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Abstract: Vehicles often experience low tire pressures and high torques in off-road operations, making
tire–rim slip likely. Tire–rim slip is undesirable relative rotation between the tire and rim, which,
in this study, is measured by the relative tire–rim slip rate. There is little research on the effect of
different terrains on tire–rim slip despite its significance for off-road driving; therefore, this topic
was explored through Finite Element Analysis (FEA) simulations. An upland sandy loam soil was
modelled and calibrated using Smoothed-Particle Hydrodynamics (SPH), and then a Regional Haul
Drive (RHD) truck tire was simulated driving over this terrain, with a drawbar load added to increase
drive torque. To examine their effects, five parameters were changed: tire–rim friction coefficient,
longitudinal wheel speed, drawbar load, vertical load, and inflation pressure. The simulations
showed that increasing the tire–rim friction coefficient and the inflation pressure decreased the
tire–rim slip while increasing the vertical and drawbar loads increased the tire–rim slip. Varying the
longitudinal wheel speed had no significant effect. Tire–rim slip was more likely to occur on the soil
because it happened at lower drawbar loads on the soil than on the hard surface. These research
results increased knowledge of tire–rim slip mechanics and provided a foundation for exploring
tire–rim slip on other terrains, such as clays or sands.

Keywords: tire–rim slip; SPH soil; FEA tire; terramechanics; tire–rim friction

1. Introduction

Tire and soil modelling has a long history in the field of automotive engineering.
However, one specific area that has seen somewhat less attention and is therefore worth
studying is the tire–rim interface. This study will focus particularly on the influence of
terrain on relative motion at the tire–rim interface, also known as tire–rim slip.

The importance of tire–rim slip for off-road driving is reflected by the existence of a tire–
rim slip test procedure, ASTM F2803, originally developed by the military for qualifying the
tires of off-road vehicles [1,2]. Furthermore, several manufacturers have released service
bulletins for diagnosing tire–rim slip, indicating that it is an important fault condition
affecting vehicle performance [3,4]. Therefore, it would be beneficial to extend previous
work on simulating tire–rim slip on a hard surface [5] to include the effects of a different
terrain on the tire–rim slip, namely upland sandy loam. Useful simulation results will
require the latest modelling methods for the tire, contact, and soil models; therefore, a
review of the development of each of these areas is in order.

Early tire models such as the Magic Formula tire model by Pacejka [6], the string
tire model [7], and the work on terrain modelling by Wong [8] attempted to combine
both analytical equations and empirical data to create efficient and simple mathematical
models. However, since the beginning of the 21st century, more advanced and powerful
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computer-enabled numerical models have grown in popularity; therefore, they will be the
main focus of this brief literature review.

One of the first applications of Finite Element Analysis (FEA) for modelling tires was
on space shuttle landing gear [9]. Those efforts used a rather simple tire composed of
nonlinear shell elements, with a novel internal energy formulation developed to represent
rubber hysteresis during the loading/unloading of a static tire. Later, FEA models were
created specifically for passenger vehicle tires in order to simulate crash scenarios and
improve crash safety [10,11]. However, researchers recognized that tires made from a single
layer of shell or membrane elements, while very efficient computationally, had unrealistic
deformation behaviours such as cupping and mesh entanglement [10,11]. The solution
was to create a more detailed tire model using different types of elements like beams and
solids to represent the different tire parts, such as the bead, plies, and tread. This was
implemented successfully in multiple studies [10–14], with each researcher using a slightly
different approach.

Of particular relevance for the present research is previous FEA work on the tire–
rim interaction. This is a relatively under-researched area of tire modelling, and to the
authors’ knowledge, there have been fewer published developments in this area compared
to others, such as rubber materials [15,16] or tire-road friction [17,18]. One reason for the
low number of publications is that in most driving conditions, the likelihood and influence
of tire–rim slip is low, assuming that the tires are properly mounted and inflated; thus,
it is computationally expedient to assume a rigid connection and focus the simulation
resources on other, more relevant parts of the tire model. In multiple current studies,
the variable nature of the tire–rim interaction is ignored [14,19,20], and a fixed or tied
connection between the tire and rim nodes is used instead of a contact algorithm. However,
in some cases, this limitation and the possibility for improvement with a more detailed
contact definition are acknowledged [19]. Using a tire–rim contact algorithm, even a simple
one, therefore advances the field.

One of the first uses of FEA for studying the tire–rim interface was for tire and bead
fitment [21]. It was found that different factors, such as the inflation pressure, rim profile,
and bead shape, had an impact on the total holding friction between the tire and rim.
This included characterizing the tire–rim contact pressure distribution, which has been
conducted for other tires more recently [21–24]. The method of modelling the tire–rim
interface was also important, and the multiple contact surface algorithm with friction was
preferred over gap elements and oblique boundary conditions [22].

With the development of advanced multiple surface or multi-body contact algorithms
for general applications, they have become the preferred method due to their flexibility
and accuracy [12,25]. The symmetric node-to-segment type contact definition in the PAM-
CRASH environment is an example of this [26]. Node-to-segment means that the nodes of
one mesh surface are checked for penetration of the line segments of the other mesh surface
at each time step, forces are applied, and positions are updated using a penalty method [26].
This is a well-established way of modelling multi-body contacts [27]. Symmetric simply
means that the nodes of each surface are checked against the segments of the other surface,
which takes more computation but is more reliable at detecting collisions than a one-
sided check.

Furthermore, an important part of the tire–rim and tire-ground contacts is the choice of
friction model, as previous studies have demonstrated [21,23]. A Coulomb friction model
characterized by a single friction coefficient was chosen intentionally based on the models
available in the PAM-CRASH environment. Due to the challenges involved in measuring a
precise friction coefficient for real-world conditions, the friction coefficient µ was treated as
a variable following previous research [21,23]. Despite its simplicity, a Coulomb friction
model is still capable of simulating the important stick-slip phenomena [28]. Recent research
on the tire–rim interaction used Coulomb friction models for several topics: validating a
semi-analytical tire model for rim loading [13] and numerically estimating the effect of
radial impacts [29]. These contact models used a friction coefficient of 0.5 based on a study
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from 1994 [22], which is indicative of the slow development of tire–rim research. Coulomb
friction was also a component of a multiscale analysis of tire-pavement interaction [30]
and simulations on tire–soil interactions [20]. Thus, while there is certainly room for
improvement in friction modelling, the Coulomb model is a good starting point that is
consistent with current research.

In contrast, there have been multiple developments in the soil side of tire-terrain mod-
elling. Early studies such as those conducted by Bekker et al. [31] and Reece [32] focused
on equations for predicting terramechanics characteristics with empirically determined
coefficients, such as the well-known pressure-sinkage and maximum shear stress equations
(see 2.5 Soil Modelling and Calibration). Later, the focus shifted to theoretical models
of the soil itself, such as the dynamic Bekker [33] and continuum models [34–36]. In the
dynamic Bekker model, the soil was discretized as a set of nodes supported by nonlinear
spring elements, which allowed the Bekker stress equations to be easily applied to the
normal pressure at each soil node. Variations of this method have been implemented in
FEA environments as well [33]. The continuum model, on the other hand, treats the soil
as a continuous body made up of solid elements with an elastic–plastic-based material
formulation [34]. This model can work well for simulating the behaviour of harder soils [35]
but does poorly for softer terrain since the compaction and shearing of soil particles are
unaccounted for [35,36]. These empirical and theoretical soil modelling methods set the
stage for modern methods which take full advantage of computer abilities.

Two popular modern methods are the Discrete Element Method (DEM) and the
Smoothed-Particle Hydrodynamics (SPH) method. These were developed mathematically
previously but have only been applied to tire-terrain interactions in the last two decades [37].
Both methods differ from traditional continuum-based FEA methods in that each soil
particle is treated as a distinct particle that can move freely and interact with any other
particle in its neighbourhood. This computationally intensive particle-based approach
is only feasible with the use of powerful computing hardware. DEM was originally
developed for modelling the behaviour of large aggregates like gravels [38] and has since
been improved to the point where it was adapted for modelling the terrain in the Next-
Generation NATO Reference Mobility Model (NG-NRMM) [39]. DEM is based on contact
between large, granular particles often shaped like spheres. It is highly accurate since
nanoscale frictions and tangential interactions between soil particles can be modelled, but
it requires optimization at each time step and is thus highly computationally intensive,
resulting in coarse particle simulations with runtimes much greater than real-time [33,37].
A strength of DEM is that it can easily account for differences in soil particle shapes, sizes,
and their rotational interactions. However, the high computational cost of these detailed
particles means that there are significant constraints on the size and quantity of the particles
used [33,37].

SPH, on the other hand, was originally developed for modelling astronomical gas
clouds, and hence, it can handle a larger number of particles [40]. The SPH particles,
however, do not have a physical size or shape but instead interact with their neighbours
based on a dynamic quantity called the smoothing length [26]. The particles share state
properties with other particles within their local neighbourhood and transfer forces to FEA
nodes via a contact algorithm [26,41]. While SPH is not as accurate at the small scale as
DEM, it is much more realistic than a continuum soil model and is currently pursued as
a desirable intermediate complexity model [42]. It has also been used to model a wide
variety of soil types, including sand, clay, wet sand, and snow [20,34,35,43]. Due to the
high number of parameters needing calibration, both DEM and SPH soil models require
the comparison of simulated tests like pressure-sinkage and shear with tests on the real
soils to ensure the accuracy of the model [33,43].

The FEA software PAM-CRASH(Version. 2022) from ESI Group was used recently
to study tire-terrain interactions [20,34,35,43]. The approach was based on a Goodyear
Regional Haul Drive (RHD) truck tire model with multiple element types calibrated with
simulated versions of vertical stiffness and drum-cleat tests. The RHD tire’s dynamics
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were simulated on a wide variety of terrains, including sands, clays, moist soils, flooded
surfaces, and snow, modelled using FEA and SPH techniques [20,34,35,43]. Furthermore,
mathematical models were developed using genetic programming and neural network
methodology to predict longitudinal and lateral tire forces based on different parameters
such as inflation pressure, vertical load, speed, steering angle, and terrain type [20,43]. This
work demonstrates the applicability and effectiveness of the FEA method for tire-terrain
interaction studies, including the present study on the influence of terrain on tire–rim slip.

Current trends in soil modelling have focused on applying AI to more accurately pre-
dict terrain properties from cone index data [44] and efficiency improvements in computer
architecture and intermediate-complexity algorithms to bring terramechanics simulations
closer to real-time [42] so that they can be better applied to military and autonomous
mobility studies. Thus, the use of an SPH soil model is in keeping with both current best
practices and research trends.

Many topics have been studied so far in the field of terramechanics, such as terrain
modelling, tire forces, autonomous navigation, and the behaviour of tracked vehicles. A
topic that has received little attention, however, is the effect of different terrains on the
tire–rim interaction. The contact surface between the tire and rim at the bead is very
important since it is responsible for transmitting all of the translational and rotational forces
between the tire and rim. Often, this interface is not of interest because there is a sufficiently
strong connection for ensuring that there are no losses in power transferred between the
tire and rim, and the two behave as a single unit. However, operating conditions such
as low tire pressures and high torques can cause rotational motion of the tire relative to
the rim (tire–rim slip) and a loss of power. Such operating conditions are more likely to
occur in off-road driving, where tires are commonly run with low pressures to increase the
tire-ground contact surface, and high torques are required for navigating uneven terrain.
Thus, there is value in collecting evidence for whether or not tire–rim slip is more likely
on soil than a hard surface, and performing a simulation-based study using soil, tire, and
contact modelling methods current to the field to investigate this question is appropriate.
The purpose of this study, therefore, is to determine whether or not tire–rim slip is more
likely on soil and the associated differences in the tire–rim slip behaviour.

2. Materials and Methods
2.1. Tire Model

The FEA tire model used was modified from the Goodyear 315/80R22.5 RHD truck
tire model created and validated by Slade [34]. Slade treated the tire–rim interface as a rigid
body since the focus was on tire dynamics and determining rigid ring model parameters.
The FEA tire model was composed of multiple types of elements, including shells, solids,
beams, and multilayer membranes for the tire carcass [34]. The tire was then created by
rotating the cross-section depicted in Figure 1 sixty times.

2.2. Contact Model

A new contact was defined at the tire–rim interface to mimic the tire–rim slip. The
components of the tire–rim contact definition are depicted in Figure 1. On the tire side,
there were two solid elements, the sidewall and bead filler, while on the rim side, the entire
ledge part of the rim formed part of the contact to prevent the tire elements from passing
through the solid rim. A symmetric node-to-segment type contact was computationally
efficient and effective for the contact between solid and shell elements. The symmetry of
the contact meant that nodes on each side of the contact were checked for penetration of
the other side, reducing penetration compared to a one-way contact. Symmetric contacts
like this have been used in existing research [25] and are recommended for crash analysis
in LS-DYNA [45]. A contact thickness of 0.5 mm was found by trial and error to be the
smallest thickness that still avoided penetration.
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Figure 1. Tire–rim contact definition, various components, and cross-section of the FEA tire model
(adapted from [5]).

Additional contacts were also needed to define the interactions between the tire and
the SPH soil, as well as the SPH soil and the box created to contain the soil (Figure 2). The
soil box was defined as a rigid body made of null shell material and had a non-symmetric
contact with the SPH soil, with a contact thickness of 2 mm and a friction coefficient of 0.6.
The tire–soil contact included the entire tire and rim (except the hub) and had the same
parameters as the soil–box contact, except that the contact thickness was increased to 5 mm.
All of the contacts used a simple Coulomb friction model with a constant friction coefficient
µ. This means that the peak tangential force transmitted through the contact was µFz. This
friction model was chosen due to its simplicity and ease of implementation, in contrast to
realistic friction models, which are substantially more complex [23].
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Realistic friction models take into consideration the microstructure of the contacting
surfaces and the physical mechanisms by which forces are applied, and energy is trans-
ferred/dissipated between contacting molecular structures. Energy dissipation in rubber is
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viscoelastic; therefore, the effects of sliding speed, temperature, and normal load need to
be considered [46]. Since the Coulomb friction model used in this study does not include
these effects, the tire–rim contact forces at high tire–rim slip rates may be overestimated.
Furthermore, heat generation during the slipping process is known to decrease the friction
coefficient [47] and would thus increase the instantaneous rim slip. Predicting the exact
effects would require a thermal-friction model, which is beyond the scope of this study but
would be a possible avenue for future research.

2.3. Boundary Conditions

To control the behaviour of the tire and soil models, a range of loads and constraints
were applied; the most significant of these are displayed in Figure 2. Global constraints
included gravity and an initial period of nodal damping to reduce oscillation in the results.
Both the soil boxes and rims were treated as rigid bodies with a Center of Gravity (COG)
node, and the soil boxes were fixed in place. The edge of the other three degrees of freedom
for COGs was fixed, but they could rotate around the y-axis and translate in the x and
z directions. Three loads were applied to the rim COG: a vertical load Fz, a horizontal
drawbar load Fx, and a constant angular velocity ωrim. Fz represented the weight of the
vehicle resting on that tire, Fx represented the towed weight used in a tire–rim slip test [1]
and ωrim was used to impose a specified longitudinal speed Vx on the driven tire–rim
combination. Additional loads were the constant surface pressure pin f applied to the inside
of the tire carcass to represent the inflation pressure, and nodal damping applied to some
of the carcass sidewall elements to simulate the viscous effects of the tire rubber. The
magnitude of this sidewall damping depended on the inflation pressure and resulting
vibration modal frequencies of the tire [48], but in this case, the sidewall damping had little
effect due to the low speeds used for the soil simulations and the large damping effect of
the soil itself.

The total simulation time was 1.5 s, with an initial time-step of 1 × 10−6 s, after which
the time steps were determined adaptively by the solver. There are two reasons for this
length of total simulation time. First, it helps the simulation run in a reasonable amount of
real-time (approx. 12 h), considering the small time-step and large number of SPH particles
to be simulated. Second, this amount of simulation time is sufficient for the tire model to
reach steady-state and complete at least 3 revolutions for taking a good steady-state average
of the results. All of the loads were fully applied within the first 0.4 s. The results were
taken from the largest steady-state region between 0.5 and 1.5 s. Five different simulation
parameters were then varied, as listed in Table 1, to determine their independent effects on
the tire–rim slip. In a given simulation run, four of the parameters were set to the default
value, while the fifth took on a discrete value within the range in Table 1. The default
values were purposely chosen to characterize a simulation where tire–rim slip was likely,
with a high drawbar and vertical loads and a low inflation pressure and tire–rim friction
coefficient. This was conducted in order to obtain results showing the transition region
from rim-slip to no rim-slip. Also, the high loads reflect the parameters used in ASTM
F2803 for physically qualifying the rim-slip performance of tires [1].

Table 1. Parameters varied for tire–rim slip simulations.

Parameter Range Default Value

Vx 5–60 km/h 10 km/h
µ 0.1–0.9 0.2
Fx 20–90% 60%
Fz 13–41 kN 41 kN

pin f 276–758 kPa 379 kPa

2.4. Tire–Rim Slip Measurement

Tire–rim slip was measured by a new quantity called rim-slip (irim), which was calcu-
lated from the angular velocities of the tire and rim (ωtire and ωrim) via Equations (1) and
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(2) [5]. Equation (1) was used to obtain the results presented here since a positive torque
was applied to rotate the rim at a steady speed. ωrim was an input to the simulation while
ωtire was measured using the COG of a small rigid body added to the sidewall (Figure 2).

accelerating irim =
(

1 − ωtire
ωrim

)
× 100% (1)

braking irim =
(

1 − ωrim
ωtire

)
× 100% (2)

In order to make the drawbar load behave like a real rolling-resistance-based load,
which goes to zero when it stops moving, a sensor was included that switched off the
drawbar load when the wheel COG’s velocity relative to the soil box dropped below 0.036
km/h. The inclusion of this sensor resulted in a simple control effect that ensured the wheel
became virtually stationary once the tire slipped on the rim.

2.5. Soil Model and Calibration

The soil chosen for simulation was an upland sandy loam, characterized using the
Bekker equation coefficients in Table 2 reported by Wong [8]. These coefficients form
Equations (3) and (4), which characterize the pressure-sinkage and shear stress behaviour
of the soil:

p = (
kc

b
+ kϕ)zn (3)

τmax = c + ptan ϕ (4)

where z is the vertical soil sinkage in m, b is the contact patch size in m, p is the normal
pressure applied to the soil in kPa, τmax is the maximum shear stress in kPa, and the other
coefficients (see Table 2) are determined from empirical curve-fitting [8].

Table 2. Bekker equation coefficients obtained from upland sandy loam measurements [8].

Coefficient Units Value

n none 1.10
kc kN/mn+1 74.6
kϕ kN/mn+2 2080
c kPa 3.3
ϕ deg 33.7

The soil was simulated in PAM-CRASH 2013 using SPH elements, whose parameters
were calibrated following the method of El-Sayegh et al. [49]. In this calibration method,
pressure-sinkage and direct-shear tests were simulated, as shown in Figures 3 and 4.
The soil was loaded at a range of pressures from 0 to 200 kPa, and then the maximum
vertical sinkage and the maximum shear stress were extracted and plotted to form a set
of curves describing the behaviour of the simulated soil. The simulated soil curves were
then graphically and quantitatively (using R2 and MSE metrics) compared with the curves
generated by plotting Equations (1) and (2) through the same range of pressures. The
parameters of the SPH soil model were varied through a series of trials until a trial with
sufficient closeness to the measured curves was found. The final parameters used in the
tire–rim slip simulations on the upland sandy loam were a density of 1.40 g/cm3, an elastic
modulus of 0.27 MPa, a yield strength of 0.012 Mpa, a shear modulus of 6.0 Mpa, and a
bulk modulus of 25 Mpa.
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Figure 4. Section through which the direct-shear test simulation is set up.

3. Results

This section describes the independent effects of the five varied parameters on the
amount of tire–rim slip on the upland sandy loam soil. Comparisons are also made with a
hard surface in order to determine the terrain on which tire–rim slip is more likely to occur.

3.1. Effect of Longitudinal Wheel Speed

The wheel’s longitudinal speed was the first parameter whose impact on tire–rim slip
was examined. Figure 5 illustrates how little the longitudinal wheel speed affected the
percent rim-slip, which remained nearly constant at all speeds. This effect was repeated
for each of the different drawbar loads, with the exception of one outlier under the 40%
drawbar load, 60 km/h condition. Both the 40% and the 60% drawbar loads caused 100%
rim slip to occur, and presumably, a higher drawbar load of 90% would also cause 100%
rim slip on the soil. Therefore, in the interest of acquiring greater information, the third
speed-variation simulation was run with a lower drawbar load of 20% (orange line), which
showed 0% rim slip. Thus, it can be concluded that the transition from 0% to 100% rim-slip
occurs at lower drawbar loads between 20% and 40%.
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Figure 5. Impact of drawbar load and longitudinal wheel speed on tire–rim slip on soil for a tire
running at 379 kPa inflation pressure, 0.2 tire–rim friction coefficient, and 41 kN vertical load.

3.2. Effect of Friction Coefficient and Drawbar Load

The effect on the tire–rim slip of changing the tire–rim friction coefficient and drawbar
load is shown in Figure 6. A lower tire–rim friction coefficient generally resulted in a
larger rim-slip, while a lower drawbar load caused less rim-slip. A threshold effect was
noticeable where the rim slip changed from about 0% to about 100% after a particular
combination of friction coefficient and drawbar load was reached, the same as found in
previous research [5]. It is notable that the tire–rim friction coefficient needed to decrease
to at least 0.3 in order for a large amount of tire–rim slip to occur, even for a high drawbar
load of 90%.
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Figure 6. Impact of drawbar load and tire–rim friction coefficient on tire–rim slip for soil. The other
parameter settings were 379 kPa inflation pressure, 10 km/h longitudinal wheel speed, and 41 kN
vertical load.

3.3. Effect of Vertical Load and Inflation Pressure

The last two parameters investigated were the vertical load and the inflation pressure.
As seen in Figure 7, tire–rim slip on soil occurred with a 41 kN vertical load up to an
inflation pressure of 482 kPa, while the lighter 27 kN vertical load only slipped below
379 kPa, and the 13 kN vertical load did not have tire–rim slip at any tested pressure. The
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fact that tire–rim slip only occurred well below the rated 896 kPa inflation pressure of the
tire indicated that tire–rim slip is a low-pressure phenomenon on the soil. Increasing the
vertical load also substantially increases the amount of tire–rim slip experienced.
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Figure 7. Impact of vertical load and inflation pressure on the tire–rim slip for soil. The other
parameter settings were 60% drawbar load, 0.2 tire–rim friction coefficient, and 10 km/h longitudinal
wheel speed.

3.4. Comparison with Hard Surface

Results in this section are presented by comparing the tire–rim slip on soil and on a
hard surface at various combinations of parameters. The combinations are different than
in the previous sections, and the continued presence of the threshold effect indicates its
widespread nature. In Figure 8, both the soil and hard surface have a similar trend where
there is a low threshold value for the friction coefficient, beyond which the rim slip drops
to zero. However, there is a noticeable difference in that the soil had a rim-slip of 99.2% at
0.2 friction, whereas the hard surface had a rim-slip of 0.7% at 0.2 friction. This means that
the entire curve was shifted to the right for the soil. Thus, it can be concluded that the soil
had more rim-slip than the hard surface near the threshold friction coefficient value when
all of the other parameters are the same.

It is also instructive to compare the rim-slip on soil and a hard surface at different
vertical loads, as is shown in Figure 9. At 13 kN, the hard surface has essentially 0% rim-slip,
while on the soil, the rim-slip increases to 29% at 482 kPa and 99.4% at 379 kPa. In addition,
while at 27 kN, the hard surface does have non-zero rim-slip at 482 kPa and below, at
27 kN, the soil has 100% rim-slip at all of the tested inflation pressures. The large amount
of rim-slip is due to the very low friction coefficient of 0.05 used, but since the hard surface
had the same low tire–rim friction coefficient, the soil is clearly more likely to have rim-slip
at a given combination of parameters. Comparing the rim slip on soil and a hard surface at
different drawbar loads generated similar results to Figure 9, adding to the conclusion that
tire–rim slip is more likely on soil.
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Figure 8. Impact of friction coefficient on tire–rim slip for soil and hard surface (HS). The other
parameter settings were 40% drawbar load, 379 kPa inflation pressure, 10 km/h longitudinal wheel
speed, and 41 kN vertical load.
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Figure 9. Impact of inflation pressure on the tire–rim slip for soil and hard surface (HS). The other
parameter settings were 30% drawbar load, 10 km/h longitudinal wheel speed, and 0.05 friction coefficient.

4. Conclusions

This study of tire–rim slip for a simulated RHD truck tire on upland sandy loam
demonstrated the effects of different operating parameters as well as terrain type on tire–
rim slip. The main results were:

• A threshold effect was visible for rim-slip.
• Increased drawbar and vertical loads caused increased rim-slip, increased friction

coefficient, and inflation pressure decreased rim-slip, and longitudinal wheel speed
had a negligible effect on rim-slip.

• A particular longitudinal wheel speed and drawbar load combination resulted in an
outlier simulation with unsteady results.

• Compared to the hard surface, rim-slip occurred on the soil at lower vertical loads,
higher friction coefficients, and higher inflation pressures.

The last point implies that tire–rim slip is more likely to occur on soil than on a hard
surface; therefore, it is an issue worth considering when designing tire and wheel systems
for off-road operations. These conclusions about the amount of tire–rim slip on soil apply
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only to the calibrated upland sandy loam. Other similar soils, such as a dry sandy loam,
may have similar results, but the properties of soil vary widely, and further research is
required to draw any general conclusions about the tire–rim slip effects of soil relative to a
hard surface.
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