulating arbitrary length of sand road with constant discrete element
numbers. Numerical simulation results show that the method is stable and effective.

(2) The tire running behavior such as the normal reaction force, tire drawbar pull, tire
sinkage and flow trend of the sand particles can be obtained conveniently by the
FEM/DEM. The comparisons between the simulation and current experimental
results show that FEM/DEM s an effective and promising approach to simulate the
tire running behavior on the sand terrain. The current research work is not only
appropriate for the tire-sand interactions, but also suitable for the investigation of
other terramechanics problems such as soil cultivation process.

Plans for the future work are to improve the accuracy of the method. The size effect
of the discrete elements and the new discrete element interaction models considering
the rolling resistance [Ai et al., (2011); Jiang et al., (2005); Kuhn and Bagi, (2004)]
should be investigated.
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