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Abstract

Off-road operations are critical in many fields and the caxipy of the tire-
terrain interaction deeply affects the vehicle perfornear@oft soil can drastically
reduce the traction performance of tires up to the point dfingathe motion im-
possible. In this paper, a semi-empirical off-road tire lad discussed. The ef-
forts of several researchers are brought together intagdesinodel able to predict
the main features of a tire operating in off-road scenaryosdmputing drawbar
pull, driving torque, lateral force, slip-sinkage phenome and the multi-pass be-
havior. The approach presented in this paper is princified on the approach
proposed by Wong, Reece, Chan, and Sandu and it is extendedento catch
into a single model the fundamental features of a tire rumpnimsoft soil. A thor-
ough discussion of the methodology is conducted in ordeighblight strengths
and weakness of different implementations. The study demnsirigid wheels
and flexible tires and analyzes the longitudinal and thedhttynamics. Being
computationally inexpensive a semi-empirical model care&sly incorporated

in vehicle dynamics simulations and real time applicatiohs the best knowl-
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edge of the authors, current vehicle dynamics codes poodgumt for off-road
operations where the tire-terrain interaction plays aiatuole in the prediction
of the vehicle performance. In this paper two soils are aereid: a loose sandy
terrain and a firmer loam. The results show that the modeistezllly predicts
the longitudinal and lateral forces providing at the sameetgood estimates of
the slip-sinkage behavior and tire parameters sensitithitg aspect is essential in
order to realistically estimate the energy efficiency.

Keywords: off-road tire dynamics, slip sinkage, multi pass, latecaté,

traction, tire parameter influence
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1. Introduction

Vehicle operation on unpaved surfaces is a field of interestilitary, agricul-
ture, construction, exploration, recreation, and minipglizgations. The tire-soil
interaction determines the mobility of the vehicle and tlebaracterizes its dy-
namics.

Mathematical models able to predict and describe the defolennature of
both the tire and the terrain have been developed in the B%ﬂéﬂﬂ&@m
but with the exception of the model proposed by Harnisch. none of the
available approaches condensates into a single modelealfietiiures of a tire
operating on unprepared terrain. A tire model for off-roatdwsations has to
be able to predict not only the traction and the torque bu #ig slip-sinkage
and the multi-pass effects. Four approaches have been ysbeé besearchers:
experimental, empirical, semi-empirical, and finite eletmanalysis; all of them
having their own strengths and weaknesses.

Experimental testing consists of direct evaluation takerthie field. This
method produces results that are valid only for the padictésting conditions
which are intrinsically difficult to be evaluated. It is estnely difficult to mea-
sure and maintain the experimental parameters during¢esthe real soil hardly
behaves as a homogeneous material and its properties eaailge with location
and weather condition@BZS].

The empirical method was primarily developed by the US Armgtékvays
Experiment Station (WES) to asses vehicle mobility on arigajo” basis. It is
based on some measured indexes, such as the conelindex ¢@toifib index is
obtained using a cone penetrometer and the mobility inddetsrmined by em-

pirical expressions based on vehicle weight, contact aiea,of grouser, power



of the engine, and type of transmission.

In the semi-empirical methods, the soil strength pararaetss obtained ex-
perimentally, and traction performance is predicted usmmgputational calcula-
tion in order to analyze the stress distribution. The motesistance is calculated
by integrating the horizontal component of soil pressuthécontact patch. The
gross traction is calculated from the relationship betwslegar stress and slip
displacement of the SOH[EI , , BQ E B BE 38] aiiph the stress dis-
tribution is calculated theoretically, the geometry of tteformed tire must be
assumed.

Finally we have theoretical models that necessarily relyimite element al-
gorithms for solutions. Some research Eb 19] disongted to model
the soil with discrete element (DE) and the tire with finiteraent (FE). In FE
applications the soil is usually modeled as a visco-plédtsto-plastic/elastic-
perfectly plastic material and the tire as a visco-elastitemal. These models
have the capability of a full three dimensional descriptionthey require a large
computational effort and are unsuitable for real-time datians EJ)EZ_LIQQ]

Semi-empirical methods are particularly attractive fdnieée dynamics simu-
lations because they provide a good understanding andiplescrof the physics
underlying the problem and yet they are computationallgaive for full scale

analysis.

2. TireMode and Assumptions

The model presented in this paper accounts for both rigicevghend flexible
tires. The rigid wheel can be considered a first approximatioa flexible tire.

When the terrain stiffness is significantly lower than th&ldire stiffness (the



carcass stiffness plus the inflation pressure), the flexitdecan be approximated
as a rigid wheel, greatly simplifying the analysis. The gtatlrigid wheels is rel-
evant as some vehicles are natively equipped with rigid Vghédéis is the case of
robots for extraterrestrial exploratii&i

be used because of the severe environmental conditiomsif@extemperature gra-

1| 22] wheublver compounds cannot

dients and, possibly, unfavorable atmospheric chemiacalposition). The rigid

o
while the flexible tire implementation follows the approgmtoposed by Chan
and SandLufl:H’] 6]. The original formulations have been freatlin several as-

pects in order to improve the model capabilities. Theseaspell be clarified in

wheel implementation is based on models developed by WodgRaece

the following sections where the model peculiarities wdldxplained.

2.1. Pressure-Sinkage Equation

The first step for a semi-empirical method is to estimate thess distribu-
tion along the contact patch. Normal and shear stressesopeatthe interface
between a rotating tire and the soil surface. Normal stiesalculated from the
pressure-sinkage equation originally introduced by Belkkel later modified by
Reece[(ll):

p= (oK, +byky) (£) @
wherep is the pressure,is the sinkageg is the cohesion of the solt; andkgo are
soil parameters related to the cohesion and the angle ofisbex the material,
andb is a parameter related to the geometry of the penetroméiergdius for
circular plates or the smaller linear dimension for rectdagplates). Equationj1)

is a modified version of the Bekker sinkage-pressure exjpresghere the ratio



z/bis introduced for two reasons: to make the parame¢eed kép dimension-
less and provide a single equation that accounts for diffgpiate shapes. The

exponenn, is crucial because it defines the trend of the relationship.

2.1.1. Discussion on the Use of The Reece Equation for TiessSDistribution
Estimation

In the terramechanics community it is widely accepted to tinee Reece-
Bekker equation to calculate the normal stress distribwiong the contact patch
of a tire. In order to have a better understanding of the étiohs and features of
this formulation some remarks are necessary. During theactexization of[(IL)
the constants are obtained for a plate sinking perpendigitethe terrain surface;
the pressure acts along théirection. For a sinking wheel, the stress calculated
at any sinkage is considered to act along the radial dinectidhe wheel and not
along thez direction. Another approximation is represented by thé¢ flaat the
tire contact patch is thought as the penetrometer platdotheer one has a round
shape while the latter has a flat contact surface. The Reewienq is obtained
under uniaxial loading conditions while the rotating ti@ only exerts a vertical
load but it also applies shear during the penetration. lukhbe mentioned here
that this formulation also assumes the terrain to be honmamehand isotropic.

These approximations should be kept in mind in order to wstderd the great

variability of experimental results.

2.2. Shear Stress

The calculation of the shear stress beneath the wheel igl basa an empiri-

cal expression first introduced by Janosi and Hanango [ld}adely used:



x(0) = Tmax<1_e:ki_x> ) 2)
wheretmaxis the limiting shear stres$y is the shear displacement of the terrain,
andky is the shear deformation modulus which has to be estimafeetriexentally
and it has a strong impact on the prediction of the shearsstres

The limiting shear stresgnhax can be related to the normal stress through the

Mohr-Coulomb equation:
Tmax= C+ 0On(6)tang, (3)

wherec is the cohesion as seen [d (1) apds the angle of shear resistance. It
should be mentioned that the terrain below a rolling tirender a complex stress
state which theoretically is not properly represented eyMohr-Coulomb failure
criterion as expressed blyl (3). The shear displacemeist calculated integrat-
ing the shear velocity of the terrain in contact with the whassuming that the

velocity of terrain particles at the interface matches thleeity of the tire):
Be
jx(6) = 6 Reff(6)[1— (1—sy)cog8)]d6. (4)

Notwithstanding the discussed approximations, equat@h$3), (4) have

shown to describe fairly well the shear distribution overiderange of terrains

el

2.3. Normal and Tangential Stress Distribution

The normal stress is calculated frolnh (1) where the sinkageubstituted by

the following expression:

Z=Rer(cog8) —cog6e)), ()



The angled is the central angle (i.e. the angle describing the angulsitipn
of the tire element starting counterclockwise from the otbf the tire),6e is the
entry angle (i.e. the angle at which the terrain enters inamrwith the wheel),
andRe++ is the effective radius which will be discussed later in gedP.4. Sub-
stituting (3) into [1) leads to a pressure distribution gldhe contact patch that
starts from zero at the entry angle and monotonically iregeaThe maximum is
reached at the point where the highest sinkage occurs;dhis for a rigid wheel,
is necessarily located at the bottom of the wheel. This ntettas been adopted
by Harnisch et al.. [12] but it should be noted that experirmemd the theory of
plastic equilibrium Q4] show that the maximum of thegmere distribution
occurs somewhere half-way between the entry and exit aagless a function
of the slip ratio; even though the sinkage increases moi#ty from the entry
angle to the bottom of the wheel, the stress distributiorsame follow this trend
(see Fig[B). In order to reproduce a stress distributionlairto the one high-
lighted in the experiments, the normal stress is definedsstindy as a piecewise
function E‘l’]. From the leading edd#® to the location of the maximum normal

stress fm, the stress is calculated using (6),

ons(6) = (c -+ byke) (') (cot0) —cos)”.  (6)

while the normal stress that goes from the maximum stres, @i, to the trail-

ing edge B, can be evaluated withl(7),

One(8) = (cka + bygko) (%)n <cos<9e— (ei‘_%r) (6o eN)) —chee))n.
(7)

In these equations the quanthys defined as:

b=min(I,,w), (8)



Wherelfo is the projected contact patch length amds the tire width. This dis-
tinction is important because for some tire geometry thelemdmension of the
contact patch is the contact patch length and not the tiréhwid

With this implementation it is crucial to correctly estiraahe value of6y,.
Chan and Sandul[5] proposed a method based on the Mohr-Chbdéolure cri-
terion and the theory of plastic equilibrium: this appro&klegant but does not
always lead to accurate results in terms of sinkage predi¢fi, 31]. In this study,
6m is thought to be a linear function of the slip ratio and ther;eangrljﬁis IS

1].

an empirical estimation successfully implemented in othedies

6m = (Co +C1/sul) Ge 9)

wherecy andc; are two constants. Sind#, is usually half-way between the
entry angle and exit anglep can be selected in the range[6f4,0.5] andc; €
[0.2,0.4] [37]. Equation[(®) guarantees th increases with the slip resulting in
a better prediction of slip-sinkage behavior. It should ntioned that Wong has
suggested a different definition 6f, for negative slip: however such definition
creates discontinuity issues around zero slip and thusstnea considered here.
Another method adopted to improve the calculation of siifkage is to linearly

relate the Bekker-Reece sinkage expometat the slip ratio l ]

n=no+ Ny |syl- (10)

This is again an empirical approximation but it contains sqhysical insight.
The exponent is experimentally obtained for steady soil loading test$qumed
with a penetrometer. The response of the soil in contactavitiling/slipping tire

is presumably different. Equation (10) describes this ph&non as suggested in



)

2.4. Rigid Wheel and Flexible Tire

A tire operating on deformable soil can be approximated ag@wheel if the
pressure distribution along the contact patch does noteexttes inflated carcass
stiffness. When this is verified the effective radius is astant, and it equals the
undeformed radiuske i+ = Ry. When the inflated carcass pressure is exceeded,
the tire deforms and a different approach is needed. Thelgmobecomes ex-
tremely complex because both the tire and the terrain ameble. Chan and

Sandu proposed to calculate the deflected shape of the rinegih the following

equation:
198
R” Ri{1- s(%)) if 6 <6 <6
o]
Reff=¢ Ri—Ru(1— S(R) e_B<”1+ZZ+Z>(9_9f) if O <@<m
& V1+(? 6) -
Ru-Ru( 1= cos(2n+er>)eﬁ< HE o) if < 0 <21+ 6
(11)

where andf are two parameters related to the stiffness, damping, isit&tion
pressure, angular velocity and construction of the tire aredobtained experi-
mentally [5]. An example of a deformed tire is given in FigieThe tire has a
flat shape between the angl@sand 6, and a round shape (connected through a
logarithm spiral) elsewhere.

The Harnisch et al. mode[LIlZ] adopts the larger substitutéecto model the
behavior of an elastic tire. The basic principle was suggelsy Bekker but never
carried out because of the complexity of the calculationis Hpproach consists

in the substitution of a larger radius for the calculatiortred contact patch: this



allows one to have a flatter contact region that mimics thpebéa deflected tire.
This approach led to satisfactory results, but in this sthéymethod proposed by

Chan and Sandu is preferred because:

e it provides a more solid theoretical approach,
¢ the shape parameters can be calculated from physical tbaration tests,

o it directly relates tires properties such as the inflatioespure and the car-
cass stiffness to the tire vertical deformation (a paramessily obtainable

from direct testing),

¢ the calculated shape matches the experimental resultmedthy Freitag
ol

When the tire is driven on deformable soll, the flat sectiomvieends and6;
(first line of (11)) rotates counterclockwisl;_HEl 18]. Thi'enomenon determines
the amount of sinkage and it is a function of the slip, theigalioad and the
inflation pressure. Assuming that the maximum deflectiomeftire corresponds
to the point where the maximum stress occurs, the rotatidheoflat section can
be set equal to the anglg,. Thus, for flexible implementatiof, is calculated as

follow:

i
Om = (&%f +le|5d|) Be 12)
pPioF0

wherepjg is the nominal inflation pressurEy is the load at which the tire carcass
total stiffness is exceeded, angk andci; are two empirical parameters similar
to the ones introduced ifl(9) but now referred to flexible ¢ooms. Equation 112

ensures that the predicted sinkage increases with veld@aadland decreases with

inflation pressure.



2.5. Drawbar Pull, Driving Torque, and Lateral Force

Once the normal and tangential stress distributions arevirits possible to
calculate the drawbar pull and the driving torque. The badaof vertical forces
needs to be calculated first: it ensures that the verticakfproduced along the

contact patch balances the vertical load of the vehicleiangn (13).

W= W/{:e Rert(0) (Gn(e) cogBett) + 1x(0) sin(@eff)) deé, (13)

W is the weight force of the vehicle and the right hand side tezpresents the
integrated stress along the contact patch acting in thécaedirection (i.e., the
vertical force exerted by the tire). The andlg ¢ is the effective angle that the
deformed tire shape creates with the vertical axis; for itje rwheel modeBe ¢

is equal to6. Equation [(IB) introduces two unknowns: the entry arijlend

the exit anglef,. The exit angle is smaller than the entry one because thelwhee
(rigid or flexible) is sinking into the ground and it is compiag the terrain while
moving forward (see Fi@l1). Since no other analytical espi@ns can be derived,

6, is estimated as follows (a distinction between the rigid &ltaad flexible tire
operational mode is required):

For rigid wheel implementation, the exit angle is assumeoktaonstant and
small in magnitude. The wheel necessarily leaves the tefia and so the exit
angle cannot physically be large (indeed, it is not equalkt® because of fric-
tional phenomenon that displace the ground under the ngtatheel and because
of the elastic response of the terrain). The value of theaggte plays a important
role in the determination of tractive performance. In fatinfluences the size
and location of the contact patch and can drastically chémgenodel outcome.

For flexible tire implementation we propose to calculatedki¢ angle based



on the lowest point in contact with the terrain. After caltilg the shape of
the tire [11) and the counterclockwise rotation (i, calculated in[(IR)) it is
assumed that the lowest point in the tire deformed configuras the last point
in contact with the terrain ané, is calculated accordingly; the entry andlgis
still determined by[(13).

Drawbar pull (labeled aBy) is calculated from the integration of the normal

and shear stresses decomposed along the longitudindiairec

F = w/efeReff(e) (1x(8) COS B ) — On(0) Sin(Ber 1)) dB.  (14)

It should be mentioned that this expression already inds@ compaction
resistance given by the last term of the integral.

The driving torque is given by the following expression:

6Be
T=w | R(0)5(0)de. (15)

The lateral forcer, is generated by the lateral shear displacemgiaind by
the bulldozing effect (due to the tire sinkage and soil sargh, see Fid.]15). The

components associated with the lateral shear is calculated similarl{Z)), as

given in [16).

6Be e —ly
Fs= W/eb Ty(0)dO = b/eb (c+ on(0)tan@)) (1—eW) dé. (16)

The lateral forceFyng associated with the bulldozing effect is calculated as a

function of the sinkageg, as presented i (1.7).

e
Fybd = W /eb (yezN,+ cNe + GNg) cos( 35 )d6, (17)



whereNy, Nc, Ng are the Terzaghi’s bearing capacity parametgiis;represents
the surcharge load from accumulated bulldozed soil&nig the angle between
the normal to the surface of the side of the wheel and the tibreof motion.
Equation[1V is based on the Terzaghi bearing capacity em{u@] and the
Hettiaratchi-Reece equatio 13] for a wall moving into assaf soil. It was
adopted for the first time by Schwangh[27], to model trespure on the side-
wall of a sinking tire. The total lateral force acting on tlre tcan be calculated

through:

F = FRs+ R (18)

During combined slip operation the lateral and longitutigheear stresses act-

ing at the contact patch are limited by a failure envelopee fbtiowing criterion

2 2
(TX)+< Ty) <1 (19)
Txmax Tymax

During cornering the soil undergoes complex loading statéthe adoption

is adopted:

of (I9) represents only the first approximation as previpualiscussed for the

definition of Tmax

2.6. Multi-Pass Effect

Multi-pass effect has a strong impact on the evaluationamttion of off-road
vehicles. Repetitive loading of deformable soils showed tturing the unload-
ing and reloading process the pressure-sinkage relatroheapproximated with

a straight line|[34]. However, the modeling of repetitivadiing introduced by



Wong cannot be directly implemented into the model becatifesovay the nor-
mal stress along the contact patch have been obtained @npsecfunction that
does not strictly follow the monotonic trend of the sinkagi) this paper a dif-
ferent approach is taken. The most relevant study conagtheanmultiple pass of
wheels on the same patch of terrain is the one performed by fal]. The study
showed that the terrain changes its properties after eash &l the variations
are a function of the slip. If the first wheel is towed (zerajioe pass) the terrain
properties vary mildly, while the passage of a slipping preduces a stronger ef-
fect on the soil. Holm’s results are reproduced in figure 4naliee experimental

results are fitted through the following equation:

—S0

whereky, ko, k3, are three fitting constants that can be derived from exparim
while 5y is the splip of the previous pass angl is the number of passes. The
greatest variation occurs between the first and second passessive runs have
less impact on the behaviour of the terrain. Terrain densityeases after each
pass and, considering the obtained results and relatedfvaorkBekker [3], also
the cohesion of the material is considered to have incredded phenomenon is
incorporated into the model introducing a dependency dfpsopertiesc, andky

upon the number and type of passes through the followingtemsa

%0
Ch=C {1—1— <1— e*T) ko + kgnp] , (21)

ke = {1 _ (1 _ e?T%) ko — kgnp} . 22)



We speculate that andky follow the same trend as i (20); thus, ko, k3
have the same value in(20),{20))22).

2.7. Traction Efficiency

During off-road operations the energy efficiency of vehisldeeply depend-
ing on the tires performance: the motion resistance at tieestil interface is
dominantly influenced by the terrain compaction that restritm sinkage. A
measure of the efficiency can be obtained comparing thettbayger with the

driving power:

_ FxVx _ F(1—s)R
Tw T ’

The efficiency depends upon the slip and the effective @liadiusR, and

(23)

Nt

it gives a measure of the capability to convert power dediddp the wheels into
effective mobility. An exhaustive discussion on tractiviceency is given by Zoz
and Grissal[40]. Their analysis focuses on agriculturaktlut it can be extended,
without loss of generality, to off-road vehicles in generAtopting the Brixius
approachHA] they discuss the performance and efficiencgd@tural tractors.

The outcomes are:

Peak of tractive efficiency is reached in the 10-20% slip eang

Larger tires provide better efficiency.

Lower inflation pressure increases the tractive efficiency.

Increased axle load has contrasting effects.

A tire model for vehicle simulation has to correctly prediat aforementioned

results in order to provide realistic estimates of the epeansumption.



3. Results

The results are divided into three subsections: dry sandtioam and trac-
tive efficiency. Dry sand is a non-cohesive and loose soil:sach terrain the
inflated carcass pressure is never exceeded and the tirgtepeas a rigid wheel.
Moist loam is a firmer soil which exhibits a steeper pressingage curve: on
this terrain both the soil and the tire deforms.The aforeimaerd sections will
discuss the longitudinal and lateral traction, the sinkaggtthe multi-pass effect.
The last subsection will illustrate a comparison of the tivacefficiency under
different operational parameters and soil conditions.| f@perties adopted in
this research are extrapolated fr [35] and summarizealell. The correct
estimation of these variables is crucial in order to obtaicusate results. Nomi-
nal tire properties are presented in Tdlle 2 while the paemmentroduced in the

previous sections are summarized in Table 3.

3.1. Dry Sand - Rigid Wheel
3.1.1. Longitudinal Motion

On dry sand the tire operates as a rigid wheel. Figlire 6 shogvgrénd of
the drawbar pull and torque versus slip ratio at differemtival loads. The lon-
gitudinal force is much higher (in absolute value) for negaslip because of the
sinkage phenomenon: terrain compaction force always geiisist the direction

of travel.

3.1.2. Lateral Motion and Combined Slip
Figurel T shows the trend of lateral force versus slip aagléor various slip
ratios and vertical loads. While tires rolling on hard saef& (i.e., on-road) show

a flat response for higher slip angle this does not happenfotes@in: the lateral



force does not exhibit a maximum. This happens becausettralléorce is due
not only to the shear displacement at the contact patch battalthe bulldozing
effect (see[(I8)). The terfs saturates for large slip angles but the tefpy
monotonically increases because of the slip-sinkage phenon. Same results
have been obtained 27].

Figure[8 presents the combined shpvs. F, for various slip angles and ver-
tical loads. The plot is biased towards negative values afvbdar pull because
of the slip-sinkage behavior. Combined slip envelopes degee for larger slip
angles: during off-road maneuvering the forces that theeisirable to exchange
with the terrain are limited. For modest values of verticalds (compared to the
tire geometry) it is possible to obtain combined slip restdt larger slip angles

15].

Combined slip plots are useful to understand the behavithetire during
steering maneuvers. For instance, figure 8 predicts th&f00N, positive draw-
bar is attainable only into a small range corresponding gt kevel of slip. This
means that while steering drawbar is reduced and more sigrisssary to recover

longitudinal thrust.

3.1.3. Multi-pass on Dry Sand

The multi-pass effect can radically change the performanfhtees rolling into
ruts created by other tires of the same or other vehiclesur€fi§ shows the vari-
ations of drawbar pull and sinkage for multiple passagedigied by the model.
As mentioned previously the way the first pass is performéectdf the terrain
properties and the performance of the second pass. Thisifeas ichplications
for multi-axle vehicles where only some of the axles areatrivThe drawbar pull

increases at the successive passages while the relatikagsidecreases because



of terrain compaction.

3.2. Moist Loam - Flexible Tire

3.2.1. Longitudinal Motion

On moist loam the tire operates in the flexible mode: plotsgméed in this
section are similar, in nature, to plots presented for dnglshoam is a firmer soil,
thus sinkage effect is reduced; this leads to improved daawhll capabilities.
Figure[10 shows the trend of the drawbar pull and torque eeisei slip ratio at
different vertical loads.

Figure[11 presents the drawbar pull and the sinkage at \anidiation pres-
sure. Decreasing the inflation pressure provides a largeacbpatch that helps

improve the traction and at the same time reduces the sinkage

3.2.2. Lateral Motion and Combined Slip

Figure[12 shows the trend of lateral force versus slip aogl®r various slip
ratios and vertical loads. The results are similar to thesai#ained with rigid
wheels on dry sand; lateral force does not exhibit a maximum.

Figure[IB presents the combined shpvs. F for various slip angles and
vertical loads. Also, in this case, the flexible tires behsieilarly to the rigid

wheels.

3.2.3. Multi-pass on Moist Loam
Also when the tires behaves in a flexible way the multi-pagsceproduces
similar results. Successive passes increase the traep@abdity and decrease the

relative sinkage, this is shown in Figlire 14.



3.3. Traction Efficiency

Traction efficiency is presented in Figdrel 15. The efficiemoyreases for
larger tires, lower inflation pressure and successive passling on firmer soil
(loam in this case). This happens because in these comgliti@nsinkage de-
creases leading to a reduced resistance compaction faramn-ioad operations
higher inflation pressure guarantees better fuel econormthisus not the case in
off-road. Reduced inflation pressure not only improves taetion but it also re-
duces the sinkage and then it improves the efficiency as thellhysteresis losses
are negligible if compared with the terrain compactionsesice). The efficiency
has a peak in the range of 10-20% slip but it should be remesdligat it is not
possible to impose the tires to work at an imposed slip rétie ¢lip is indirectly
controlled by the driver through the control of the desirethicle speed). What
can be done is to properly match the tires, the power-traio aad the torque dis-

tribution in order to optimize the motion:this will be addsed in a future study.

4. Conclusions

In this paper, an enhanced off-road capable tire model has peoposed.
The semi-empirical approach, well established in the teechanics community,
has been discussed and improved in order to combine, intogéesmodel all
the salient features that an off-road tire exhibits. The ehasl sensitive to tire
geometry and consistently predicts the response to vartablload and inflation
pressure.

This study shows that it is licit to assume the exponent ofk8elequatiom
function of the slip. This ensures a more accurate estinfateesinkage without

deteriorating the prediction of the traction and torque.adlequate tuning of the



parameters introduced in (10} (9), 121),1(20),1(22) allame to obtain from a
single model consistent measures of drawbar pull, torguierdl force, sinkage,
multi-pass effect. These parameters can be identified feorait and tire testing.

The methodology proposed is particularly suited for ofkadosehicle dynam-
ics simulations where it guarantees satisfactory accuaacy sensitivity to tire

geometry [REF TER477].



Table 1 Undisturbed  soill properties  adapted froml:l [35] $amu

tions.
Soil ke phi n c[Pa] @[deg] kyky ¥s

[m] [N/m?]
Dry Sand 34 49.68 0.70 1150 311 0.015 15,696
Moist 24.45 96.34 0.97 3300 33.7 0.0076 15,196
Loam

Table 2: Nominal tire properties needed to calculate tirengetry. Parameters are referred

E a Continental Contitrac SUV P265/70/R17 and have beererempntally calculated in
1.

Ry [m] w[m] pilkPa] ¢ B 0
0.4 0.265 240 0.0845 6.3579 0.0230




Table 3: Tire parameters for slip-sinkage and multi-passutation. ¢y andc; are taken from
]. cof andcys are estimated by inspectiong andn; are taken fromlﬂl].kl, ko, andks are

extrapolated for 4] as explained in the text. All paraengtare dimensionless.

Co C1 Cof Cif No Ny ki ko ks
0.4 0.2 0.2 0.05 0.8 0.6 0.1178 0.1672 0.0348

04} -0.33r

Contact patch profile

-0.34r
0.31
-0.351
02
-0.361

0.1r
-0.371

[m]

z[m]

~ —0.38F

-0.39r

-0.41r
Undeformed tire profile

-0.421

-0.5 0 0.5 -0.04 -0.02 0 0.02 0.04 0.06
x[m] x [m]

(@) (b)

Figure 1: (a) An example of a deformed tire driven on a soffasa@. The tire is deforming and
sinking into the ground. (b) A detail of the contact patcheard/e highlight the normal stress,

and the tangential stresgacting along the contact patch.



-0.4 -0.2 0 0.2 0.4

Figure 2: Exaggerated plot of a deformed tire sitting on tsairfiace (a) and driven on a soft terrain
(b). When stationary the only portion in contact with theaer is the flat region betweefh and

B which in this particular configuration correspond@gand 6.. When the tire is rolling, the
section of maximum deflection is rotated on an argle= e—zf and the entry and exit angl

don’t necessarily correspond & andé;.



Harnisch et al. ——»

Figure 3: A schematic reﬁisentation of the normal stredtsilolition as adopted by Harnisch et

al. B] and by Wong at al. [37]. In this paper, Wong’s appioecused.
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Figure 4: Variation of density recorded by Holm [14] duringiltipass experiments. Line fit

parameterg, ko andks are the same for every line.
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Figure 5: A schematic representation of the lateral forceegation. The lateral force is composed
of two components: the shear force in the lateral diredfigrand the bulldozing forcgy,q. The

first one is due to the lateral slip of the tire imposed by tieeshg action. This force acts on along
the contact patch beneath the tire. The bulldozing force @ctthe side of the tire and is due to

the wheel compacting the terrain in the lateral direction.
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Figure 6: Trend of drawbar pull and driving torque for diffat vertical loads and slip ratio. Dry
sand, Rigid wheel.
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Figure 7: Lateral force versus slip angle for different séios and vertical loads. Dry sand, rigid

wheel.
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Figure 9: Multi-pass influence on the performance. Dry saigij wheel.
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Figure 10: Trend of drawbar pull and driving torque for diéfet vertical loads and slip ratio.

Moist loam, flexible tire.
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Figure 11: Variation of drawbar pull with inflation pressamd trend of the sinkage with inflation

pressure. Moist loam, flexible tire.



5
e F,=7000N

i 3l sd:O

> i o_..5,=01

8 _s,=02

s O

£y

© |

5 2

< -3

. X
_5 L L J
~20 -20 20 40

0
Slip Angle a, [deg]

y

Lateral Force F [kN]

s =0.1
4k d
__F,=5000N
2r ___F,=7000N
of _«F,=9000 N
_2,
_4,
~20 -20 0 20 40

Slip Angle a, [deg]

(b)
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Figure 13: Combined slip envelope for different slip angid &ertical load. Moist loam, flexible

tire.
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Figure 14: Multi-pass influence on the performance. Moiatioflexible tire.
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Figure 15: Tractive efficiency under different operatiosednarios for a tire rolling on dry sand

(a) and moist loam (b).
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