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Abstract: Nowadays, modeling tools are available for the engineer during the design or improvement of a product.
Considering the study of vehicle dynamics, there are commercial dedicated softwares which aid the designer during
the conceptual and detailed design phase. Therefore, some metrics are promptly available after some simulations,
such as yaw velocity, lateral velocity, etc., for standard maneuvers. However, it is still a challenge to connect these
metrics with some empirical quantities that usually depend on several external parameters and design specifications.
This is the case of tire wear, which depends on the friction work developed by the tire-road contact. Using this
statement, an approach is derived to estimate the tire-road friction during longitudinal and cornering drive using the
wheel dip, which is the relative difference in wheel velocities. In this way, a qualitative formula for tire wear is
obtained and some sensitivity analysis considering cornering maneuvers can be performed using a simple model for
lateral vehicle dynamics such as the single-track model. The influence of design parameters such as cornering
stiffness, the distance between the axes, and the steering relation between the axes has been evaluated. This approach
is also extended for vehicle with two steering axes, where an extension of the single-track model is used. Some results
are shown, and some statements found in the literature are highlighted which allows the designer to infer about the
vehicle behavior considering tire wear using simple models and standard statements.
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NOMENCLATURE

A,B = state space matrices

a = distance between the centre of
gravity and the first axle

b = distance between the centre of

T=time, s

V = vehicle velocity, m/s
W = tire wear, m

dl = infinitesimal distance

o= steer angle, rad
w= angular velocity, rad/s

Subscripts

gravity and the second axle dt = infinitesimal time a relative to friction

¢ = distance between the centre of dx = infinitesimal distance in the t relative to tangential direction
gravityand the point between the longitudinal direction X relative to longitudinal direction
third and the fourth axes dy = infinitesimal distance in the y relative to lateral direction

Ab = abrasion coefficient, 1/N lateral direction w relative to wheel

C = cornering stiffness, N/rad z relative to the vertical direction

F = force, N Greek Symbols N relative to normal

| = inertia, kg.n A =% distance between the third and 0 relative to the reference

L = work, Nm the forth axes 1,2,3,4 relative to the first, second,

M = mass, kg a = side slip angle, rad third and fourth axes respectively

R = wheel radius, m
S=distance, m

S = slip ratio, dimensionless

INTRODUCTION

In other to face the design problems, nowadays,efivggl tools are available for the engineer. Comsigdethe
study of vehicle dynamics, there are commercialicged softwares which aid the designer duringdtieceptual
and detailed design phase. Therefore, some metrecpromptly available after simulations, such a® yelocity,
lateral velocity, etc., for standard maneuvers. Ewasy, it is still a challenge to connect these iogtwith empirical
guantities that usually depend on several extgragmeters and design specifications.

This is the case of tire wear, which depends onfribon work developed by the tire-road contddsing this
statement, an approach is derived to estimatdreneoiad friction work during longitudinal and ceming drive using
the wheel slip, which is the relative differenceantheel velocities. Similar approach is also useh¢tude tread wear
in advanced tire models available in commercialicktdd multibody softwares, such as FTire (Gip26603). Some
properties of FTire model, such as compressiomstt and damping, shear stiffness and damping cheacity and
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tread mass distribution are updated depending ®trétad depth. FTire models are based on thedmnigiower and a
functional relationship between friction power aind wear rate (Gipser, 2003).

Tire wear is unavoidable, but it can be delayedr&fore, the designer should be aware of this prolwluring the
design phase and try to minimize it. This may bexanthuge issue for vehicles with two steering akes.this kind
of vehicle, an improper geometry can cause a rdgidrioration of the tire condition.

The relationship between the wheel slip ratio drftiction coefficient is well-know and can be deélsed by the
‘magic formula’ (Bakkeret. al., 1989). This relationship depends on the roaditom (dry, wet, etc.), road type
(asphalt, concrete, etc.), tire type (carcass diabga tread type and tread depth. Several workeeva®ne in this
framework, for instance, real time estimation & fhiction coefficient based on slip estimation€let al., 2004).

The methodology proposed in this paper is a qusitaanalysis of the tire wear considering someicleh
dynamic responses. The tire wear can be correlatébdthe friction work by the abrasion coefficiefesides, the
friction work can be described in terms of dynamgisponses for steady state longitudinal and latBnaamics. This
approach is described in the next section. Sincqualitative formula is obtained, some sensitivityalysis
considering cornering maneuvers can be performétdyws simple model for lateral vehicle dynamicstsas the
single-track model. A short review of the singlack model considering two steering axes is showthénsection
Simple Models for Lateral Dynamics. Using the gagive formula and the single-track model, the eatibn of
parameters such as cornering stiffness, the disthatween the axes and the steering relation bettiheeaxes has
been performed and are shown in the section QtieditAnalyses. Some results are addressed, and statgnents
found in the literature are highlighted, which alkothe designer to infer about the vehicle behastorsidering tire
wear using simple models and standard statements.

QUALITATIVE FORMULATION FOR TIRE WEAR

A gualitative formulation for tire wear is derivéar steady state longitudinal and lateral dynaregponses in the
next sections. Firstly, the friction work is writtelepending on vehicle dynamic responses. Afterwidua friction
work is used to describe the tire wear using thrasibn coefficient.

Friction work definition

The tire wear is proportional to the friction wdHat is defined by Eq. (1) (Argemiro, 2000).
S
L, = j F, (el (1)
0

where L, represents the friction worl&; the tangential force an8 the distance. For both, steady state longitudinal
and lateral dynamics the Eq. (1) can be rewritten.

Considering steady state longitudinal dynamics,tmgential forceF; , from Eq. (1), can be substituted by the
longitudinal forceFy and the relative displacement developed in thgitadinal direction,dx. Therefore, Eqg. (1)
can be rewritten, obtaining:

S T T
L = [ Fe ox= [ Fy v, ot = [ P (o, R-V) ot )
0 0 0

whereV, represents the vehicle velocity in the longitutlidizection, «, the wheel angular velocity® the wheel
radius and/ the vehicle velocity. The slip rati@,, can be defined by Eqg. (3) (Winkler, 1998).

_ (@R-V)
B= —Vv 3)
3)
Using the definition in Eq. (3) in Eq. (2), yields:
-
La:jwawmt 4)
0
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Considering longitudinal steady state maneuvees|dhgitudinal force and the slip ratio are conttamherefore,
the friction work can be described by the Eq. (5).

;
La = Fx (B V (@t = F, (B[S (5)
0

Consequently, considering longitudinal steady stateneuvers, the friction work is proportional toe th
longitudinal force, the slip ratio and the distance

In a similar way, considering steady state latelylamics, the tangential fordg can be substituted by the
lateral forceFy and the relative displacement developed in therdatdirection. Therefore, for steady state lateral
dynamics, the friction work reads:

S T
La:ijmy:ijm/ymt (6)
0 0

where Fy represents the lateral force a‘vig the lateral velocity. The side slip angte, can be defined by Eq. (7),

(Gillespie, 1992).
Vy
a =arctan — @)
VX

whereVy represents the longitudinal velocity of the vehidfor small side slip angles, the longitudinabeély can
be approximated by the velocity of the vehicle (8).

V V
= Y=Y (g
Vy V

a

Therefore, the friction work for steady state latetynamics can be rewritten as in Eq. (9), siheelateral force
and the side slip angles are constants.

Ly = |Fy @V [t = F, &[S 9)

o —

Consequently, considering lateral steady state maans, the friction work is proportional to thededl force, the
side slip angle and the distance.

Qualitative formulation for tire wear during latera | steady state maneuvers

Tire wear,W , and the friction workl,, are proportional by the termAb, abrasion coefficient, Eq. (10),

(Argemiro, 2000). Abrasion coefficient depends omes tire characteristics: hardness, molecular strecelongation
at break, wearing resistance, vulcanization degpaentity of carbon black, etc (Argemiro, 2000).

W =Ab, (10)
At this point, it is necessary to highlight thaethormal weight also plays an important role in tine wear

phenomena. In this work a linear relation betwdentire wear and the normal weight is considerdgtrafore, the
adopted qualitative formula for the tire wely,, considering lateral steady state maneuvers ixitdesl by Eq. (11).

W O Ab[F [ [S Py = Ab[T, %[5 Py (11)
Fno Fno

where Fy represents the normal force aifgo the reference for the normal force. The lateratdoF, is
proportional to the cornering stiffne€}, and the side slip angle .
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In order to minimize the tire wear, the productatéral force and the side slip angle should bemized. These
parameters can be extracted from simplified mosieth as single-track model of a vehicle.

SIMPLIFIED VEHICLE MODEL FOR LATERAL DYNAMICS

The procedure described at the previous sectiorbeamsed for qualitative analysis during the degigase of a
vehicle. For steady-state cornering maneuvers, sthlest model is known as single track or bicyoledel
(Gillespie, 1992). This model was used to predans responses (necessary to the qualitative agplii two
vehicles with one and two steering axes. The sitigiek model for vehicles with two axes (one stegraxis) is
widely described in the literature (Gillespie, 1992

An extension of this model for vehicles with fowea (two steering axes) is derived in the same waystate-
space model can be derived from the summationreéfoand moments in the bicycle model shown at(Eg.The
lateral transfer load is considered negligiblerefa@re, the model is valid for low lateral accetemas. Further details
can be found at (Winkler, 1998).

1] C > | a >
A A _ b -
o4 a3
N ¢ il (\\ (\ \ oo
o2 o1
oz \ o
R
Figure 1 — Single Track Model for four axes vehicle = — two steering axes

The state-space model is shown at Eq. (12), wherartatricesA and B are defined by Egs. (13) and (14),
respectively. They depend on the méids the inertial , the cornering stiffnes€, of the different axes, and the

distances between the axas b, c andA, see Fig. 1. The inputs of the system are the steglesd; andd,, and
the state variables are the angular veloaityand the slip ratigs5 .

HWEHEH
w, Wy 52

_ (Cal +Cpo +Cpa + Ca4) _1- (acal +bCpp - (C - A)Cas - (C + A)Ca4)
A~ MV MV 2 (13)

(8Cq1 +bCgp ~(c=B)Ca3 = (c+B)Cas)  (a2Cs +b7Cp +(c=B)Cpa + (c+0)Cpa)

| WV,
Can Caz
_| mv mv

B=laC,, bC,, (14)

From this formulation, the angular velocity, and the slip ratig3 can be calculated. The side slip angles, that
are required for the tire wear estimation duringneoing maneuvers, are given by the Egs. (15).

a1:ﬁ+%—51'a2:ﬁ+bc)z—52,a3:ﬁ—% anda4:ﬁ—% (15)
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QUALITATIVE ANALYSES

The qualitative formulation for tire wear, whichbased on lateral steady state dynamic responsesged at the
previous sections can be used to perform sengitavitalyses. Some sensitivity analyses were perfbrfoe two
vehicles: with two and four axes. Typical valuesr&ss, inertia, mass distribution, distance betwkemxes, etc. are
the inputs for the simplified models that suppbesne dynamic responses requested by the senséivitlyses. The
analyses of the vehicle with two axes, i.e. onerstg axis, were made using typical parameterggbt kcommercial
vehicles. For a vehicle with two steering axes,jdgbparameters of heavy passenger vehicle werd. iBefore
presenting the results for these typical vehidesye statements about Ackerman geometry will beeaddd.

Ackerman geometry

According to Maxwell (2006), deviations from Ackeamangles for the right or left steer angles cgniicantly
affect tire wear. However, deviations do not sigaifitly affect directional response for low speedns.
Consequently, the proposed methodology is not usefevaluate tire wear caused by deviations frookekman
angles. Since, the proposed approach is basededattiral dynamics responses from a simplified madté only
valid for low lateral accelerations. Therefore sta@esponses are only valid for low speed turns.

In spite of this approach does not fulfill the axatlon of the Ackerman angles, it is important ighlight that a
good specification of the steer angles can pregany tire wear phenomena. Since, it avoids highesof friction
forces during cornering maneuvers.

One steering axis vehicle

Since the proposed methodology is formulated feady state maneuvers, a step steer input was chliosen
simulate and evaluate the tire wear for severalditimms and different parameters. The output respsnare
considered when the system is in steady state ttom@nd are proportional to the tire wear accadmEq. (11).

A step steer input of 1° was applied to the vehitldifferent velocities. The responses of a bieydodel of a
light commercial vehicle for several velocities e@alculated. The results which are proportionahéotire wear are
shown in Fig. 2a. The steady state values for iffevelocities are shown in Fig. 2b. The tire wefathe rear axis is
more severe than that of the front axis. A lingapprtion is kept for larger step steer input.
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Figure 2 — (a) Qualitative tire wear values for as tep steer input at different velocities (b) Steady-  state
qualitative tire wear values for different velociti es for a vehicle with one steering axis

For the sensitivity analyses, some changes wereeraad the impact of these changes was evaluatedh&o
evaluation of a single steering axis vehicle, tbasgivity analyses were made changing the corgesiiffness
coefficient and the location of the axes. The itssale shown in the next sections.

Sensitivity analyses - cornering stiffness coefficient

Two situations were evaluated: (a) a reduction @¥5at the initial cornering stiffness coefficiemda(b) an
increase of 100% at the initial cornering stiffnessfficient. The comparison between the configaratis shown in
Fig. 3. In both cases, the rear axis is still surfifg the most severe tire wear. The lateral foecprbportional to the
cornering stiffness coefficient; consequently, pheportionality appears at the analysis.



Modeling and qualitative analysis of tire wear for steady state cornering maneuvers

- - —front axis / - - —front axis
1.6¢ ——rear axis l —— rear axis
_ 14} - - -front axis — 1/2 Cornering Stiffness| | _ 08} - - ~front axis — 2 Cornering Stiffness|;
o —rear axis — 1/2 Cornering Stiffness s ——rear axis — 2 Cornering Stiffness
= 12t =
2 ()
= 4l = 0.6
2 o
£ 0.8 T
'g Sl g 0.4+
s :
o 04r =t
% 0.2t
0.2f
00 20 :1(; — 6I0 8I0 100 0 ‘
Velocity (km/h) 0 20 40 60 80 100
Velocity (km/h)
(@ (b)

Figure 3 — Comparison between the original configur ~ ation and the modified ones (a) half and (b) twice  the
cornering stiffness coefficient

Sensitivity analyses - location of the axes

Two situations were evaluated: (a) a vehicle 10%gdéw (b) a vehicle 10% shorter than the origindie T
comparisons between the configurations are showkfign4. These modifications were also not ablehiange the
rear axis condition. The 10% longer configuratioegents better results than the original configomatThis
improvement was about 15%.

1 . : 1 ; :
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Figure 4 — Comparison between the original configur  ation and the modified ones (a) half and (b) twice  the
cornering stiffness coefficient

Vehicles with two steering axes

The same approach was done to analyze the vehitiéewo steering axes. A step steer input of 1° agglied to
the vehicle at different velocities. The results 7& km/h are shown at Fig. 5a. The steady stdteegdor different
velocities are shown at Fig. 5b. In this case,titeewear of the second axis is more severe tharothers. Some
modifications were studied to change this conditieor the evaluation of the two steering axes \Vehibe steering
relation between the axes and the location of Xies avere the parameters evaluated.
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Figure 5 — (a) Qualitative tire wear values foras tep steer input at 75 km/h (b) Steady-state qualita
values for different velocities for a vehicle with two steering axes

Sensitivity analyses - steering relation between the axes

Two situations were evaluated: (a) a steering io¥lab% smaller (b) a steering relation 14% smatlem the
original. The comparisons between the configuratiare shown in Fig. 6. Both modifications were ableeduce the
tire wear of the second, third and the fourth akesact, the second configuration was the optio@ase resulted from
an extensive search for the best steering relattween the axes.
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Figure 6 — Steady-state qualitative tire wear value s for modified configurations: a steering relation (@) 5%

smaller and (b) 14% smaller

Sensitivity analyses - location of the axes

Considering the scheme in Fig. 7 for the locatibthe axes, the Table 1 can be interpreted asatestudied
configuration: the distance between the first amel second axes, Ld, (a) 20% shorter and (b) 20%elprand the
distance between the third and the fourth axegc)t20% shorter and (d) 20% longer. The compasdmtween the
configurations are shown in Fig. 8. These confitiares were evaluated with the optimal steeringti@fabetween
the axes. No significant improvement was made laynging the location of axis on this vehicle.
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CONCLUSIONS

An empirical metric was derived for tire wear ealan during steady state maneuvers. As tire wepexds on
the friction work developed by the tire-road comtam approach can be derived to estimate it dustegdy state
longitudinal and cornering drive using the whedb,slvhich is the relative difference in wheel vétms. Since a
gualitative formula was obtained, some sensiti@halysis considering cornering maneuvers could drfopned
using a simple model for lateral vehicle dynamigshsas the single-track model. Using this critama the single-
track model, some new configurations were evaluatbd approach was also extended for vehicle tth steering
axis, where an extension of the single-track meded used. Some results were shown, and some stdtefoand in
the literature were highlighted which allows thesideer to infer about the vehicle behavior considgtire wear
using simple models and standard statements.

Conclusions can just be drawn for specific vehicldswever, two clear conclusions can be observenh fihe
sensitivity analyses. First, there is an optimaifiguration for the location of the axes for vebglwith two axes.
Second, for vehicles with two steering axes, tlieen optimal steering relation between the axes.

In spite of this approach does not fulfill the exatlon of the Ackerman angles, it is important ighlight that a
good specification of the steer angles can pregariy tire wear phenomena, since it avoids higlieslof friction
forces during cornering maneuvers.

ACKNOWLEDGMENTS

The authors would like to thank Daimler Chrysled @irelli for the data used to perform the simalas. The
research work of Maira Martins da Silva is suppbitg CAPES, Foundation Coordination for the Improeat of
Higher Education Personnel, which is gratefullyramkledged.

REFERENCES

Argemiro, L.A.C., 2000, “Estudo de desgaste de primicaminhdes e 6nibus utilizando-se o Métodd=diementos
Finitos”. Sdo Paulo, (Dissertagdo Mestrado) — BsPolitécnica de Sao Paulo, Universidade de SétPa

Bakker, E., Pacejka H.B. and Lidner, L., 1989, "@&antire model with an application in vehicle dynamstudies”,
SAE Trans., J. Passenger Cars, Vol. 98, No. 89Q8)87,01-113.

Lee, C., Hedrick, K., Yi, K., 2004, "Real-Time Slgased Estimation of maximum Tire-Road Friction flioent”,
IEEE/ASME Transactions on Mechatronics, Vol. 9, dopp. 454-458.

Gillespie, T.D., 1992. “Fundamentals of vehicle dymics”. Warrendale, PA : Society of Automotive Eregrs.

Gipser, M., 2003, “The FTire Tire Model Family”, wwftire.com/dowload/ftire_eng_3.pdR4/04/06, Esslingen,
Germany.

Winkler, C.B., 1998. “Simplified Analysis of the eatdy-State Turning of Complex Vehicles”. Nethergndehicle
Systems Dynamics, Swets & Zeitlinger.

Maxwell, T. T., 2006, Steady State Cornering, Adexh vehicle engineering laboratory Texas Tech Unite

http://www.me.ttu.edu/UserFiles/File/Maxwell%20S #2066 %20Auto%20Sys/Steady%20State%20Cornering.pd
f.

RESPONSIBILITY NOTICE
The author(s) is (are) the only responsible forghisted material included in this paper.



