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Abstract: To improve the semi-empirical model, the slip
sinkage effect is analyzed based on the real vehicle test. A
dynamic testing system is used to gain the dynamic responses
of wheel-soil interactions. The Gauss-Newton algorithm is
adopted to estimate the undetermined parameters involved in
the slip sinkage models. Wong’s original model is compared
with three typical slip sinkage models on the prediction
performance of a drawbar pull. The maximum error rate, root
mean squared error and correlation coefficient are utilized to
evaluate the performance. The results indicate that the slip
sinkage models outperform Wong’s model and greatly improve
the prediction accuracy. Lyasko’s model is confirmed as an
outstanding one for its comprehensive performance. Hence,
the existence of the slip sinkage effect is validated. Lyasko’s
model is selected as an optimal one for the practical evaluation
of military vehicle trafficability.
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erramechanics is a specialized science branch, with
T which vehicle trafficability can be evaluated. It is of
great importance for the design, control and evaluation of
vehicles and planet exploration rovers. The issue of mili-
tary vehicle trafficability is emphatically studied in this
paper. Good vehicle trafficability guarantees good trans-
port capacity, which is a crucial premise for fulfilling a
military mission. However, due to adverse field condi-
tions, military vehicles may suffer from non-geometric
hazards, such as mud, bog, clay, sand, and snow, in
addition to unknown obstacles.
cause the wheels to sink deeply into the surface. It can
lead to energy loss or even mission failure. Hence, it is
important and essential to evaluate vehicle trafficability
before military missions.

These terrains tend to

Among the existing evaluation models of vehicle traf-
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ficability, the semi-empirical model is a typical one, par-
ticularly for heavy vehicles. It was pioneered by Bekker
3-4]

et al. """ and later by Wong et al. *™ to predict the trac-
tive performance of vehicles. Two analog devices are uti-
lized in this model to represent the wheel-soil interac-
tions. The vertical deformation of soil under load is as-
sumed to be analogous to the soil deformation under a flat
plate, while shear deformation of soil under a traction
force is assumed to be equal to the shear caused by a rec-
tangular grouser unit. The assumptions contribute to sim-
plify the model and make the model realizable. Although
the model is widely used, there is still a series of limita-
tions of the model, for example, the neglect of the slip
sinkage effect'”
for a better estimation of wheel-soil interactions.

The issue of the slip sinkage effect is addressed in this
paper, which represents an increase of wheel sinkage due

. The model needs further modifications

to slip. Slip sinkage has been a subject of study since the
early stage of development of terramechanics. Reece'®
mentioned the issue 50 years ago with no ideal solution.
Bekker'™ pointed out that the prediction of wheel sinkage
with the analytical equation deduced from his pressure-
sinkage model would not be accurate if there was signifi-
cant slip sinkage. Azimi et al. """ observed again that the
slip sinkage effect was not included in either the Bekker
model or the Wong-Reece model. Ding et al. " proposed
that dynamic sinkages such as slip sinkage, skid sinkage,
and steering sinkage were not reflected in conventional
pressure-sinkage models. In recent years, significant pro-
gress has been made to solve the problem. Ding et al. "
investigated the slip sinkage problem of the lunar rover
with a single-wheel testbed. A mathematical model for
calculating slip sinkage was developed according to verti-
cal load and slip ratio. Lyasko'" presented an analytical
and quantitative evaluation of slip sinkage. The author
compared Reece’s model'®” with Vasil’ev’s model''" and
then proposed an effective analytical formula. Knuth et
al. " used the discrete element method (DEM) to simu-
late the slip sinkage phenomena. However, Wong'"'
pointed out that a generally accepted method was lacking
for predicting slip sinkage in relation to terrain character-
istics, design parameters, and operation conditions of the
wheel, including wheel slip.

The applicability of the slip sinkage models for military
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usage needs to be verified. Ding’s model is intended for
small lunar rovers with diameters smaller than 500 mm
while Lyasko’s model does not explore applicability. Mo-
reover, the models are mainly validated through indoor
testbeds rather than real vehicle tests. Real vehicle condi-
tions demonstrate distinct characteristics, particularly the
dynamic responses. For practical applications, real vehi-
cle tests are essential.

In this study, an experimental analysis is conducted on
the slip sinkage effect based on the real vehicle test data.
A dynamic testing system is presented to gather the dy-
namic responses of wheel-soil interactions. The Gauss-
Newton ( GN) algorithm is adopted to determine the pa-
rameters involved in the models. The validated model is
of great significance in the evaluation of military vehicle
trafficability.

1 Methodology
1.1 Slip sinkage model

Wong’s straight line model is introduced as an example
of the semi-empirical models to lay a theoretical founda-
tion for the experimental validation of the slip sinkage
models' .

As shown in Fig. 1, when a driving torque 7 and a ver-
tical load W are applied to the wheel, shear force 7 devel-
ops at the wheel-soil interface and a normal stress distri-
bution ¢ is created to balance the vertical load.

Fig.1 Wong’s semi-empirical model

The angle from the vertical to where the wheel first
makes contact with the terrain is denoted by 6,, called the
entrance angle. The angle from the vertical to where the
wheel finally loses contact with the terrain is denoted by
0,, called the exit angle. In real life situations, since 6, is
usually small and negligible for low cohesion soils, 8, is
usually assumed to be zero. Z, means the total wheel
sinkage, which can be used to calculate the entrance an-
gle 0,:

ZO
0, =arccos(1 ——) (1)
r

where r is the wheel radius.

On the basis of Bekker’s pressure-sinkage model'”', the
normal stress distribution ¢ is given as

_ kc Zn
U_(b+k¢)

Z(60) =r(cosf, —cosh)

(2)

(3)

where Z(9) is the wheel sinkage at §; k_ is the cohesion
module; k¢ is the friction module of soil; # is the sinkage
exponent; b is the width of the wheel-soil contact patch.
It can be seen that k_, k " and n are the pressure-sinkage
coefficients of the terrain,
pressure from a vehicle with sinkage in the terrain.

which characterize normal

The expression for the shear stress distribution 7 under
a wheel formulated by Janosi et al. "' is adopted as

7(0) =(c+o()tang)[1 —e " ]
j(8) =r[6, -6~ (1 —s)(sing, —sing) ]

(4)
(3)

where the parameter j is the shear displacement and it is a
function of 6; c is the cohesion of soil; ¢ is the internal
friction angle of soil; K is the shear deformation modu-
lus; and s is the slip ratio. ¢, ¢, and K characterize the
shearing capacity of the terrain. The slip ratio s also plays
an important role in defining the shear force. It should be
pointed out that only the longitudinal slip is considered in
the model. The wheel slip ratio can be calculated by

rw -V
§=—
170}

(6)

where V is the linear velocity of the vehicle, and w is the
angular velocity of the wheel.

In this way, the vertical load W, drawbar pull D, and
driving torque T can be predicted as

w rb(ﬁ?a(()) cosfde + J':'T( 0) singdg) (7)

D

. =rb( j:T(B)CosBdO— j:’a(e)sinoda) (8)

f
T = rzbf0 7(6)do 9
The total wheel sinkage can be expressed as'"
IW 2/(2n+1)
Z, = 10
0 [A/Zr(kc+bk¢)(3—n) (10)

It can be inferred that the slip sinkage phenomenon is
not included in Wong’s model according to Eq. (10). Z,
is merely a reflection of the static sinkage. To accurately
predict the drawbar pull of a vehicle in a given soil, the
slip sinkage effect as a dynamic response should be taken
into account. Several effective solutions in different forms
are listed as follows and their performance on heavy vehi-
cles is to be verified.

Vasil’ev et al. """ found an analytical formula for calcu-
lating vehicle sinkage Z, which was initially proposed for
tracked vehicles.
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Z=7, +Hs (11)

where H is the model parameter, and its value can only
be obtained experimentally.

An effective analytical formula was developed by Lyas-
ko'"”. The author pointed out that the formula was partic-
ularly suitable for motion resistance prediction of tracked
and wheeled vehicles, and it was verified by many tests
with different wheeled, tracked, and rubber belted vehi-
cles under various soil conditions. A formula with two
undetermined coefficients, m, and m,, is expressed as

1+ms

= Z 12
1 -m,s ° (12)

To estimate slip sinkage, Ding et al.” proposed a
model using a variant sinkage exponent N as a function of
slip ratio to replace the constant sinkage exponent n, and
n, is the model parameter.

N=n+ns (13)

1.2 Gauss-Newton algorithm

As a typical nonlinear parameter estimation approach,
the Gauss-Newton ( GN) algorithm has shown its effec-
tiveness in parameter estimation problems with high accu-
racy, rapid convergence and high efficiency'"” .
sidering its outstanding capacity, the GN algorithm is
adopted to estimate the undetermined coefficients involved
in the slip sinkage models. The detailed description of the
GN algorithm can be found in Ref. [16]. The concrete
implementation process is illustrated in Fig. 2. The meas-
ured physical quantities, such as vehicular dynamic pa-

Con-

rameters, W, D,, T, and s, and terrain parameters, c,
o, K, k, k¢, and n, are set to be the inputs x( k) with
the combination of the slip sinkage models. The coeffi-
cients, H, m,, m,, and n,, in the slip sinkage models
make the outputs @ (k). It works by iteratively modifying
an initial estimate of undetermined coefficients and rea-
ches a converged solution after a number of iterations. J,
is defined as the sensitivity matrix of the GN method
while k means the iteration number. The iterative process

Slip sinkage

model
Initial value Measured physical
O(k) b L e quantities x( k)
_________________ e

LO(k+1) =O(k) - (JI,) " TTF(OCk) ,x(k)) |

O(k+1) -0(k) <2

Fig.2 Flow diagram of the GN model

stops when the error between the indentified value and the
current value falls below a predefined threshold ¢.

1.3 Satisfactory criteria

To evaluate the performance of the slip sinkage mod-
els, several common numerical criteria, such as the maxi-
mum error rate M,, root mean squared etror R,, and the
correlation coefficient R°, are imported in this study. R,
and R’ are given as

Ro = [lﬁiz}:l‘(yp,i _ya,i)z]l/z

R - [COV(ya, V) ]2
o-.‘"o-,v,v

1 2” : ,
COV(ya’yp) = N (ya,i _ya)(yp’i _yp)
i=1

where cov(y,, y,) is the covariance between the actual
and the predicted values; y, is the actual value while y,
refers to the predicted value; y, and y, denote the average
result of the actual and predicted values, respectively;
and ¢ is the relevant standard deviation. The smaller val-
ue of R, indicates a higher accuracy of the predicted value
and a higher correlation value expresses a good prediction
performance.

2 Experimental Data Acquisition
2.1 Dynamic testing system

A dynamic testing system is presented to obtain real
vehicle test data"'”. Tt consists of several primary sen-
sors, such as the wheel force transducer ( WFT), wheel
speed sensor, and GPS, as shown in Fig. 3 (a). The
WFT adopted in the system is developed by Southeast

18 - .
181 and can be fixed on real vehicles to measure

University
the vertical load, drawbar pull, and driving torque. The
GPS gathers the linear velocity V and the wheel speed
sensor to measure the angular speed w. Then, the slip ra-
tio can be calculated by Eq. (6). The signals from vari-
ous sensors are gathered by an integrated data acquisition
system synchronously and real-timely, as shown in Fig. 3
(b). Thus, an instrumented vehicle equipped with the
dynamic testing system makes it possible to conduct field

tests for experimental validation.
2.2 Test procedure

Field tests were conducted in order to obtain the essen-
tial data for experimental validation. For this purpose, a
wide range of slip ratio and wheel sinkage should be guar-
anteed. So amongst all the driving maneuvers, the
straight accelerate-brake driving was adopted. It can pro-
vide the most desirable range of data. As a 3. 6-t military
vehicle is used in the test, the static vertical load on the
left rear wheel is about 8 kN. The data presented in this
study is based on the field tests conducted on a Dingyuan
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WFT

('speed sensor)

(a)

(b)
Fig.3 Dynamic testing system. (a) Test vehicle equipped with
WEFT and GPS; (b) Integrated data acquisition system

proving ground in An’hui province, China on December
11, 2014. Various terrains were selected for field tests,
such as sandy soil, clay soil, and sandy loam. The pres-

ented test data in this study are mainly from the clay soil
and sandy soil. The test procedures are described as fol-
lows: 1) The soil was collected and transported back to
the soil test laboratory for the specific analysis of terrain
parameters. The experimental procedure of measuring the
terrain parameters is similar to that found in Ref. [19].
2) It took several minutes to confirm the GPS signal.
Then all the other devices were turned on and checked
that they were working under normal conditions. 3) The
vehicle equipped with the testing system was tested along
with the planned route and the dynamic responses were
recorded by the data acquisition system. 4) The test on
each kind of terrain was conducted for over five times to
guarantee its reliability.

3 Experimental Validation of Slip Sinkage Models

Based on the abundant real vehicle test data, experi-
mental validation can be done. It aims to select a prefera-
ble slip sinkage model for military vehicles. The relevant
terrain parameters are shown in Tab. 1. As we can see
from the introduction of the dynamic testing system, no
wheel sinkage is directly measured. The accuracy of the
vision-based sinkage estimation model remains to be im-
proved” . So, in this paper, the slip sinkage effect is in-
vestigated through its effect on the prediction performance
of a drawbar pull. The drawbar pull is a critical evalua-
tion index of vehicle trafficability. Based on the data
curves of the drawbar pull vs. time, a Matlab GUI pro-
gram was developed to draw the curves of the drawbar
pull vs. slip ratio.

Tab.1 Relevant terrain parameters of clayed soil and sandy soil

Shear strength parameters

Pressure sinkage parameters

Soil t

ot pe /kPa /(%) K/m n k./(KN - m-*D) k,/(KN - m~(7*2))
Clay soil 7.58 14 0.025 0.85 43.68 499.3
Sandy soil 1.00 25 0.025 1.04 1.00 580.0

A representative example of the field test data on clay
soil is shown in Fig.4. The presented data is provided by
a test travel with an additional vertical load of 3 kN and
an inflation pressure of 340 kPa. Owing to the straight ac-
celerate-brake driving maneuver, a wide range of slip ra-
tio is obtained. After appropriate filtering, the fine conti-
nuity of the curves is demonstrated as a whole.

Fig.4(a) shows the comparison result of the test data
with the simulation result of Wong’s semi-empirical mod-
el. A distinct difference between the two curves is indica-
ted by M, of 254.5% and R, of 208.7 N, as shown in
Tab.2. The correlation analysis is also done with the re-
sult of 0.909 7. It indicates that the drawbar pull is not
well predicted by Wong’s original model. As mentioned
above, the slip sinkage effect may be a primary cause of
the the
following analysis.

Three typical slip sinkage models, such as Vasil’ev’s

distinct errors. It is to be verified in

model, Lyasko’s model, and Ding’s model, are adopted
for a validation study. The corresponding formulas are
expressed as Eq. (11) to (13). The forms of the formulas
are imposed and the related coefficients are determined in
accordance with the real test situations. The GN algo-
rithm is utilized to calculate the coefficients with the re-
sults shown in Tab. 3. In turn, the confirmed formulas
are used to predict the drawbar pull, as shown in Figs. 4
(b) to (d). The numerical analysis of the curves is listed
in Tab. 2. It is worth pointing out that the curve segment
with the slip ratio of smaller than 0. 2 is not included in
the numerical analysis. Small values of the drawbar pull
can easily be influenced by the measurement uncertainty
in the tests. Also, it has a negative effect on the analysis
of the integral prediction performance. In general, the
slip sinkage models indeed help to improve the prediction
accuracy of the drawbar pull. It is good evidence for the
existence of the slip sinkage effect, and it has significant
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O Simulation of Wong’s model
+ Test data on clayed soil

1 Il 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
Slip ratio

(a)

O Simulation of Vasil’ev’s model
+ Test data on clayed soil

1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
Slip ratio

(b)

O Simulation of Lyasko’s model
+ Test data on clayed soil

I I I I ]
0 0.2 0.4 0.6 0.8 1.0
Slip ratio

(o)
4 i S
i ol ‘"”mm”‘"""“"“"ﬁ'“‘ﬁfx‘lntmunun)
9)
O Simulation of Ding’s model
+ Test data on clayed soil
1 1 1 1 ]
0.2 0.4 0.6 0.8 1.0
Slip ratio
(d)

Fig.4 Comparisons of test data on clay soil with simulation
results of different models. (a) Simulation of Wong’s model; (b)
Simulation of Vasil’ev’s model; (c) Simulation of Lyasko’s model; (d)
Simulation of Ding’s model

impact on the semi-empirical model. On the other hand,
remarkable differences are shown among the three slip
sinkage models. Vasil’ev’s model and Lyasko’s model
have better performance than that of Ding’s model on clay
soil. Vasil’ev’s model obtains the smallest M, of 38.02%
while Lyasko’s model performs the smallest R, of 32.24
N. The correlation analysis result further demonstrates
their good performance, 0. 988 1 for Vasil’ev’s model
and 0. 988 3 for Lyasko’s model. However, generally
speaking, Ding’s model still outperforms Wong’s original
model.

Tab.2 Numerical analysis results of four prediction models on
clay soil with s >0.2

Model M,/ % Ry/N R?
Wong’s model 254.50 208.70 0.909 7
Vasil’ev’s model 38.02 32.62 0.988 1
Lyasko’s model 40.78 32.24 0.988 3
Ding’s model 59.71 67.53 0.964 3

Tab.3 Estimation results of the slip sinkage coefficients

Vasil’ev’s model Lyasko’s model  Ding’s model

Model

H m; m, n,
Clayed soil 0.02 0.1 0.05 0.35
Sandy soil 0.08 0.6 0.03 0.53

For a further validation of the slip sinkage effect on
various terrains, the field test data on sandy soil are pres-
ented in Fig.5. The data used is from the test travel with

O Simulation of Wong’s model
+ Test data on sandy soil

0 0.2 0.4 0.6 0.8 1.0
Slip ratio

(a)

O Simulation of Vasil’ev’s model

+ Test data on sandy soil

1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
Slip ratio

(b)

O Simulation of Lyasko’s model
+ Test data on sandy soil

1 1 1 1 J
0.2 0.4 0.6 0.8 1.0
Slip ratio

(¢)

O Simulation of Ding’s model

+ Test data on sandy soil
1 1 1 1 ]
0.2 0.4 0.6 0.8 1.0
Slip ratio
(d)
Fig.5 Comparisons of test data on sandy soil with simulation

results of different methods. (a) Simulation of Wong’s model;
(b) Simulation of Vasil’ev’s model; (c¢) Simulation of Lyasko’s model;

(d) Simulation of Ding’s model
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an additional vertical load of 5 kN and an inflation pres-
sure of 340 kPa. A similar analysis progress is demonstra-
ted as follows. Fig. 5(a) shows the comparison of the
simulation result of Wong’s model with the field test da-
ta. Remarkable prediction errors are also highlighted with
M, of 98.45%, R, of 183.00 N, and R* 0of 0.910 4, as
shown in Tab. 4. According to the estimation results of
the slip sinkage coefficients in Tab. 3, the prediction re-
sults of the three slip sinkage models are shown in Figs. 5
(b) to (d). The detailed numerical analysis is listed in
Tab. 4. Similarly, to avoid the adverse influence of
measurement uncertainty in field tests, the range of slip
ratio is set to be from 0.1 to 1.0. The three slip sinkage
models outperform Wong’s model. The same conclusion
can be obtained that the slip sinkage effect is a non-negli-
gible issue and should be taken into consideration in the
semi-empirical model. By contrast, Lyasko’s model and
Ding’s model outperform Vasil’ev’s model on sandy soil.
Lyasko’s model obtains the smallest M, of 25.85% while
Ding’s model performs the smallest R, of 58.51 N. The
corresponding correlation analysis result is also a good
representation of this point.

Tab.4 Numerical analysis results of four prediction models on
sandy soil with s >0.1

Model M,/ % Ry/N R?
Wong’s model 98.45 183.00 0.910 4
Vasil’ev’s model 39.33 89.37 0.965 6
Lyasko’s model 25.85 69.14 0.979 0
Ding’s model 26.95 58.51 0.974 4

4 Conclusion

The issue of the slip sinkage effect involved in the
semi-empirical model is addressed in this paper. An ex-
perimental analysis is done based on real vehicle test da-
ta. A comparison is made between Wong’s original model
and three typical slip sinkage models. Simulation results
show that the slip sinkage models outperform Wong’s
model whether on clay soil or on sandy soil. It can be in-
ferred that the slip sinkage effect is an integral part of the
semi-empirical model. For practical usage, the slip sink-
age effect should be taken into consideration. Moreover,
Lyasko’s model demonstrates the most comprehensive
performance. So it is selected as a preferable model for
the practical evaluation of military vehicle trafficability.
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