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Abstract

Cable shovels are used in surface mining operations to achieve economic bulk production capacities. The
service life of the crawlers and their shoes define shovel reliability, maintainability, availability and efficiency. The
crawler track-terrain interaction generates high time-fluctuating contact forces that result in stress buildup, crack and
fatigue failure of crawler shoes. In addition, the link pins that connect two crawler shoes can exert large fluctuating
pin loads on shoe lugs leading to shoe breakage. This paper addresses fundamental research into contact forces
acting on crawler shoes, joint forces generated in the link pin and total deformation of the formation during shovel
propel. During propel, the crawler track is controlled by two drive constraints that cause the crawler to follow
straight or turning motions. A virtual prototype simulator of the crawler-terrain interaction dynamics is developed
and simulated within the MSC ADAMS environment. The simulation results show that the average penetration
depth for different crawler shoes is within the range of 5.9 and 6.7 cm for both types of driving constraints.
During translation, the maximum magnitude of contact forces along vertical, longitudinal and lateral directions
have respective values of 5.9 x 10°N, 5.5 x 10°N and 1.7 x 10°N. During turning, the crawler track experiences
varying bouncing and rolling motions causing maximum magnitude of vertical and lateral contact forces on the
crawler shoes to increase 1.15 and 1.42 times the maximum translation values. The total deformation of oil sand
terrain for the two motions fluctuates between -0.24 and 0.26 cm and between -1.03 and 1.33 cm, respectively.
This study provides solid foundation for further studies on dynamic stress and fatigue failure analysis of crawler

shoes during shovel propel and loading operations.

Keywords: Surface mining; Crawler-terrain interactions; Multi-
body dynamic theory; Crawler contact forces; Terrain deformation;
Virtual prototype simulation

Introduction

Cable shovels are widely used in surface mining operations. The
lower works of this shovel comprise propel and crawler systems, which
support the upper body and attachment as shown in Figure 1 [1]. The
crawler tracks are made up of crawler shoes that are connected together
by link pins to form a continuous chain [2]. The multi-body dynamics
study on the interaction between the shovel crawler track and the terrain
for large shovels in surface mining operations is not widely available in
the open literature. This study is important to determine crawler shoe
kinematics, contact forces between crawler tracks and ground and
reaction forces at the link pin joint between adjacent crawler shoes. The
track-terrain contact forces and pin loading forces play a major role in
the fatigue life modeling and analysis of crawler shoes that make up
the crawler track assembly. Nakanishi and Shabana (1994) [3] in their
study on 2-D hydraulic excavator model of KOMATSU PC120 tracked
vehicle, used spring-damper in force model to calculate contact force
between track and roller, track and sprocket and track and ground. The
horizontal friction force between the track and terrain was modeled
using the Coulomb friction model. Choi et al. and Lee et al. [4,5]
extended the 2-D study of Nakanishi and Shabana [3] to 3-D contact
force models of a hydraulic excavator. Their study reported impulsive
nature of the normal contact force and tangential frictional force when
the track link interacts with the ground and other components of
vehicle.

Rubinstein and Hitron [6], in their 3D multi-body simulation of
M113 armored carrier tracked vehicle, developed user-defined force
elements to describe track-terrain interaction. The sinkage results
during loading and unloading track link with constant sinking velocity
showed ground penetration increasing from 0 to 10 cm. Ryu et al. [7]
developed compliant track link models for the numerical investigation

of military tracked vehicle. The interaction between the track shoe and
ground was modeled using the contact force by Choi et al. [4]. Their
simulation results showed that the track links of the crawler chain are
subjected to large fluctuating contact forces.

Madsen [8] examined tracked hydraulic excavator ground propel
using MSC ADAMS. The interaction between track and ground was
defined using the contact force model in ADAMS. The simulation
results for the reaction force developing at one of the pin joint
connecting two track links showed large spikes in their values. Ma
and Perkins [9] used a commercial multi-body dynamics code, DADS,
to assemble the continuous and multi-body track vehicle model for
a large mining shovel crawler. They studied 2-D dynamic contact
between track and sprocket during the propel motion and presented
crawler shoe - sprocket contact forces and reaction forces acting on the
pin that connect adjacent crawler shoes. Frimpong et al. [10] developed
tire-road contact force model to calculate normal reaction, lateral
resistance, longitudinal reaction and self-aligning torque acting on
dump truck tire. They calculated normal force based on road stiffness
and damping characteristics, lateral resistance using normal force and
coeflicient of lateral resistance, and longitudinal reaction based on
normal force and coefficient of friction. They found that the contact
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Figure 1: 4100C Boss Electric Shovel [1].

force on the rear tire is greater than on the front tire.

Frimpong et al. [11] developed virtual prototype simulators in
MSC ADAMS to examine the GAP (ground articulating pipeline)
torque requirements and GAP carriage-oil sand terrain interactions.
They used a contact force model similar to that in [10] to account for
GAP track-oil sands interactions. They also used flexible oil sand model
to illustrate the dynamic deformation of oil sand terrain under GAP
carriage motion. Frimpong and Thiruvengadam [12,13] formulated the
kinematic and dynamic equations of motion that govern the two types
of propelling motion of the shovel crawler track (P&H 4100C BOSS
Electric Shovel in Figure 1) on flexible oil sand terrain based on multi-
body dynamics theory. Their study developed the 3-D virtual prototype
simulator of crawler track interacting with oil sands terrain within
MSC ADAMS and reported the simulation results for crawler track
shoe kinematic quantities (linear and angular displacement, velocity
and accelerations). In this paper the time varying contact forces that are
used as an input to calculate crawler shoe kinematic quantities reported
in Frimpong and Thiruvengadam [12,13] are presented.

Rigid multi-body dynamics of crawler-terrain interactions

Figure 2 shows the geometry of crawler track assembly interacting
with oil sand terrain. The track is modeled using the crawler track
dimensions for the P&H 4100C Boss in Table 1. The crawler track is
assembled from crawler shoes connected together by two link pin joints.
One link pin is made a spherical joint and the other link pin is made
a parallel primitive joint to create equivalent revolute joint between
two crawler shoes. The crawler shoe model is generated in Solidworks
based on the actual crawler shoe model for P&H 4100C Boss shovel
[14]. Similarly, the oil sand terrain is made up of spring- damper-oil
sand units connected to four adjacent oil sands units by spherical joints
[10]. The stiffness (k) and damping (c) values of oil sand terrain are
listed in Table 2. Only the open track chain of the crawler assembly, in
contact with the ground Figure 1, is used for this study. More details
on the dimensions, joints and material properties of crawler shoe and
oil sand units can be found in Frimpong and Thiruvengadam [12,13].

The global coordinate system is located at the left corner of the oil
sand terrain at point O as shown in Figure 2. The position of the center
of mass of crawler shoes 1 - 13 and oil sand units 15 and 64 at time t =
0 with respect to the global coordinate system are listed in Table 3. The
joint locations of spherical and parallel primitive joints between each
crawler shoes are listed in Table 4.

Governing equations of motion and solution methodology

The kinematic and dynamic equations of motion that govern the

propelling motion of the rigid crawler track on oil sand terrain based
on multi-body dynamics theory [15,16] can be found in Frimpong
and Thiruvengadam [12,13]. Frimpong and Thiruvengadam [12,13]
presented kinematic equations governing pin joints between adjacent
crawler shoes, spherical joints between adjacent oil sand units and
motion constraints applied on crawler shoes and oil sand units.

The free body diagram of a crawler shoe i with inertia forces in
dynamic equilibrium with external and joint constraint forces is shown
in Figure 3 [16,17]. The external forces acting on the crawler shoe # i
are the gravity force (m'g) due to self-weight of the shoe, uniformly
distributed load (w') due to machine weight and contact forces F', T’
due to interaction between crawler shoe i and ground as shown in Figure
3. The joint forces at the spherical joints ( £, 7" and F*"*', T""" ) and
parallel primitive joints (F, .7, " and F,""",T,""") are also shown
in Figure 3 For 63 interconnected rigid multi-body system shown in
Figure 2, the differential-algebraic equations of motion can be written
from Shabana and MSC [16,18] as in equation (1).

Mii+K/A=Q,+Q,
K(u,7)=0 6)

M - Mass matrix of the system; u - vector of system generalized
coordinates; K - constraint equations due to joints and applied motion;
Q, - Applied forces; Q, - gyroscopic terms of the inertia forces.

Frimpong and Thiruvengadam [13] presented detailed formulation
for the generalized inertia and external forces acting on the crawler
shoes and oil sand unit. They also discussed solution methodology
used in MSC ADAMS to solve the dynamic equations of motion
along with kinematic equations to simulate the 3-D virtual prototype
model of the crawler track propelling on the oil sand terrain and
reported simulation results for crawler track shoe’s linear and angular
displacement, velocity and accelerations. However, that study did not
present the solution results for the external forces, which are used as
an input in the determination of crawler shoe kinematic (linear and
angular acceleration, velocity and displacement) quantities.

Figure 2: Crawler track assembly interacting with the ground.

Width of Crawler Shoes 3.505m
Width of Crawlers 128 m
Length of Crawlers 11.6 m

Table 1: Crawler dimensions of P&H 4100C Electric Shovel [1].

Stiffness (k) (MN/m) Damping (c) (kN-s/m)
20 120

Table 2: Oil sand properties [11].
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Part Name Part No. Center of Mass Global Position (m)
X y z
2 10.1291 9.2901 0.2025
3 10.7848 9.2901 0.2025
4 11.4406 9.2901 0.2025
5 12.0963 9.2901 0.2025
6 12.7521 9.2901 0.2025
7 13.4078 9.2901 0.2025
Crawler Shoes 8 14.0635 9.2901 0.2025
9 14.7193 9.2901 0.2025
10 15.3750 9.2901 0.2025
1 16.0308 9.2901 0.2025
12 16.6865 9.2901 0.2025
13 17.3423 9.2901 0.2025
14 17.9980 9.2901 0.2025
Oil sand unit 15 35 35 1.0
64 66.5 315 -1.0

Table 3: Position of crawler shoes and oil sand units at time (t = 0).

Link Pin 1 Global Position (m) Link Pin 2 Global Position (m)

Parts No. (Spherical Joint) (Parallel Primitive Joint)
X y z X y z

Parts 2-3 10.4379 8.68 0.25 10.4379  10.03 0.25
Parts 3-4 11.0936 8.68 0.25 11.0936 10.03 0.25
Parts 4-5 11.7493 8.68 0.25 11.7493 10.03 0.25
Parts 5-6 12.4051 8.68 0.25 12.4051 10.03 0.25
Parts 6-7 13.0608 8.68 0.25 13.0608 10.03 0.25
Parts 7-8 13.7166 8.68 0.25 13.7166 | 10.03 0.25
Parts 8-9 14.3723 8.68 0.25 14.3723  10.03 0.25
Parts 9-10 15.0281 8.68 0.25 15.0281 10.03 0.25
Parts 10-11 15.6838 8.68 0.25 15.6838 10.03 0.25
Parts 11-12 16.3396 8.68 0.25 16.3396 | 10.03 0.25
Parts 12-13 16.9953 8.68 0.25 16.9953  10.03 0.25
Parts 13-14 17.6511 8.68 0.25 17.6511 10.03 0.25

Table 4: Crawler shoe link-pin locations at time (t = 0).

Figure 3: Dynamic equilibrium of the rigid crawler shoe, i.

The gravity force and distributed load on each crawler shoes are
constants and are entered directly into the MSC ADAMS as user
input. The contact force however acting on each crawler shoes is a
time varying force and is calculated using the inbuilt contact force
algorithm in MSC ADAMS. The contact forces consist of normal force,
frictional force and frictional torque. Figure 4 shows the contact forces

(F -normal, F-tangential and T-torque) developing between track
shoe i and ground [11,17]. These forces will act on the crawler shoe
shoe bottom surface at a point I [18] as shown in Figure 4. The normal

force vector F'=[F,, Ey, F,,]" acting at point I for the crawler shoe

i, shown in Figure 4, is calculated using the impact function model in
MSC ADAMS. In this model, when two solid bodies come in contact
with each other a nonlinear spring damper system is introduced to
determine the normal force [18,19,20].

.k —c,, X% Step(x,0,0,d,1)if x >0
FN:{ (2)

0 ifx<0

The coulomb friction model in Adams is used for the calculation

of tangential friction force vector Fi=[F,, F,, FT:}[ shown in Figure
4. Based on this model, the frictional force acting at point I can be
expressed as equation (3) [11,18,19].

F;=u(V,)F, 3)

(V) = friction coefficient defined as a function of slip velocity
vector Vs at contact point I [18,19]. The contact parameters listed in
Table 5 are used in the study for calculating normal and tangential
forces. The contact force on crawler shoe i is the vector sum of normal
and frictional forces given by equation (4).

F' =F, +F! (4)

The friction torque T'about the contact normal axis shown in
Figure 4 impedes any relative rotation of shoe i with respect to the
ground [19]. This torque is proportional to the friction force F;' [19].

0
T :ERF} (5)
R = radius of the contact area.

The time varying contact forces are presented for two types of
propelling motion constraints imposed on the crawler track [12]. In
the first motion type, the crawler track is given only translation motion,
and in the second type, the crawler track is given both translation and
rotation motion. In addition, the crawler shoe joint constraint forces
and torques and total deformation of the oil sand terrain are presented

Figure 4: Contact forces on crawler shoe, i.

Normal Force Friction Force

Contact Stiffness (k, N/m) 1.0E+08  Static Coefficient (u,) 0.4

Max. Contact Damping (c, .. . -

N-s/m) ma 1.0E+04 Dynamic Coefficient (u,) 0.3
Static transition velocity

Force Exponent (e) 2.0 0.01
(V, mis)

Max. Penetration Depth (d, m) = 1.0E-04 R}'”m‘s‘? transition velocity ) 4

o

Table 5: Contact parameters used in the study [10,18].
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as part of the solution to the equations of motion. The normal and
frictional contact force results play a major role in the dynamic stress
analysis and subsequent fatigue study of the flexible crawler shoes. The
reaction forces and torque acting at the crawler shoe joints represent
the loading at the pin joint and has a direct bearing on the link pin wear
and tear which in turn will impact the crawler shoe fatigue life [2].

Results and Discussions

The virtual prototype of the crawler track assembly shown in Figure
2 is modeled in MSC ADAMS [12] to simulate the crawler propel
action on oil sand terrain for the two types of motion constraints. The
virtual simulation is carried out for the time period of 10 s and the
resulting dynamic variation of contact forces on each crawler shoes,
reaction forces from the crawler shoe joints and total deformation of
the oil sand terrain are presented in this section for the two motion
constraints.

Case 1: Only translation: The comparison of the time distribution
of crawler shoe sinkage into the oil sand and sinkage velocity at the
contact point is shown in Figures 5a and b for Parts 2, 5, 8, 11 and 14.
These values are used in the calculation of contact normal forces acting
on each crawler shoes. Parts 2, 5, 11 and 14 always lie on the same oil
sand unit during its 10 s propel motion and hence they have continuous
variation in penetration depth. Part 8 lies on both oil sand units 7 and
12 (Parts 21 and 26) at the beginning of simulation. The MSC ADAMS
contact algorithm for Part 8 detects one intersection volume between
0 - 4.1 s and three intersection volumes between 4.1 - 5.3 s in oil sand
unit 7 (Part 8_OSUnit 7 in Figure 5a). This is because, at 4.1 s, Part 8
is at the edge of the oil sand unit 7 and, at 5.3 s, Part 8 has completely
left the oil sand unit 7 and lies only on oil sand unit 12 (Part 8_OS Unit
12 in Figure 5a) for the rest of the simulation time. During the 10 s
propel, Part 8 has only one intersection volume in oil sand unit 12 and
has continuous penetration depth variation with time as in Figure 5a.
It can also be seen that all crawler shoes have oscillations in their values
during the entire translation motion. This is due to the bouncing, rolling
and pitching motion induced by the stiffness and damping properties
of the oil sand. The sinkage and sinkage velocity distributions show
that a maximum continuous penetration depth fluctuation of 4.0 to 7.4
cm and a maximum sinkage velocity fluctuation of -0.48 to + 0.56 m/s
occurs for Part 8 when transition from oil sand unit 7 to 12 occurs. It

can also be found from Figure 5 that the average penetration depth in
the ground for each crawler shoe is between 5.9 - 6.7 cm.

The normal force vector (F) variation with time along x, y and z
directions is shown in Figure 6. These values depend on the stiffness
and damping characteristics of nonlinear spring damper system
introduced in MSC ADAMS when two bodies come into contact with
each other. They also depend on sinkage and sinkage velocity variation
with time shown in Figure 5. It can be seen from Figure 6 that the
normal force is dominant in the z-direction for all the crawler shoes.
It can also be seen that, with the exception of Part 8, the other crawler
shoes have negligible normal force contribution in the longitudinal (x)
direction. When Part 8 lies on both oil sand units 7 and 12, the normal
force develops component along x direction and, when Part 8 moves
completely to oil sand unit 12 at 5.3 s, the normal force component
along this direction becomes negligible as shown in Figure 6a. This
generation of normal force for Part 8 between 0-5.3 s is compensated
by a decrease in the normal force in the z-direction for that period of
time as shown in Figure 6¢. The normal force component in y-direction
(Figure 6b) for all the crawler shoes is small and negligible. The
maximum magnitude of normal force along the longitudinal (x), lateral
(y) and vertical (z) directions are given by 2.3 x 10° N, 842.1 N and 5.9 x
10° N, respectively. The magnitude of maximum averaged normal force
along x, y and z directions are given by 50249.4 N, 657.9 N and 4.56 x
10° N, respectively.

The comparison of variation of slip velocity vector with time at the
contact point on five different crawler shoes is shown in Figure 7. The
large fluctuations in the slip velocities can be seen from Figure 7. The
slip velocity vector is tangential to the normal force vector shown in
Figure 6. The components of slip velocity vector along the x, y and z
directions determine the coefficient of friction values which is used in
the calculation of tangential or frictional forces at the contact point on
each crawler shoes. It can be seen from Figure 7b that the slip velocity in
the y-direction is small compared to the slip velocity in the x-direction
Figure 7a. The slip velocity is approximately zero for Parts 2, 5, 11 and
14 in the z- direction but for Part 8, a large slip velocity develops in that
direction due to discontinuity in the terrain when Part 8 moves from
oil sand unit 7 to 12 as shown in Figure 7c. The maximum average slip
velocities in the x, y and z-directions are 0.077 m/s, 0.00066 m/s and

Figure 5: Sinkage and sinkage velocity of different crawler shoes.
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Figure 6: Normal forces on different crawler shoes.

Figure 7: Slip velocities of different crawler shoes.
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Figure 8: Frictional forces on different crawler shoes.

Figure 9: Frictional torque on different crawler shoes.

0.0064 m/s, respectively.

The comparison of time variation of frictional force vector at the
contact point is shown in Figure 8. The components of frictional force
vector along x, y and z directions are calculated using the friction
coefficient (estimated from the slip velocity) and normal force. It can
be seen that the frictional force is dominant in the x-direction with an
average magnitude of 1.1 x 10° N. The frictional force fluctuates in the
y-direction with a maximum mean value of 5860 N. For Parts 2, 5,11 and
14, similar to normal force being negligible in the x-direction (Figure
6a), the tangential force is negligible in the z-direction (Figure 8c). This
is because normal force vector is nearly perpendicular to x-y plane
and tangential force vector lies on the x-y plane. However, for Part 8

similar to normal force developing large component in the x-direction
between 0 and 5.3 s (Figure 6a), the tangential force vector also develop
large component along the z-direction during the same time period as
shown in Figure 8c with a maximum mean value of 11,887 N. This is
due to normal force vector not being nearly perpendicular to x-y plane
(contact force diagram in Figure 4) when Part 8 moves from oil sand
unit 7 to 12 between 0 and 5.3 s. This increase in the tangential force in
the z direction leads to a decrease in the frictional force in x direction
for Part 8 as shown in Figure 8a. The maximum magnitude of frictional
force along the longitudinal (x), lateral (y) and vertical (z) directions
are given by 2.2 x 10° N, 1.73 x 10°N and 7.82 x 10* N, respectively.

The variation of frictional torque about the contact normal axis
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Figure 10: Contact forces on different crawler shoes.
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Figure 11: Reaction forces and torques on different crawler shoe joints.

Figure 12: Total deformation of oil sand terrain.

Figure 13: Sinkage and sinkage velocity of crawler shoe 10.

with respect to time is shown in Figure 9. The frictional torque develops
when the crawler shoe has angular velocity about contact normal force
axis (axis along which normal force vector (F,) acts. This torque is
proportional to the frictional force vector (F,) perpendicular to the
normal force vector (F,) and retards relative rotation between crawler

shoes and oil sand [18]. It can be seen from Figure 9 that the frictional
torque variation with time is similar to frictional force distribution
along the y-direction (Figure 8b). This torque mainly retards the
angular velocity of crawler shoes about the vertical z-axis. The
maximum magnitude of this frictional torque is about 75707.9 N-m
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Figure 14: Normal forces on crawler shoe 10.

Figure 15: Slip velocities of crawler shoe 10.
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Figure 16: Frictional forces on crawler shoe 10.

Figure 17: Frictional torque on crawler shoe 10.

and the maximum average magnitude for this torque is 3058.1 N-m.

The contact forces acting along x, y and z directions with respect to
time are plotted in Figure 10. These values are obtained by summing the
normal force (Figure 6) and frictional force (Figure 8) in the respective
directions. It can be seen that the contact forces in each direction
fluctuates around a mean value for all crawler shoes. However, for Part
8 which moves from oil sand unit 7 to 12 between 0 and 5.3 s from
the start of the propelling operation, separate contact forces develop
with each oil sand unit as shown by two different curves for Part 8 in
Figure 10. It can be seen from Figure 10b that the lateral sliding force
is oscillating around the mean value close to zero. The maximum

magnitude of the averaged longitudinal (x), lateral (y) and vertical (z)
contact forces are 1.3 x 10° N, 5866.4 N and 4.6 x 10°N, respectively. It
can be seen from Figure 10 that the maximum magnitudes of contact
forces along longitudinal, lateral and vertical directions are 5.5 x 10° N,
1.7 x 10° N and 5.93 x 10° N, respectively. The distribution of contact
forces shows transient fluctuating forces acting on each crawler shoes
that could build dynamic stress distribution in them leading to crack
and eventual fatigue failure.

The reaction forces and moments induced at the spherical and
parallel primitive joints connecting Parts 2 and 3, 5and 6, 8 and 9, 11
and 12 and 13 and 14 is shown in Figure 11. Since no reaction torques is
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Figure 18: Contact forces on crawler shoe 10.
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Figure 19: Reaction forces and torques on joints connecting crawler shoe 10 and 11.

Figure 20: Total deformation of oil sand terrain.

produced at the spherical joint, only the reaction forces along x, y, and
z directions for spherical joint are shown in Figures 11a-c. Similarly,
since no reaction force are generated along the x, y, and z directions
at the parallel primitive joint, only the reaction torques about x, y and
z axes induced at the primitive joint is shown in Figures 11d-f. It can
be seen from Figure 11a that the reaction force along the x-direction
on the spherical joint is dominant in comparison with forces in the
other two directions (Figures 11b and 11c). This is due to the imposed
translation driving constraint on crawler shoe 13 (Part 14) pulling the
crawler track with prescribed velocity to maintain straight line motion
in the global x-direction.

Similarly, the reaction torque about z-axis (Figure 11f) on the
primitive joint is larger in comparison with torque about x and y
axes (Figures 11d and 11e). The magnitude of maximum joint load or
reaction force induced at the spherical joints along x, ¥, and z directions
are2.4 x 10°N, 1.4 x 10° N and 1.4 x 10° N, respectively. The maximum
torque at the primitive joints about x, y and z directions is 1.3 x 10°
N-m, 4.0 x 10* N-m and 1.5 x 10° N-m, respectively. The maximum
average reaction forces along x, y and z- directions are 1.4 x 10° N, 6490
Nand 8.4 x 10* N, respectively. The maximum average reaction torques
about x, y and z-directions are 5.2 x 10* N-m, 1.8 x 10* N-m and 8.6 x
10°N-m, respectively.

The time variation of total deformation of the oil sand ground

due to straight line translation motion of the crawler track is shown
in Figure 12. This value is obtained by summing all the deformations
of the spring-damper oil sand units [11]. It can be seen from Figure 12
that during translation, the total deformation of the terrain fluctuates
between 0.26 and -0.24 cm from its equilibrium value. The maximum
deformation of 0.26 cm occurs at 6.58 s from the start of propel (i.e.
after the crawler has attained its maximum translation velocity of
0.1 m/s at 5 s). When the crawler starts propelling at this maximum
velocity, the total deformation fluctuation gradually decreases and
attains an oscillating stable value between 0.13 and - 0.14 cm after 8.5 s
as shown in Figure 12.

Case 2-Translation and rotation: In this case the shovel translates
and turns with a prescribed velocity as discussed in kinematics
part of this paper [12,13]. Due to space limitations, only results
obtained for crawler shoe 10 (Part 11) is plotted and compared with
the corresponding results from translation only motion type. The
comparison results for other crawler shoes will have the same general
behavior.

The comparison of penetration depth of crawler shoe 10 into the
oil sand ground is shown in Figure 13a. The large bouncing motion
of the crawler track during the unsteady period of the turning motion
(between 5.2 — 10.0 s) causes the penetration depth of crawler shoe 10
to range from around -5.43 to -7.67 cm while for translation motion

J Powder Metall Min
ISSN: 2168-9806 JPMM, an open access journal

Volume 4 « Issue 2 + 1000135


http://dx.doi.org/10.4172/2168-9806.1000135

Citation: Frimpong S, Thiruvengadam M (2015) Contact and Joint Forces Modeling and Simulation of Crawler-formation Interactions. J Powder Metall

Min 4: 135. doi:10.4172/2168-9806.1000135

Page 13 of 14

type this value ranges from -6.04 to -7.15 cm as shown in Figure 13a.
However the average value of sinkage depth is approximately 6.57 cm
for both types of motion. The time variation of sinkage velocity shown
in Figure 13b for turning motion follows the behavior of penetration
depth shown in Figure 13a. It can be seen for translation motion the
sinkage velocity ranges between -0.3231 to 0.3023 m/s. But for turning
motion this value ranges between -0.6076 m/s to 0.5346 m/s.

The time variation of normal force along x, y, and z axes for both
motion types for crawler shoe 10 is shown in Figure 14. The normal force
has zero contribution along the longitudinal direction (x-axis) for both
driving contraints as shown in Figure 14a. The normal force along the
y and z-directions shown in Figures 14b and 14c for both motion types
is similar except after halfway through the simulation time between 5.0
- 10.0 s where large unsteady behavior during turning motion increases
the maximum magnitude of y and z normal force by 1.15 times in
comparison with the corresponding magnitudes experienced during
translation motion. The average magnitude of normal force along y and
z directions for Part 11 remains approximately the same at 650 N and
4.3 x 10° N for both motion types.

The comparison of slip velocities of crawler shoe 10 is shown in
Figure 15. It can be seen from Figure 15a that the slip velocity in the
x-direction for both motion types has similar behavior and fluctuates
with an average velocity of around 0.08 m/s. This is due to the same
translation constraint being applied for both motion types. Due to
rotation driving constraint, the slip velocity in the y-direction for
turning motion is larger in comparison with translation motion as in
Figure 15b. The average y-slip velocity for turning motion is 0.027 m/s
and that for translation is close to zero. The slip velocity in z-direction is
shown in Figure 15c¢ although an order of magnitude larger for turning
in comparison with translation can still be neglected since their values
are too small to cause large frictional forces in that direction.

The comparison of the frictional forces for both motion types is
shown in Figure 16. It can be seen from Figure 16a that the frictional
force along x-direction during turning motion is similar to that of the
translation motion. The frictional force along y-direction for turning
shown in Figure 16b follows the y-slip velocity (Figure 15b) induced
by the lateral sliding arising from rotational constraint on the crawler
track. This causes large lateral frictional force during turning when
compared with only translation. The frictional force along z-direction
shown in Figure 16¢ for both motion types is negligible in comparison
with their values along x and y directions. The maximum frictional
force along y and z directions during turning is 1.4 times the value for
only translation motion. The average values of the friction force along
yand z directions during 10 s turning is approximately 30 times larger
than the average values predicted for translation in these directions.

The comparison of frictional torque on crawler shoe 10 is shown
in Figure 17. It can be seen from Figure 17 that the frictional torque
for turning motion is predominantly acting in the clockwise direction
(negative torque) in comparison with the fluctuating positive and
negative torque induced for translation motion. This shows that the
frictional torque is trying to prevent the rotational motion of the crawler
track caused by the rotational driving constraint provided for turning.
The maximum value for this torque is 9.2 x 10*N-m (clockwise) which
is nearly 1.9 times larger than the maximum clockwise torque predicted
for the translation motion. The average magnitude of the frictional
torque acting on Part 11 during turning motion is nearly 130 times
larger than the average torque developed during translation motion.

The time variation of resultant contact forces along x, y and z

directions for the two types of motion constraints is shown in Figure
18 for crawler shoe 10. During turning, it can be seen that the contact
force along x and y directions (F, and F,) shown in Figures 18a and b
is similar to x and y frictional force distributions shown in Figures 16a
and b. Hence frictional force dominates in the longitudinal and lateral
direction for crawler shoe 10. Similarly the contact force for turning in
the z-direction (F,) shown in Figure 18c is similar to z-normal force
distribution (Figure 14c). Hence normal force dominates in the vertical
direction. Figure 18 also shows that the maximum contact force along
the longitudinal, lateral and vertical directions for turning are roughly
0.93, 1.42 and 1.15 times the values for translation. The average contact
force along x and z directions is approximately the same for both
motion types. But the magnitude of the average contact force along
y-direction has increased from 1030 N for translation to 54,300 N for
translation with rotation. The prescribed rotational motion on Part 14
causing the crawler track to slide laterally on the oil sand is responsible
for this increase in the lateral force (F,).

The comparison of reaction force and torque induced at the
spherical and primitive joints that connect Parts 11 and 12 is shown in
Figure 19. The reaction forces along x and z-directions for turning have
similar behavior as translation as shown in Figures 19a and 19c. The
reaction force along y-direction is large during turning and directed
opposite to the sliding direction of the crawler track as shown in Figure
19b. The maximum reaction forces on spherical joint along x, y and z
directions for turning are 0.91, 2.88 and 1.01 times the maximum value
obtained for translation. Figures 19d-f show that in comparison with
translation, the turning of the crawler track also increases the reaction
torque about x, y and z axes on the primitive joint connecting Part 11
and Part 12. The maximum reaction torques acting at the primitive
joint about x, y and z axes for turning are 1.13, 2.91 and 2.76 times
larger than that predicted for translation. The average reaction forces
acting along x, y and z directions for turning are 0.93, 34.0 and 0.8
times the values predicted for translation motion in these directions.
Similarly, the average reaction torque about x, y and z axis are 0.82, 1.81
and 2.3 times the average values obtained for translation.

The deformation of oil sand terrain for the crawler track turn is
plotted in Figure 20. During the start of the simulation between 0 and
4.5 s, the deformation behavior is similar to translation motion type
also shown in Figure 20 for comparison purpose. But between 4.5
and 10.0 s, the unstable bouncing, rolling and pitching motion of the
crawler causes the total deformation of oil sand to fluctuate between
1.33 and -1.03 cm from the equilibrium position. It can be seen from
Figure 20 that the maximum total deformation of oil sand from the
equilibrium position during turning is 5 times larger than that induced
during translation.

Conclusions

A 3D virtual prototype of crawler track propel on the oil sand
terrain is developed and simulated in MSC ADAMS. The simulation
is carried out for two types of prescribed motion constraints on the
crawler track. In the first motion type, the crawler track translates in
the longitudinal direction with a prescribed velocity. In the second
motion type, the crawler translates and rotates with prescribed velocity
to produce turning motion. The track-terrain interaction is modeled
using the contact force formulation in MSC ADAMS. The dynamic
simulation of the crawler track propel for 10 s for both motion types
show oscillations in the values of penetration depth, contact forces,
joint forces and oil sand deformation. The penetration depth of crawler
shoe in the oil sand terrain has an average value between 5.9 and 6.7 cm
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for both motion types. During translation, the maximum magnitude
of the contact forces acting on the crawler shoes along longitudinal,
lateral and vertical directions are 5.5 x 10° N, 1.7 x 10° N and 5.9 x 10°
N, respectively. Similarly, the joint loads on the link pin along these
directions are 2.4 x 10N, 1.4 x 10° N and 1.4 x 10° N, respectively.

The addition of rotational constraint to the existing translation
constraint on the crawler track causes large unsteady behavior during
the middle of the turning motion. This large unsteady behavior
increased the magnitudes of maximum lateral and vertical contact
forces by 1.42 and 1.15 times its translation value and the maximum
oil sand deformation from 0.26 cm for translation only to 1.33 cm
for turning motion. The change in magnitude of the average contact
forces during the turning motion is negligible in the longitudinal and
vertical directions while its value along the lateral direction increased
from 1,030 N for translation to 54,300 N for turning. The joint force
maximum magnitude for the turning motion along longitudinal and
vertical directions remains approximately the same as the translation
motion while along lateral direction it increases by 2.9 times the value
predicted for translation motion.
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