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FOREWORD

The work reported herein was performed by Calspan Corporation
for the National Highway Traffic Safety Administration (NHTSA) under
Contract No, DOT-HS-053.3-727 during the period 30 June 1973 to 30 June
1974, The NHTSA contract technical rnanager was Mr. Edward Kakaley
of the Office of Operating Systems Research., The project engineer was

Mr. R. Douglas Roland of the Transportation Safety Department of Calspan.
The complete project is reported in the following separate volumes:

Volume i - Summary Repozrt
Volume 1I - Technical Report

Volumes Il and IV _  Appendices

Volume V - Measured Tire Performance Data

This is Volume III which contains five appendices authored by

various members of the project staff,

iii
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INTRODUCTION

The overall objectives of this resezrch program were to ldentify
the properties of tires that affect vehicle dynamic regponse and to describe
those effects in quantitative terms and to evaluste the degree to which the
various tire parameters affect vehicle dynamic response, and to assess

their relative importance,

This volume contains five appendices primavrily. devoted to discussicns
of interesting or significant developments or techniques that were emnployed

during the study,

Appendix A is a thorough review of over 80 publications which were
selected from about 120 pertinent reports and papers related to tire
construction properties and performance parameters, Appendix B discusses
the development of mathematical functions of aligning torque and overturning
moment and the development of automatic computation technigues for
obtaining simulation tire model coefficients from measured tire data,
Appendix C discusses the vehicle test procedures, modifications of these
procedures for testing in the wet, and the automatic computation techniques
used to process the vehicle test data. Appendix D contains complete
simulation data sets for the four test vehicles used in this study. Two sets
of inertia parameters are given for each vehicle corresponding to the
automatic controller and driver controlied configurations. Appendix E
discusses a preliminary test program fo evaluate the performance of a

three component vehicle wheel force sensor,

vi -
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INTRODUCTION AND SUMMARY

In crder to facilitate the selection of important tire propey

and parameters for this program, a lHterature search was undertaken with

nns between tire construction

the obiective of (1) identifying significant re

and performance data, and (2} isclating construction-perfoermeance relationsg

that are not covered in the open literature and therefore need experimen

attention.

From about 120 pertinent references, 75 were reviewed in

detail and then grouped into seven subject areas:

® General information on construction~-performance relations
@ Effect of tire construction f{ype on periormance

B Effect of tread geornetry on performance

@ Effect of tread compound on performance

@ Effect of road wheel dimensions on performance

@ Effect of aspect ratio on performance

® Effect of cord material on performance

The selected references arve arranged in alphabetical order
according to the first author's name; pertinent subject areas are noted as

keywords.

The literature search revealed that the effects on tire performance
of tire constructlion type, tread geometry, and tread compound are well

investigated although certain questions remained unanswered {for instance,



¢

the effect of tread geometry an dry braking traction). The effects of road

cord material were less well covered,

wheel dimensions, aspect ratic,

The scarcity of studies in these folds was unexpected,

the au

't areag, as they

pertain to the selec Cthe conteminlated test prograrn,. are
& ¥

summima rized o - with tentative

s the respective subject hendings,

conclusions, the performances of cross-ply, bizs-belted, and

radial-ply tives are sufficiently different to consider the construction type
a principal parameter of the test program. The same is true for tread
geometry although its influence on performance is less pronounced on
dry surfaces than it is on wet surfaces. The effect of tread compound
appears not to surpass + 10% {in general}. The effeots of road wheel
dirnensions, aspect ratio and cord material are uncertain, as already

pointed out,

Effect of Tire Comstruction Type

The performance srences of cross-ply {also called:
cross-~biasg, bi&ﬁmp}_yr crossed-ply, bias), bias-belted (belted-bias,
belted-bias-ply}, and radial-ply (beited-radial, radial-belted, radiai}
tires are rather well investigated and documented. Of the many data
presented in the referenced literafure, we will point out only those that

have a significant hearing unon the proposed ewperimental program,
g g Ui & :



rotiing ore

Table 1 were ¢

distorbances and other transien: inputs . In all cases,

showed mavkedly lower - ply tire,

Elliot, Klamp, and Kraemer (1971 determir

resistance of eighty tires. Their findings are oresented |

At speeds up to 60 mph, cross-ply tives develop a 7% higher roiling
resistance than radial-ply tires. The resistance of hias-helted tires ig
24% higher. At speeds beyond 90 mph, cross-over occurs, and the radial.

ply tire shows a higher rolling resistance than the two other types.

Differences in braking traction due to tire construction are in-

significant., Figure 2 shows peak and slide braking coefficients {ox radial-
ply and cross-ply tires, both equipped with winter tread pattern (Figure Za)
or sipes (Figure Zb} and operating on wet, fine cold asphalt, The resulis
are almost identical for both tire types. These findings are corroborated
by Kelley {1968), who measured stopping traction of crogs-ply and radial-
ply tires on two wet surfaces, one with very low coefficient of friction

([u = 0.1) and one with high coefficient (’u = 0,7}, On both surfaces, both
tire types produced approximately the same stopping distance. Similar

results were arrived at by Meades (1967},

The difference in cornering, camber, and aligning torque

coefficients due to differences in tire construction data are generally
significantly large., Peterson and Rasmussen {1973} published a table
{(Table 2) with pertinent data for bias -belted and radial-ply tires. Ia the
average, radial-ply tires had a 20% higher cornering coefficient than bias-

belted tires; their camber coefficient, however, was 60% smaller, and

A4



Spring Kate Cross-i'ly I Radial-Ply
Tangential (longitudinal} } 12400 7500 kgf/rad
Iateral | 11.4 8.4 kgf/mm
Torsional 250 | 190 | m kgf/rad
Vertical 20 17 kgf/mm
TABLE 1

Spring Rates of Non-Rolling Cross-Ply and Radial-Ply Tires

{At Small Deflections)

Tires: Cross-Ply 178 514, 24 psi
Radial-Ply 176 5R14, 277 psi
Vertical Load: 335 kgt

Extracted from Thieme and Pacejka (1971}
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SPEED - mph

AVERAGE ROLLING RESISTANCE OF BIAS, BIASBELTED, AND

RADIAL TIRES, AS FUNCTION OF SPEED

Figura 1

From Elliot, Klamgp, snd Kraemer (1671)
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Cornering Camber | Alipning Torgue
Coefficient ' Coefficient ; Cosfficient
| Standard Stafudard | | Standard
Mean Deviation  Mean Deviation Mean Deviation
Bilas-~-helted ; : i ‘
(N = 9} 0.129 0.0i14 - 0.021 0.004 & 0.031 4,003
Radial |
(N = 12) 0. 156 0.019 0. 008 0.001 1+ 0,025 0. 001

TABLE 2

Typical Force and Moment Coefficients

of Bias-Belted and Radial-Ply Tires

From Peterson and Rasmussen {1973)



their aligning torque coefficient 20% smaller than the respective coefiicients

Loring and cambe ¢ coeflicients

of the biag-belted tires, A corn sison of co

of o Figure 3. Compared with

oss-ply and radiai-ply tives

miber and cornering stiffoesses

dats given in Table 7,

firen oo aot differ very ohuoh

of bias -belted 2

s the camber o0

may oot be justified, however, #1604
tires ;s usually higher than the value {of 0.015) gpecfisd in Figure 3. For
instance, Nordeen and Cortese {1963) gquoted a typical camber coefficient

range of 0.20 to 0,30 With thie range, the camber coefficient of bias-belted

tires would be generally lower than that of ¢ ross-ply tires.

Tentative Conclusions

Radial-ply tives show markedly lower s pring rates inall directions
(vertical, lateral, longitudinal, torsional) than cross-ply tires. At speeds
helow 60 mph, radial-ply fires and, toa lesser degree, bias-belted tives
develop distinctively lower rvolling resistances than cross-ply tires,
Mifferences in braking traction of all three construction types are insignilicant.

Seients of bias-belted and

Cornering, camber, and aligning forque cof

radinl-ply tires are significantly different {particularly in camber), The
cornering coefficient of cross-ply tires is sommewhat close to that of bias-

helted fires; the camber coefficient of cross-ply Gires seems generally to

£

be higher than those of the two cther tire type:

mifect of Tread Geomelry

The affect of tread design on fire performance is most pronounced

on wet roads. Here. tive grooves and sipes absorb and channel the water

away from the road surface and thus

the degired dry contact

between tire and roadway. The draining - is not only dependent upon

A -9
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the tread pattern but also on the water de oth and the road texture. On rough

surfaces the draining elfect of the b3
t oy

5 less nporiant thaa on smooth

suriaces hecause ihe road

gurface are Hkely to

the water filrtm and contact the surface directiy; on smooth

ber prinat be removed throngh groove s

surfaces, all wa “tion,  Figure 4

wet) suris

o, On the smooth

shows the fread effect on a 81oo ihoand o orou

road aarface, the patterned tire developzd much higher friction forces

than the smooth tive {especially at highes gneeds); on the rough road surface,

boih tires develop almost identical forces.

Figure 5 depictes the maxirmum lateral coefficient of friction
(¥ ) of sin commercial 5.60-15 tires with various tread patterns
Yimax  w

aperated on a srnooth wet surface. At low speed (20 mph), the coefficients

vary within + 13% of the mean, at high specd {75 mph), within + 60% -~- &

influence of the tread pattern on wet

very large range :ndicating the s
traction performance. The influence of tread pattern on tire performance
is not only irmportant for wet smooth surfaces but for dry surfaces as well.

Table 3 lists performance chavacterisiics nf three tires of the same built

with different tread patterns, All data were measured on & dry surface

{(flat-bed tester}. It was found that the different tread patterns had very
Little influence on the vertical and lateral spring rates, K and K . Equally
“ y

little affected was the cornering stiffness e . The cambering stiffness,
F—; H i, ls.'l

.f._‘,g , and the longitudinal stiffness, C-W , however, were substantially
infiuenced by the tread pattern. The open tread, and also the tread with six
grooves, genervated considerably less camber stiffness than the less compliant
tread with only four grooves. Unfortunately, the influence of tread pattern

‘s

on dry braking traction was not casured {the equipment was restricted to

only 4% longitudinal ship).
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A general investigation of groove patterns and their

influence on stopping and cornexing traction was performed by Kelley {1 968)

He varied the amplitude {called g

ight} and wavelength {called pitch)

of the zigzag grooves of a tire with four grooves and found that on a smooth
roadway ( /?»4» = (.1, the maximum deviations from the mean value due to

variations of point height and pitch were ' 20% in stopping traction, and
+ 2% in cormering tracticn, On a rough readway [ M = 0.7}, the variations

in stopping distance did not exceed + 3%,

In the same study, the influence of the tread radius on wet traction

was investigated., Within the range of radii tested {(from 8 to 12 inches), no
difference in braking traction could be found., For cornering traction, the
tire with 12 inch radius performed slightly better than the tires with smaller

tread radius. The effect of tread widih on stopping traction and cornerin
tread widtn ppLg &

kN

traction are small on a rough wet surface, acoording to Kelley., Ca a smooﬂ”}"\
: . N
wet surface, there appears to be an optimum tread or shoulder width (that Y

N

is, if the same number of grooves 18 emploved); a tire with a tread width
between 5,00 and 5,40 inches exhibited a 15 to 30% better stopping traction
than tires {of the same size, tread pattern, and number of grooves) with
smaller or larger tread widith., The respective differences in cornering

traction were negligibly small, though.

Kelley also investigated the influence of radial slots applied at
the tire shoulders. He found that on smooth wet surfaces,radial shoulder
7

%o but added very little to wet cornering

slots improved braking traction by 25
traction. On rough surfaces, shoulder radial slots produced no improvement

of traction,

Allbert and Walker {19565-66) investigated the influence of the

number of tread ribs on peak and slide braking coefficients and discovered




s yielded more Lraciic ; < or five vibs, Figure 6. Mavcoek

that ¢

{ Lad 7 Voon

other hand, could noft digcers

E}{‘: rioy M N e R Y web suriaces

performance of an eight-ribbed tive was
a four-ribbed tire. On a rough surface, however, he detected no significant

infiuence of the »ib number. Similarly, for cornering traction on a smooth

wet surface, the effect of the number of ribs was neglig:ble, too: a
four-ribbed tire gave only 5% better cornering traction than an eight-ribhed

tire,

The influence of groove width on tive traction has been establisk

by many researchers. We quote here only the results published by Mavycock
(1967), Figure 8. On polished wet concrete, the peak brake coefficient
increases rapidly at low groove widths, to stay almost constant at widths
beyond 0. 2 inches. Kelley pointsz out, however, %:E"mt on rough wet surfaces

the effect of groove width on tfraction is much smaller, as expected.

The effect of groove depth on wet and dry traction has bean

carefully measured by Staughton (1970) and many other researchers.
According to Staughton {(Figure 3} the influence of groove depth is small
on wet stmooth concrete at lower speeds (up to approximately 50 mph) if
less than 50% of tread depth are worn off; at higher speeds and with little
groove depth left { @ 2Zmm), the los s. of traction is considerable, On dry
suz'faces, tire stiffness (Cm’ . e ) CS yusually poes up wit
decreaging groove depth. Table 4 shows that up to the half-worn state,

the investigated tire increases in circumferential stiffness by 24%, in

cornering stiffness by 32%, and in camber stiffness by 51%. These high

AlD
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c 42000
5

C,, I 523

c, g 69

K | 1618
y |

K 4700

Half Worn
52000 (+24%)
690 (+32%)

104 {+51%)

1784 (+10%)

3939 (- 16%

TABLE 4

Fuily
Worn

60000
7l
143

1886

4600

Ib /unit slip
Ib/deg

Ib/deg

1b/in

ib/in

Measured Performance Data of 10.00 -201F Nylon Truck Tire

in Three States of Wear., (For Explanation of CS, C{)é

Surface - dry (Flat bed tests)

, etc., see Table 3.)

From Tielking, Fancher, and Wild (1973)
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th may alter

percentages indicate that aven small reductions in tread deg

Hicantly,

weteristics giy

tire ob

Recently, nvesti

published by Dijlks (1973,
coefficients of varions fires ooerated on wel sy

i

Figure 10 surmmarizes his lindings; they show

important influence on braking and cornering performance on smooth
surfaces and at high speeds. At low speeds {smaller than 30 mph}, the
influence of tread depth is small, Note that on a rough surface, the worn
tire yields better cornering performance than the new tire, even at higher

speeds,

The influence of sipes (narvow slots, knive cuts, traction biadesn}
on tire traction on wet surfzces is not firmly established. In a careful
investigation, Neill {1971) found no improvement in traction due to sipes.

Un the other hand, Kelley {1968} showed an improvement of more than

200% in stopping distance of siped versus not-siped tires, Figure 1!. This
P &

high figure applies to a wet surface with very low friction {# = 0, 1) for a
surface with # = 0.7, no improvement was discernible. Hence, sipes are

perhaps important only on very slippery surfaces,

Concliusions

Generally, the effect of the tread pattern {number and shape of
grooves, number of sipes, etc.) on tire performance is most pronounced
on wet smooth roads at speeds larger than about 30 mph. At high speeds
{> 70 mph}, variations of maximum lateral force due fo different commercial
tread pattern may be very large. The influence of the number of tread ribs
beyond four or five may be ingignificant for medium and high friction surfaces
although on very smooth wet surfaces more ribs {say eight instead of four)
seem to improve braking traction significantly, The same observation seems
to apply to the groove width., Beyond a width of 0.2 inches, no significant

traction improvement could be established.

Al
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/ﬁ.&wm peak braking coefficient
/Lﬁ, v b locked-wheel braking coefficient
14 cornering coefficient averaged over

Y interval from 8 deg to 15 deg

™D average texture depth of roadway
SRT microroughness as measured with British

Skid Resistance Tester
Water depth T ... 15 mil
Tire 165 SR 13
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Sipes appear to add signifi

tiy to wet traction on very smooth

surfaces., On rough susrfaces, their influence is small,

The effect of proove depth on wet traction is small if less than 50%
are worn off. However, on dry surfaces, circumfereniial, cornering, and

camber stiffness appears to increase significantly with wear. Also, on dry

surface, the tread pattern [for instance, the number of ribs) influences the

tire stiffness, notably the carmbering and longitedinal stifiness. The cornering

gtiffness seams to be less sffected,

The influence of tread radius on wet traction appears to be
negligibly small, and so does the influence of tread width if the surface is
rough, On very smooth surfaces, however, tread width affects braking

traction notably,

Effect ol Tread Compound

The two most cornmor tread rubbers are natural rubber (NR}
and styrene-butadiene rubber (SBR}, Passenger car tires are usually made
from SBR, often blended with butadiens rubber (BR} and nearly always
extended with a heavy oil. However, new synthetic rubbers such as butyl
and polybutadiene (PBD) are gaining importance, too. A survey of available
literature indicates a traction variation of mz+ } 2% due to different tread
compounds. Figure 12 shows, for a wetted public highway, the peak and
slide braking coefficients of an NR treaded and an SBR treaded fire {as a _
function of speed}. Except for the tread compound, both fires were identical,
The peak braking coefficient deviated by approximately + 12% from the average
value; the sliding coefficient, by approximately + 8%. These ranges give an
indication of the maximum inflaoence of tread compound on traction performance

to be expected of most commercially available tires.

Most passenger car tires are treaded with synthetic rubber.

Here, the range of traction performance is indicated in Table 5 which
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Safe Panic Braking Speed
Tread Maximum Cornering Limit After 100 Ft.
Compound Speed (mph} Pénetration of Curve {mph}
Dry Wet | Dry Wet
Butyl 87 68 51 | 46
SBR 77 63 45 40
TABLE 5

Cornering Performance Tests

{With Unidentified Tires)

Test Conditions: Chevrolet {(loaded wt, 4180 Ib. ).
Moderately coarse asphalt { A = 0.7},
18 ft. roadway with 229 ft. outside radius.

From Umland, Bannister, and Tomlinson (1963}
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Yofor the road, Howevesy

Ior part of the measured differences ninst be a:

igned o va s

tread, tire construction, ternperature, ete., all not specified in the paper.

The Highway Safety Research Institute (HSEI) of the Univer gity of

Michigan and 3. F. Goodrich pexrormer] s corvvelation progprarm on cornerioag
wet traction (Veith, 1972) using G78- ires provided with experimentst
tread commpounds (characterized as low, mediam, and hiph traction compounds!

Figure 13 shows the lateral {orce cocfficient for a sl ipangle of 12 degrees

and for two surfaces, a low friction terrazeo wronnd and 2 mediam friction

Y
£

asphalt surface. The differences in corne ring tracition beftwaen the low and

the high traction compounds are substantial - + 23% for the smooth surface,

+ 32% for the mediam rough surfzce. These rather extreme values;
regular commercial tread compounds show much less variation in trachion,
The data indicate, however, that on wst vou ch suriaces a wider spread of

E H ga

traction data is to be expected than on wet grmooth surfaces,

The results of a carefully planned traction test for various

synthetic tread compounds is presented in Figure 14, Bias tires having the

] }

same construction, the same tread pattern, and the same geometric &nner}s:ons

were traction tested on a wet rough surface { # = 0.7) and a wet smooth surface

{# = 0.1}, The maximum variation of the rated traction {stopping distance
of test tire versus stopping distance of control tire) was about + 1% for butyl
and SBR-PBD blend on & smooth wet road, and + 7% for the same compounds

o a rough road,

We may conclude, then, that the variation in traction due to

i
k)

variation in synthetic tread compounds is the order of + 12% or less,
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LATERAL FORCE COBFFICIENT AT & = ey
(78-15 BIAS-PLY LINES EQUIPPED WITH THREE
EXPERTMENTAL TREAD COMPOUNDS
LOW LOW TRACTION TREAD COMPGUND
MED  MEDTUM TRACTION TREAD COMPOUND
HI HiGH TRACTION TREALD COMPOUND
SPEED 30 mph
§ TESTED ON HSRY MOBILE TIRE TESTER

{7 TESTED ON B.F. GOGDRICH TRALLER

ASPIALT
(MEDIUM ROUGH)
4.8 &~ 15 MIL WATER

TERRAZZIO COH
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Eifect of Road Wheel DHMrmensinns

The reviewed [{terature did not reveal conclusive informeation on

differences in tire performance due to differences in road wheel dimensions,

Wild {1973) measured the tractive capabilities of 86 tives on three different

aral increase of traction with wheel

wet rozd surfaces and found a ¢
diameter. He reported an increase of 1 to 18% of the peak brake coefficient,

vient, and of -2 to 13% of the peak lateral

of & to 27% of the slide brs
coefiicient, all for an increase of wheel size from 14 inches to 15 inches,
These treands are not confirmed by tests performed by other regearchers,
Neill and Poyd (1973} performed a carciully planned series of braking tests
with vehicles equipped with 13, 14, and 15 inch road wheeis and tives of the
same brand and mode!l, Radial, bias, and bias-belted tires were tasted,
The authors could not discern significant differences in diagonal locked-
wheel braking tests {from 40 mph) for 14 and 15 inch wheels, and perhaps

a small difference between the 13-inch wheel and the two others, Similarly,
break-away tests on J-curves fziled to show any significant differences
between the 14 and 15 inch road wheels. The 13-inch wheel performed
somewhat better, but the difference was ascribed to the use of a different

vehicle rather than to the 1 3-inch wheels,

These recent findings are corrcborated by tests performed
earlier by Joy and Hartley (1953-54} on a tire tester. Again, rim diameters
of 15 and 16 inches failed to show significant differences in lateral tire

force and self-aligning torque. The same observation applied to the influence

Recently, Schuring (1974) performed an analysis on the effect
of rirmn width on the cornering periormance of tires, His findings are
summarized in Table 6. Phillips (1973} advanced an interesting idea about
the influence of rim width on aligning torque. He observed that the lateral
displacement of the center of pressure is not only a function of lateral
force and tire construction but also of rim width: for a given lateral force

and a given tire, the lateral displacement increases with rim width,

A3



Bizs ply Bias belted

tires fires
Max slip-angle force + - +
Cornering stiffness + 0 -
Camber force ? G {ul
Camber stiffness ? 0 +
Max zligning torgue with
respect to slip angle ? G +
Aligning stiffness with
respect to slip angle 7 0 {~}
Aligning torque with positive
respect to camber angle shift {+)
Aligning stiffness with
respect to camber angle 7 i} 0
+ increasing with rim width
- decreasing with rim width

{3} weak influence
0 no influence

? influence unknown

TABLE 6

Effect of Rim Width on Cornering Performance
{tentative)

After Schuring (1974}



The lateral shift of the center of pressure, however, influences the aligning
torgue so that the aligning torque is a function of ritm width., Phillips

found this to be true particularly in the presence of larger driving or
braking forces.

Rasmugsen and Cortese {1068) in

ipated the influence of rim
width on the vertical rotling spring rate and found that a 6 inch rim ot a
2,25 -« 14 tire raised the spring rate by about 59, as cornpared to a 5 inch

rim - an increase equivalent to a prossure increasc of about 1.5 psi,

We may conclude that the effects of rim diarneter and rim width

on tire performance are uncertain,

Effect of Aspect Ratio

Literature on the influence of the aspect ratio on tire performance
is secarce. Curtiss (1973) points out the close relation between aspect ratio
and cord an.g:l;i'}v* BAlmost all tires fall within the 30- to 40- degree range.
Lower angles are required only where low aspect tires are desired for
special applications, Higher angles are usually reinforced with belts to
provide circumferential stiffness.” Curtiss then lists almost twenty
characteristics that are affected by the cord angle, among them section
height and width, tread radius, rolling resistance, and lateral and cornering
capabilities, Table 7. Since the data are given in qualitative form, their

impact on the proposed tire test program cannot immediately be evaluated.

wly

bias-ply carcass

& -5373



Farameiar

Section height

seotion width

Tread radius

Folling resistance

Shear siresses

Bead stresses

Cord tension

Deflection

Enveloping power

Road contact ltength

Radial cracking in sidewall
Lateral stability

Tread wear

Tread cracking, circumferential
Cornering power

Ride

Burst strength

| TLE T W
voundor
lower
Iower

i higher
lower
higher
higher
longer
more
poorer
DoCTer
bettar
DOOTEY

softer

higher

TABLE 7

Effects of Cord Angle

From Curtiss (1973}

A-34
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flatter
higher
higher
lower

H

higher
lower
iower
shorter
less
better
betier
WOTEES
hetter
harder

lower



Allbert {1968) compared the limiting cornering coefficients of
tires having the same overall diameter, the same groove and rib dimensions,
and the same infi;x%i‘(‘;n pressere, but different aspect ratios of 0,50 and
0.80, On a wet, smooth surface, the tire with the low aspect ratio
performed better at speeds below 20 mph, and worse at higher speeds,

Figure 15, Fresumably, the somewhat larger contact area of the low-aspect
¥ £

tire favored hydroplaning.

Recently, the HSRI completed an on-the-road traction prbgran&
in which the influence of aspect ratio on traction performance {lateral and
longitudinal) was investigated, KEvaluation of these tests is not completed
yvet. Through personal communication, preliminary data in Table 8 were
obtainad, They indicate the influence of the aspect ratio not to surpass

20%, for the given set of tive and road parameters.

Effect of Cord Material

Very little data could be found in the open literature on the effect
of cord material {carcass, belt) on tire performance. Holmes {1970)
performed some braking tests on various wet surfaces with radial-ply
tires -- a steel belted tire with rayon cords, a rayon belted tire with
nylon cords, and a rayon belted tire with rayon cords., Unfortunately, the
tread patterns of the three tires were quite different. Hence, no firm

conclusion could be drawn as to the influence of cord material alone,
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Alexander, Kenneth BR., "Biae Angle Versus Radial Ply Vergus Pias Belted
Tires - Materials and Construction Comparisons’, SAE Paper 680386,

May, 1968, B pp.

The bias belted and radisl tire concepts oifer advancament
in tire performance which cannot be met with the conventional
bizs tire. A review of the materials and construction of a

conventional bi

tire ig incioded as & direct comparison to
the materials and construction features of & radial and bias
belted tires, A brisf history of the evelution of tire materials
jg also given,

Tire congtruction fype

Allbert, B. J., "Tives and Hydroplaning", SAE Paper (80140, Jan 1968,

11 pp
The paper discusses the phenomena which are primarily
responsible for hydroplaning and includes results from
studies of the effects due to individual tive parameter such
as tread pattern design, tread material, and the construction
and sectional shape of the casing.

It is shown that the most important of these fire factors is
the geometric design of the tread pattern.

Tread geometry

Allbert, B, J., Waiker, J. C., "Tyre to Wet Road Friction at High Speeds",
Institution of Mech. Engineers Proceedings, Vol. 180, Part 2ZA, No. 4,
pp 105-121, 1965-1966

The general problem of loss of tire grip on wet road
surfaces is discussed.

Tread pattern and road surface design are shown to exert

a considerable influence upon the rate of water displacement
from the contact area and hence upon the relative sizes of
the water-supported zones,

A section of the paper considers the wide scale effects of

tread pattern, tread material and road surface characteristics
znd discusses the nature of the interactions between these three
variables.

Some results of recent studies related to different types of
tread pottern, specific pattern design features and the effect
of tire casing construction are included,

Tire construction type
Tread geometry
Tread compound
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Anon., "A Review of Current Constructions, Developments, Performanc

Autormobile Engineers, Vol 49, No &, July 1969, pp 274 - 2£8

helted tire

Fecently, new types of radial-ply and the bhias
# of these

hieve e
three types of tirve, current usage as original equipment,
fatest tives, as well as future trends are

weveloped, The bawsic characteris

developrment of the
considerad in this article.

Tire construction Type

Bidwell, J. B., "Car-Tire Relationships', Geneval Motors Publication

GMR -502, presented at Akrop Rubber Group Winter Meeting, Nov, 1965,

17 pp
This pacer concerns itsell with some of the more important

and, more specifically, with the differences

tire parammets

inn these characterd

miics between conventional bias angle tires
v tires and their influence on vehicle design.

and radial-p

Tire construction typs
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Bogan, R, F., Dobie, W. 7., '"Performance Comy 2-Ply Versus

4-Ply Passenger Car Tires', SAE Paper 660378, pp 557 - 562

This paper incluodes a comprehensive performance history
comparing Z-ply verasus 4-ply < i

daring this five year period.
that the Z2-ply tire has proven itself
on an overall basis.

Tire construction type

Briggs, G. J., Hutchison, E. J., Klingender, R. €., "Factors Affecting Skid
Resistance of Polybutadiene, Rabber World, Vol. 150, No. 6, Sept. 1964,

pp 41-53.

This article shows that s

satisfactory frictional properties on
wetl pavement mav be obtained with treads containing cis-1,4
polybutadienc through compounding variations without sacrifice
in other properties,

However, the suthors conclude that the surface characieristics
of the road determine the coefficient of friction that exists
between the pavement and the tire tread under both dry and
wet conditions to a much greater extent than any changes in the
composition of the tive tread vulcanizate.

Tread compound

Buddenhagen, ¥. E., "Degign and Construction Congiderations of Radial

Passenger Car Tires', SAE Paper 670470, May 1967, 5 pp

This paper reviews sorme of the more important construction
and design considerations involved in radial passenger tire
performance,

General
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the quantitative perior:

tires werer

1. Cornorving powed 6. Spring rates and damping
2. Al
. Tire-road adhesion. 8. MNoise generation and transmissios

ning forgue, 7. Tire and vehicle cscillations

. Tread wear 9. Rolling resistance
5. Ride guality

Tests were made on laboratory road-wheel rnachines, on proving grouads,
and on public roads,

Tire construction fype

Cox, J. H., "The Flecting Tire Footprint’, SAE Paper 970 D, Detroit
=3 P b ¥

Jan. 1965

Exariina kRS
different de

surfaces, «
important ib

wel pavernent traction tast data, covering
and compounds on a wide range of road
sse that the basic road surface is far more
ny variation in design or compound.

Tread geomeiry

Tread compound



Curtiss, W. W., "Principles of Tire Design', Tire Science and Technology,

TSTCA, Vol l, No 1, Feb. 1373, pp T 9R

s F FLE

Design procedures based on sound mechanical principles have
bhecome 8 Becessity to meet the ever-inored

4

&

ing demands of
tive of today. This discussion

performance placed wpon &

gives an overview of the des process and calculations

employed in developing the roc

3 performance and
sizing, envelope shape ag a function of construction, structural
stress, design of the tire skin, and construction of the "green''
tire.

Aspect ratio

Curtise, W. W., '"Low Power Loss Tives'!, SAE Paper 690108,

Jan. 196)9, i4 [R39)

The paper discuss

-5 the propervty of rolling resistance as
applied to pneumatic fires. Basic relationships of roliing
resistance are discussed as associated with structural and
envirenrrental factors in both low and high speed operation.
The discussion covers only tire service over hard surfaces
and ig prim

ily concerned with passenger car tires.
Tire construction

Tread peocmetry

Road wheel dimensions

bLapect ratio

Davisson, J. A., "Design and Application of Commercial Type Tires',
SAFE Paper SP-344, Jan. 1969, 39 pp.

Basic tire design factors, performance properties, application
requiremernts, and their interrelated effects are discussed o
furnish general inaight into comme reial-vehicle tire engineering.
The subiect is covered comprehensively to illustrate the numerous
considerat

jons and decisions affecting the design and use of
commercial-vehicle tires.

WTorrmation is presented primarily
from the perspective of the fire eppineer with the objective of
providing a fundamentsl background for the vehicle designer and
operator.

General
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DeVinney, W. E.

H

Mavy, 1967, & pp.

O the many

i

the maose

O wet surfaces,

the appar
of friction are reduced as fhe suy

coarse, Other factors conside red in

design and compound, tire consiruction, infis

road sarface, tive load, and tern peratire,
Tread gecimetry

Tread cormpound

e

Dijkes, A., "Tests to Determine the Minimuam Permissible Tread-Depth for

Passenger-Car Tyres™, Automobiltechpische Zeitacheift, {in Germaeant, AT7,

Jan., 1973, Vol. 75, No. 1, pp -6

Experiments were conducted on three different types of standard

radial tives and one type of cross-ply tire to date rinine the «ffect
of tread-depth on tire adhesion to wet road-surfoces. For each

tive-type, five ives of differing tread.-depthe (from above 4. Omm
to below 0.4 ) were tested,

Tests were carried out on a smooth, asphalt voad-surface {low
skid-resistance} at 50 and 80 o /h and on & cerment-concrete
surface (high skid-resistance} at 50 and 100 kin/h, water being
sprayed in front of the test-tire to a depth of 0.6 rmm.

Results showed that the maximum value of the coefficient of
longitudinal adhesion was found to be very dependent upon tread-
depth; lateral adhesion was least affected by tread-dapth.
Coefficients of adhesions for tires with less than 2mm tread fell

sharply, espeocially on the asphalt surface.

Tire construchion type

Tread geometry
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Bijks, A., "Wet Skid Resistance of Car and Truck Tires,! Tire Science

Z, Mo. 2, May 19874, pp. 102-116,

Two test irailers for measaring fire charzcteristics are
described, One of the trailers is specially bailt for testing
car tires and can steer, cambar, and b ke the test tire,
The determination of peak and locked wheel braking force
coetficients is discussed. In addition,

for car tires, a
method for obtaining side force cosificiente is given., Test
regults are given for hoth car and truck tires showing the
influence of road surface tevture, speed, and tread depth
on skid resistance, and the results are compared,

Tread geometry

Ellott, . B., Kilamp, W. K., Kraemer, W. E., "Passenger Tire Power

Consumption’, SAFE
f :

cper TL08YE, June 1971, 14 pp

The body of this paper discusscs the effect of operating conditions
gn varviations on the rolling vesistance, Eighty tires

were analyzed.

anrd tre desd

Tire construction type

Tread g

ometry

Cord material

Fancher, P S., fr., Dugoff, H., Ludems, K. C., Segel, L., "Experimental

Studies of Tire Shear Force Mechanics -- A Summary Report”, Highway

Safety Reseavch Institute, The University of Michigan, Ann Arbor, Mich., 48105,
July 26, 1970, 16 pp

HSRI has gathered and analyzed data on the development of tire
shear forces over a wide range of apsrating conditions. The
data were obtained using a laborsiory-installed flat bet tester
and a vehicle-towed mobile tire testor (MTT).

This report provides findings on bias, bizs-belted, and radial
tires operated on dry and wet surfaces and makes specific
recomrnendazions for future research.

Tire construction fype
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French, T. "Construction and Behaviour Characteriat

cg of Tyre
IME Paper, Inst. Mech., Enp.,, 1960, 15 pp

In this paper the impact of pew materials for maling tives
and constructional variations are discussed in relation
to improved tire performance characteristics including

cornfort, road adhesion, ease of control, high speed

Ceneral

Gardner, E. R., '"Recent Trends in Tyre Compounding' Institution of Rubber

Industry Transactions and Froceedings Vol 13, pp 248.260, Dec. 1966

In recent years there has been a considerable diversification

in the compounds emploved by the various companies in the
different parts of the tire. Reasons for this are suggested.

The main features of the compounds uvsed in the tread, sidewalls,
and casing of truck and car tires, both croess-ply and radial,

are discussed.

Tread compound



Gengenbach, W., Weber, R,, "™™easurement of Tire Dellection of Bias-Ply

and Radial Tires'", {in German}, Acvtomobiltechnische Zeitschrift {ATZ},

Vol, 71, No. 6, June 1969, pp 196-198

The paper dernonstrates that the rolling radius increases
with speed; both, bias-ply and radial tires show approximately
the same increase.

Tive construction type

Gengenbach, W., Weber, R., "The Restoring Mornent of Motor-Vehicle
Tyres Under the Combined Influence of Circumiferential and Lateral Forces™

Auto. Industrie, August 1970, Voi. 15, No. I, pp 85-96, MIRA Transiation

No. 2071,

The relativnship between side-fores, circumferential force,
and slip angle on the one hand and the restoring rmoment on the
other was investigated for cress-ply and radial-ply tires.
Graphs are presenied showing: (1) side-force and restoring
moment as functions of circumiferential force for various slip
angies, tread depths, wheel loads, and tire pressures; (2}
the restoring moment as a Zmncticn of slip angle and side-
force. Caster of crogs-ply and radial-ply tires is shown in
polar diagrams. Slhp angle and circumierential force have a
strong influence on magnitude and direction of caster,

Tive construction type

Gengenbach, W., Weber, R., UPhe Influence of Road Surface, Speed

Aute. Industrie, Nov., 1970, Vol. 15, No. 4, pp 69-73, MIRA Translation

No. 34171,

The adhesion of cross-ply and radial tives was measured as a function
of tread depth (from 0 to & ram. ¥ and of vehicle speed (frof"n 0 to

100 km /hr) on four road surfaces artificially wetted to a depth of

1.5 mm. , vis., traffic-worn concrete, freshly-laid concrete, new
asphalt snd very coarse as phalt, EResults are np.r‘eaente?d zsm‘d
discugced. At 80 km/hy on a wet raad, the effect on tire gide -

force coefficient of road surface is as great as that of tread depth.
The derroage in wet-road adhesion with rising vehicle-speed

becomes more marked with increasing tire-wear.

‘ Tire construction type

Tread georneiry



Giles, C. G., Sabey, B. E. TRubber Fyster

¥

Engineering Vol 186, pp 840-2, December 1958

In this article the authors triecd to exniain the

i

sebhanism of

the dependence of akidding resistance on tem
the d

ature and

ifferences in performance pboand svnthe o

Trezd compound

Goudie, John J. Jr., ‘"Performance Recuirements for Padsenger Tar Tir

g
EAR &

&
L

SAE Paper 660375, June 1966, 3 pp.

The purpose of this paper 1s to describe the regquirements

presently made vpon the periormance of passonger car
tirves, to show how the industry strives to meet these
requirermnents, and keep pace with constanily c¢hang
and more demanding conditions.

Creneral

Gough, V. E., Allbert, B. J., "Tyres and the Design of Vehicies and Road

for Safety', Vehicle and Road Design for Safety, The Institution of Mechanical

Engineers, July 1968, Paper 8, 10 pp.

The paper discusses the aspects of state of tires, road layouts
and vehicie features which tend to cruse departures from safety.

subject as an entity rather than a sumber of separate specialized
studies.

General



Gough, V. E., Jones, F. B, Udail, W. 5., "Radial Ply, Ripid Breaker Tires",
SAE Paper 990A, Jan. 1965, pp [-12

The paper discusses the advantages of radial-ply tires:
Increased resistance to tread wear, improved road holding
and safety, reduction of wander at ridges in road surfaces,

lower spring rate, reduced transmission of road roar generated

on rough textured road surfaces, and reduced fuel consumption.

Tire construction (ype

Gough, V. E., French, T., "Tvres and Skidding from & Eurcpean Viewpoint"
Proc., lst Int'l Skid Prevention Conf. Virginia Counci]l Highway Invest. and
Research, Charlottesville, Virginia, Aug 1959, pp 182-209

In this paper, it is stated that on flat, smooth, polished-texture

road surface tpder wet conditions with locked wheels it has been
established that:

Worn-smooth tires {bald tires) give very low coefficients,

Tire tread patterns can improve the effective coefficient
of friction by a factor of 2 to 2 1/2 at ordinary road speeds.

The use of cuts or sipes improves rib patterns by amounts
up to 30%.,

With natural rubber tread, compounding was relatively
unimportant, tread pattern design dominated the situation.

With synthetic treads, compounding ingredients and hardness
have more specific effects

Tread geometry
Tread cornpound
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ant the measvured gl
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terraln

iz influenced
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texture, tread ¢ O

the friction is ohiains

Tread compound

Hales, F. D.,, Derrer, N, ., "The Fifoct of Ball $4iffrne

goand Tyre Type

on Vehicle Steady State Response’, The Motor Indu

ol ASBC,,

Report No. 1968/1, Nov. 19467,

e ts

The report reviews briefly the kground to i

on the effect of roll stifiness and tire tvpe on the steady-state

response of an aulovnobile, and describes the test vehicle

and its associated instrumentation system.

Vehicle conditions investigated involved a tire change
from radial to cross-ply tires.

The results fall natarally into four groups, depending on the
type of tire and whether a rear anti-rvoll bar if fitted or notfy
the largest changes are produced by fitting the rear anti-
roil bar; the tire change produces relatively much smaller
variations,

Tire construction type
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Hol

ves, K. E., "Braking Force/Braking Slip: Meagurerments Over a2 Range

of Conditions Between (0 and 100 Per Cent Slip’, Road Rescarch Laboratory

Feport LR 232, 1970, 31 pp

The relationship bhetween hraking force coefficient (BF(C)
and braking slip for varicus tires and wet road surfaces

has been investigated, Variables investigated include
rial, road surface tewxture, speed,

tread pattern, tread mate
and tire construction, In both peak and locked wheel
I previcus findings

conditions, messurements conl
relating to effectiveness af tread patterng in relation to
lnwer resilience tread

syiooth tires, effectiveness
materials, and differences in tire construction.
Tire construction tvpe
Tread geometry

Tread cormpoudd

Cord material

Homes, K. B., Stone, R, D., "Tyre Forces as Tunctiong of Cornering and

Braking Siip oo Wei Bosd Surfaces™ 1%

it T

hlished in H8-011 272, Handling of

o

Vehicles under Emerpency Conditions, 1969, pp 35-5b

In this paper, the braking and cornering forces of a given tire
on a given wet surface at a given speed are presented. The
effects of such factors as speed, road surface texture, tread
pattern, tread resilience, and tive construction are reported.
The test vehicle, test procedure and the methods of measuring
and evaluating the data are briefly described.

Tire construction type
Tread geometry

Tread compound
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SAE Paper 9830, Jan. 195%, 4 op.
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IOy oun

The effect of oo

alen discussed,

Aspect ratio
i

Hutchinson, I, V., Becker, H. D, .
Ferformance Levels - Traction” (R
Hy comparing tesi tires s
iraction qualities, tire Tt‘nfi-i-,n‘\lfﬂ;c turers {zz'r,r;r..itz«.: :
perforrn satisflactorily fov tract However >

thie many variables which affect tive traction, and owing to
wide doviations in the fest data, the conclusion is resched
that the state-of-the-art today fur measaring traction does
not warrant the recognition of o tire traction performance

leve!l which can be defined in specific ferms.

FTread gemmetry

Fohnson, Wade €., "Factors in Tires that Influence Skid Resistance, Part Il
The Effect of Carcass Construction, Size, Cord Angle, and Number of Plieg'
Proceedings from Firvst nternational Skid Prevention Conference, Part I,

Va. Council of Highway investigation and Research, de;loi,te svitle, Va,.,
Aug, 1959, pp 163-166

The paper states that little can be done with fhe CATCABY
of a conventional tire to improve its stopping ability,

Tire construction type



Joy, T. J. P., Hartley, .. Wy Characterighics as ﬁmp%mabie to

Vehicle Stability Problems', Proceedings af the Sutomobile Divison, The

Institution of Mechanical Engine

Number 6, pp 113-122

The authors define the characteristics of a pneumatic tire
which affect the handling, or Bit

of 2 car, and briefly
describe a '

oy messure these

chine which
characteristics.

The results are given of various

rents showing the

effect of several facte
athers, the eoffeoct of

section width.

o the characierisilcs among

dimmeters, number of plies, and

Boad wheel dimensi ons

Keller, R. C., "Improvement of 1

. Traction with Chlorobutyl Rubber™

Tire Science and Technolopy, TSTCA, Vol 1, MNo 4. May 1973%, pp 190-201

The skid
which have ﬁ_‘ fed

srovved with tread r*rm1pouno&

crobut yi rubber is a

o

wwelymer of interest in tread

chiorinated
compounds because of its iﬁmh daynping {low remilience) characiter-

isobutyle

istics. Tire traction periormance is determined with an automated

vehicie designed to meascre both peak and sliding skid resistance.

Civersil, s

; setion performance have
been {ound for radial tires with OUn forobiat

vi-containing tire
treads: the level of improvement is directly proportional to the.
Chlorobutyl content of the polyreT blend,

Tread compound

Kelley, J. D., Jr., "Factors Affectiong Paseenger Tire Traction on the

Wet Road!, SAE Paper A80133, Jan 1968, 13

The nart that the tread
ite wet tractive ability
as far as the tire 18 concerned,

saspenger tive plays in
imnportant single variable

The sxternzl variables that affect wetl traction are alzo considered.
These include speed, suriace coelficient, load, temperature, and
inflation pressure.

All of these variables are discuseed
on the troad design.

, with special emphasis placed
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Tread peormnetry
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Krempel, G., "Experimentsl Contribution to lnvestigations on Automobile

Tives', f{in German), Ph. D, Meservtation, Technische Hochschule Karlsruhe,

Gearrmany, Feb 1965, Published in Autommobiliechnische Zeitschrift (ATZ),

Vol 69, No 1, Jan 1967, pp | -8, and No. 8, Aug 1967, pp £62-268

The dissertation conis

riany other things, an
experimental study of the influe - of groove depth on
aligning toraue, lateral foree, and tractive force.

Tread geometyy

Kammer, H., W., Meyer, W. £., "Tentative Skid-Registance Requirements

for Main Rural Highways™, National Co

tive Highway Research Program

Report 37, 19367, 80 pp

The principzl probiems and ca of pavernent glipperiness,

the mechanismm of vabber and © ction and the varicus methods

of measuring friction ave roviewed vith the object of elucidating
the problems connected with specifying minimum skid-resistance
requirements . Steps which can be taken and research which is
needed to reduce skidding accidents and to improve the skid

resistance of pavements are suggesied,

Tread geometry

Tane, J. H., McCali, C. A, Guaberg, P ., "Predicting Tire Tread

. et e i . o
Derformance from Composition. 11", ®ubber Chemistry and Technology,

Vol 43, No. 5, Sept. 1970, pp 1070-10681

Three eyxperimental iread formulations were skid-tested
with bias-ply and bias-belted tires, on a smooth and a
rough surface. The differences in skid resistance turned
out to be rather small {appr. 5%}

Tire construction fype

Tread compound



anag, Trafford T, W, HAn Eoal

Characte

TN -6964, Nov. 1372

e e fe v el
nresents the

PR R S
ftotanding

Hect of runwsy surface

by tires ing different

yaw angles., In this inves

The tests were made at yaw anglesg of 17,
up to B4 kaots on fwo

damp, and flooded conditions.

Undey dry surface conditions, the roughenesd cons
¥
produced higher covnering force coefficients thanp the

surface, with the srmooth tire deveioping hi

On either surface when darmp, cornering forces « slayed a gepsitivity

to tread pattern, with the four-groave slotied tire being somewhat bettor

than the other tread patterns. On the flooded surfaces a minor effect of

[
tread pattern was observed only below the hydroplaning velocity.

Tread geometry

Leyden, J. J., "Radizal Tire Compounding!

pp 51-53, Apr. 1972

.

Vol 104, No.

Although some bias-belfted tire compounds find their way into
radial tires, for the most part new compounds have to be
developed. Various radial compounds and how they differ from

compounds us~d on bias-belted tireg are discusszed,

Tread compound
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Litzler, C. A, "Advances in Tire Cord Droces:

Peod:

Reinforcineg Mato riais"

2, Vol (0%, Mo 2, v T34, NWow 1572

lactor of concern to the 1.5, tire

industyy today s the rapid accepiance

wire-reinforced tires

and textile-reinforcad fire The next most

£ 0L

important factor

R I SO A R R
S e BN Y S

filament in ei

construchon, D

cveloprments i red g materials including

PuPont Fiber B, polyester rayon corvd, spun steel
! el

wire, and polys

Cord mate:

Marick, Louis, "Factors ia Tires that Influence Skid Resistance, Part I The

Effect of Tread Desgign', Proceedings from Fivst International Skid Preveation

ation and Research,

Conference, Part ], Va. Council of Highway Investi

Charlottesvilia, vy, , Aug, 1959, pp 155-162

The paper states that the tread desipn is one of the most effective

features of the tire 'n influencing ity resistance to skidding on most
common road surfaces when they are wet.,

The tire industry has made a very marked improvement in skid
resistance on wet pavements in recent yvears by the use of highly
slotted antiskid designes.

On dry paverment the most effective tire is the one having the
largest net contact area with the road, i.e., the "bald" tire.

Tread geometry

Maycoek, G., 'Stadies on the Skidding Resistance of Passenger-Car Tyres
on Wet Surfaces", Procecdings of the Institution of Mechanical Engineers,
Vol 180, No 4: pp 142 - 157, 1965-1966

This paper reports investipations into the effect of tread
pattern, pattern modifications, tread material and tire
casing construction, on the skidding resistance of passenger-
car tires at speeds between 25 and 80 mph on a range of wet
road surfaces.

Tir - consiruction

Tread goometry

Tread compound



dternalt, Tonrd

Front

-

{ever tires were used having

cut ribs sod haviag the g

ifferencers Debtween these fires woere srrviabl.

In the second exg

Sirnent, the rib width was held constant, and the

cgroove width ied, The resulte showed that no appreciable

incresse an coef

ficient was obtainad when the groove width exceeded
a cribical value,

Tread peometry

Meades, J. K., "Braking Force Coelficients Oblained with a Sample of

Currently Available Radial Ply and Cressed Ply Car Tyres'™, Road Research

Laboratory, 1967, 17 pp.
This note gives the hraking force coefficients of {ive radial
ply and five crossed ply tires oo four wet road surfaces at
speeds of between 30 mile/h and 130 mile/h.

Comparisons between the two types of construction show that
the low speed coefficients were very similar, but that in
general the radia!l ply tires had larger coefficients than the
crossed ply tives at the higher speeds.

Tire construction type
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Meades, 7. K., The Effect of Tyre Construction on Draking T Groe

LR 2 S S, Lt * i N
Coeificients', Road Besearch Labors

vy Report LR 224, 1869, 14 pp

been compared in termes of peak
tents abt car

fadial and cross ply tires ha

o

and slide hraking force ooet

P30 o /b (50 and B0 m

speeds hetween 50 and
ljoon a range of wet surfaces.

The radial ply tiros
oy oall the surfaces

¥ brakine force coefficients
ply tire. However the

radial ply tlres pave wking force coefficients on

the coarse-texturea

o did the cross ply lives

Tire construction typo

Neill, AL H., Jr.o, "Wet Traction , Nat. Bur, Stend.

{(U,8.}, Tech, HMote - K66, Feb, 1971,

A series of ('iyt:;__;-am:}e. vehicie tests was performed at NBS

the poriormance of (ractionized or siped tires.
distance

"md lantrral breskaway data is presented
from a fwo wheet diagonally braked automobile which clearly
shows that siped tires do m,}i represceat any improvement in
ihe lateral stability or stopping listance characteristics of a
pypical passenger automobiie.

szd peometry

Neill, A. H., Jv., Boyd, P. L., NRegearch on Wet Tire Traction”
Tire Science and Technology, TSTCA, Vol 1, No. 2, May 1973,
pp 172-189

This paper describes experiments and methodology employed
in an attermpt to develop a system for the grading of wet tire
iraction. Data from ‘nstrumented ve hicle experiments and

the University of Michigen Highway Safety Research Institute
mobile tire tester arc used. The vehicle tests include J-curve
cornering and diagonal, locked-wheel braking. The maneuvers
are used to genevate wforma

ion on tire tractive properties and
their dependence on tread depth, rim size, suspension, and
surface ronditions,

-

Tread geometry

Foad wheel dimensions
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Mordesn

oiling

Generald

Cdgers, B, J., "The P

riormante

)

- T

University, Mech. Engin, Dep June 1366, 50 pp.

R

repori reviews sorne

unpan b

shed information on the performance and failoy
of car fires and theiy relevance o vehicle aooidents,

comparison of different types of tire conetructicn and

their braking and skidding chareacter
Radi

rolling resistance than cross-biased fires, bul give a
harsher ride. On a dry surfzce, a amooth fire has
slightly better skid resistance than z treaded #ire. Ti
made of high hysteresis rubber have improved skid
resistance.

Tire construction {ype

Tread geometry

Tread compound

Peterson, K. C., Rasmussen, R, E., "Mechanical Propasties

P e

SAE Paper 730500, May 1973, 7 pp

This discussion 15 devoted to vadial tires in goenerasl,

the data arve mostly derived from tests of steel belted

Also covered are dimensi
i

i, handling, ride, traction,

and power luss oerformance of the same tire.

Tire construction type
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Melbhourne
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A

tics is nresonted,
al-ply tires have a higher cornering power and jower
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of Radial Tires!

although
radials.
noise,



Phitlips, B.,'The Static Steady State and Dynamic Characteristics of
Dneumatic Tirves, ' PhD Thesis, lanchaster Polytechnic, Coventry,
April 1973

LY M & H i .

A comprehensive theoretical and experimental study

of steady state and dynamie tire behavior, Olinlerest

here are test results obiained op a flar bed tester on
five tire types.

Tire construction bype I

Paad Wheol FHrensions

Rasmussen, R. E., Cortese, A, Do, "Dynamic Spriag Rate Pc*rfornuaé&ce
of Rolling Tires'', SAF FPaper 680408, May 1968, 7 pp

Spring rate is one of several factors that affect the ride
performance of pa

ssenger car tires. The spring rate
y different tire designs have been

propertics of ma
measured. The affect of wear and several tive construction
variables on spring rote is prescnted.

Tire construction
Poad wheel dimmensions

Aspect ratio

Rasmussen, R. ., Cortese, A, D., "The Effect of Certain Tire-Road
interface Parameters on Force and Moment Performance'’, Engineering

Staff/ General Motors Corp. Report A-2526, July 1969, 24 pp

On G.M. 's flat-bed force and moment tire test machine an
array of road surfaces have been tested. In addition to road
surface, tite tread condition has also beon investigated,
Geveral lire construction types have been tested in the new,
half worn, and fully worn tread conditions.

Tread geometry
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ga%ey, B. E., Willlams, T,

Friction i

Tires on Wet Roadsg”, SAT

i

7t

major once heing the snfluence of water depih over & range

representative of conditions on the road, the interac!

. -
T G

read surface tescture, and the elfvct of speed,  The mdths J

of approach 1aciudes futl-seale experiraoents on the British

Road Research Laboratory's track using braked and rolling
wheols under carefully controlled conditions, laboratory
investigations of the viscoelastic properties of rubber

together with rubber friction tests and theoretical considerations
linking the diffen

st agpects,
Tire construction typo
Tread geometry

Tread compound

Schallamach, A., “Skid Reosistance and '

b

]

mrectional Control - Chapter 6,

Mechanics of Poneamatic Samucl K. Clark, Fditor, National Bureau

of Btandards Monooraph
i

&

UL, pp 501 -544

Thig chapter offers, among other things, a concise discussion
of the effect of tread pattern, carcass construction, and tread
compound on tire friction,

Tire construction type
Tread gecmoetry

Tread compound
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Schuring,

Performance,

1974

Smithson,

Propertie

Southern,

3, "Nofes on the Influence of Road Wheel Dirmmensions on Tire

"odinternal Document of TIRF Center, Calspan Corp., May

A preliminary survey of the tire literature and of recent
information {rom TIRE re Dthat avallable data on the
influence of road wheel dimensions on tire forces and
i shnsive for lack of systematic investi-

sations. In many mstances, the influence
on periormancea data such a
stiffness, maxs interval f
and rolling
instances, such in

L G

rircmaoents aroe

of rim dirmoensions
sraking coefficient, cornering
rvoe, dynamic spring rate,

e appoared to be significant; in other
fhuences woere less evident.

Rand wheel dronsions

F. D., Herzegh, F. H., "Investigation of Tire-Road Traction

g'', SAE Paper 710091, Jan 1971, 16 pp

This paper presents a method for categorizing road surface
traction properties by evaluating the traction performance
of road surfaces when tested with a series of special lires.

Tread geometry

Tread compound

., Walter, R, W., "The Performance of Natural and Synthetic

Radial-Ply Winter Tyres on Ice and Hard Packed Snow', I.R,I.J., Dec 1972,

Vol b, No b6, pp 249-252

Tests with natural and synthetic radial-ply tires on polished
lake jce were conducted on a two-wheeled trajler., The two
tire-compounds were always tested alternately and the results
expressed in the form of ratings.

Results showed that the natural rubber compound gave up to
40% better grip on ice than the synthetic control, the overall
average improvement being 15%. '

Troad compound

A3



1, N i SR P R
Ly e WYt Favement PBraking

)
T
Three basic roethods
distance, vehicle deceler: »
Test data from varicus types and sizes of tives
presented which show the ellcct of tire wear, vohicle
speed, and various test surfaces
Tread geomeiry
Road wheel dimensions
S‘taughton, G, C., YThe Effect of Treoad Pattern Tepth on Skidding Registance’

Road Res

carch Laboratory Report LI 323, 1970, 9 pp.

The effect of tread pu

on sridding resistance i wetk
conditions was inv*es%ip' ed on six road Qdi‘fcﬁ,ﬁ‘lilﬂﬁ of differ] uq
textures with tires of curient tread design in various stages of
vear, Measurernent of locked wheel and peak braking f}ff,CE?

""Q

coelficients were made over a speed Tange of 50 lun/h to
130 kun /h.

It was found that on the rougher surfaces where the surface texture
already provides adequate drainage paths for the surface water io

get away, the tread depth generally has only a small effect on the
{

braking force coefficient, though in some insta

ces larpe effects
oceur below | mmm tread depth. On the smoother surfaces a more
pronounced o range occurs in braking force coefficient with tire
wear which becomes very marked for t I"(—‘r}.d depths less than | to
Z i,

Tread geometry




Seaughlon, G., Williams, T., Wryre Periormance in Wet Surface Conditions',
4 ’ ;.

Noad Regearch lab., Crowthorne (England), 1970, 29 pp.

Results are given of tesis 1o investigate the effect of water
depth for a range of car tires, loads, inflation pressures,
water depths and speeds both of the free rolling and lockerdl

o the resulis to the wet copditions

Tire construciion bype

Tread geome Ty

Taft, . H., "MNew Trends in Tires™, Published in Interagency Motor Eauipment

Advisory Commitlees Managem ent Conference Minutes, 1969, pp 12-17

The design and advantages of bias piy, radial ply, and helted
bizs ply fires, various Hire materials, cords, and other factors
are reviewed,

Tire construction type

Thiemeg,van Eldik, B, C.A., Pacejka, H.B., '"The Tire as a Vehicle Component -

Chapter 7", Mechanics of Pneumnatic Tires, Samuel K. Clark, Ed tor,

National Bureau of Standards Mopograph 122, Nov. 1971, pp 545-839
The chapter contains a discussion of the performance
differences of bias-ply and radial-ply tires, int terms of
load-deflection relations, effective radius, rolling
resistance, and carcass consiriction.

Tire construction type
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Tlelline, J. 7., Fanchdr, P 8., Wild, B, &., "Mechar
s

Truck Tires", SAE Paper 730183, Jan 1973, 11 pp
P s

Mechanical propertics have becen obtained |

of truck tirve tests vsing the Highway Safety Reacarch Ins
(HSRIY flat bed tire testing machine,

Carpet plote of lateral force versus tire operabing varisbles

such as camber and =lip angle are veedioillustrate the effect
of changes in ply rating, tread pattera, and wear. Corresponding

variations in the mechanical properiies are noted,

Tread geometry

Urnland, C. W., Bannister, &,, Tominsen, C, B., !"The Skid Resiatant

Properties of Butyl Tyres', Instn. Mech. Engrs., Symposium on Control of

Vehicles, 1963, pp 91 - 97

The choice of rubber for use 'in the tire tread can have a

large influence on skidding characteristics. Dala on the

effect of high-hysteresis elastomers on the safety characteristics
of tires on various road surfaces have been accumulated with a
variety of tires under conditions of both panic braking and high-
speed cornering,

Tread compound
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Z@ranskl, ., YFactors Affecting Force Transmission
, . TH-E]

oy

H e e P P SO [0 e tg
ne Daper shows that the radial Hre can TE AR Y

braling

superiority bemng more pronocunced at higher wheel i

netant slip than the crosg - <:;§3r by, fhae

eumatie Tyre',

Grenter forces and c‘.:.}f:‘»'.é cients of fviciion can bar« fransrtied

in the lateral dircetion by the radial than the cross- phytire

at constant siip-anple and for the same whoel-load,

Camber changes at constant ali p -angle cause - ;.):rv" e

fluctuations in transmissible sid Eo: ce with a o» ~ply than

a textile-belted radial tire.

Tire construction type

Zoeppritz, H. P., "Reguirements and Peos

{in German}, Automobiltechnische Zeitsch rift (ATZY, Vol., 66, No.

Sept. 1564, pp 250-256.

A general discussion of the reiations between tire

construction and performance data,

General

formance of Automobile Tiresg!,
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HSRT Mobile

Tire Toster va, 13, 1, Geodrich Corvacring Tratler.

Company Docurment, B. . Goodrich Company, 15 Aug 19372,

Witd, B. I'.,

Ann Arbor,

Aug 1973,

The objective was to determine the degree of correlation
between the HSRE Mobile Tire Tester and the B, I,
Goodrich Cornering Trailer by testing six sets of new
tires with different ilread patterns and a wide range of
experimental tread c‘:m‘n;’3535,11.‘1(15:3 . The tests were
conducted on two wet surfaces:; a low-coetficient,
macroatextare terrarzo ground; wnd an asphalt e
with intermediate confficient and intermediate macrotexturs
roughness. Cornerci teste were run at 12 deg siip angle
at speeds between 30 and 60 mph. Discussion of results.

Tread geometry

Tread compound

Highway Safety Roscoareh f., Rap Nm HMERI PE 73-3,

Eighty-six tires were measured foy longitudinal and
lateral traction capability on jennite, asphalt, and
concrete wetted surfaces. The resulting data were
%uijrh d to a simple but thorough statistical analysis.
Findings of general intercst emerged showing the
fallibility of the skid number for characterizing a
tire pavermnent combination, the independent nature of
lateral traction wath res pcc%, to longitudinal traction,
and incdications of the effects on traction of tire
diameter and load rating. Traction uniformity on
concrete between identical tires was found to be
excellont, while the traction differences on concrete
between tires of the same size but of different
manufacture were found to be statistically significant.

Tire construction type

Road wheel dimensions
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B, Intreduction

The tire model nsed for the simulai-d vehicls star

was capable of generating lateral force, aligning torque, cvoeriurning moront

and tractive force as flunctions of vertical Ioad, slip angle, inchinabion a:

n 1

and slip ratio. The lateral forvce model previousiv used in the NUHTSA
hybrid simulation computer program was used with a modilication to provide
a lateral friction coefficient which varied nonlinearly with veriical

New models were derived for aligning ftorque and overturni

TG rnent

I

based on tire data measured in pilot tesi program. The braking foroe mode!

previously used in the simulation was retained as was the tractive it
lateral force interaction modeling in which only the coelficients wore

changed based on tire daia measured in this program,

The following sections of this appendix deal with the derivation of

the aligning torque and overturning moment models and with procedares

for obtaining tire model coefficients from measured tire data,
]

B.2 Derivation of Tire Aligning Torque Model

Tire Alipning Torque has previously been modeled in handling
simulations with a very simple miedel, i it is modeled at all, The simple

il

maoedel penerally consists of 2 constant "precmatic trail' term which is

multiplied by the fire lateral force to create a ynoment, It was determined

that 2 more sophisticated reoresceniation of fire aligning torgque was
H ! . B ]

s

neccssary for this program to allow individual tire differences to be more

easily defected,
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The first step in the determins

Sop of a new ald

ing torgque B4 )

medel was the determinalion of a suitable ind nt variable or variables.,

It was decided to use lateral force {(F ) as ihe prinary independent variable
- :

inr soveral reasons: lateral force would providoe oo osuviomeatie Hn, v

torague i a igh slip angle sitdation, laterad

s e

medetad function in its own vight, and aligning

function of lateral force {seec Figure B-1 for exam

‘

Referving to the M - ijpi.r.m; of Figure B-1, it can be seen that the
&

aligning torque is verynearly a parabelic function of

the lateral forcoe in
the sccond and fourth quadrants. The curves also have a vartical shift due

to inclination angle, which incorpora

cs an inclination angle [V term in

the expression, This pives us an expression of the form:

M =C +C,F +C,F " +C,Y )

Neglecting the inclination angle effects for a ynoment and concentraiing
on the fourth quadrant, we piot lines of constant normal load on a lateral

force - aligning torgue plot (Figmre -2},

Upon close examination, it can be seen that this family of parabolas
consists of parabolas of nearly identical shape, differing mainly in their

vertical and horizontal shifts.,

The general form of the cxpression for a parabola which is shifted

down and to the right (but not rotated) is:

where all k. are positive numbers and;
i .
I , 15 the verlical shiflt constant
{

ki 15 the shape constant

!‘\a is the hors zo.nt‘al shift constant

B-A
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Since we are restricting X {lateral force) and ¥ (aligning torque)
to both ¢qual zero at the origin (i.e., - when Fy = {3, M? = 0}, the vertical

aghift and the horizontal shiit are interrelated and we have!

ol

) Al
The vertical and horizontal shifts vary along a parabola with the
same shape as the curves themselves (shown as the dashed line in Figure

B-2).

Rewriting {2} we havao:

[ 2
v o - '“]\,l ]\3 | .!\I {_i y - 5\2) | (43.)
o1 s
I,
R N S ~De
M ek bk (P %1”) (4b)

vwhore:

k] i cornstant for all normal loads

w or k. = f {normal load
0 ')

Expanding:

. 2 L2 . 2
2 E O T O O O -2k kL F z. 3
M'/. 1] IZ P LYy 2 . ]\&_ly+k1 1\& {(Ba)
A = (-2 e kO i : £
I\._% { k!la fEi Ly}ry {Ha)
or
. [T
{i)u -
Moo= ok bk F 2 wal o+ k (55)
’ . Py bk v o
L W
i
S - T P ;
M% = -2 E\l k] . 1\5 Py I v {6b)



Now define two constants E{} and }:‘i& such that:

S AR ;
! o 1.3
B = -2 JMG (

et

and

N

‘We then arrive at the simplified aligning torque expression {(neglocting
inclination angle cffects):

5

y

M,=K F I + K, 6 F {16}
7, 2
The inclination angle effect can be taken intc account with a simple
vertical shift of the parabola obtained {rom {146}, The magnitude of the

shift is dependent on both inclination angle and normal load; i.e.:
Vort., Shift = ({F , v )

The shift appears to be a first order relation with ‘{5"7 and a square
root relation with ¥, so substituting the shift into (16} we {inally obfain
the aligning torque as a function of ¥ , F and ¥

s p

y
Fov (17}

The {inal form of the aligning torque expression, written in FORTRAN,

is given below:

M = KL% 2% FY + K2 % SIGN (1, FY)® FY ®x 2

+ K3 % SIGN (1, GAMMAL} * T'7 * SQRT
(ADBS (GAMMAY : (18)



A polynomial expression obtained for a second order fit of aligning
torque to lateral force will be of the form:

M =C +C,F +Cf;}f‘é {(7)
O i Y y :

in which ¢ should be zero to satisly the condition that M/ = 0 when F 7 0
o y

Ci will always be a negative number; and C

negative, deveanding on the quadrant. The k. 's of Equation /2 can now be

will be ewither positive or

¥

computed fram the C 's of Equation 7. In the fourth quadrant (FY > 0,
1 .

M7 < 0) we have:

ky o= G, : (9}
k., = i | (10}
2 Zc, '

Sinco koand k., ars interdependent {(from {3}, we choose the most convenient
[}

0 z
of the two to be a funciion of normal load (F ). This appears to be ko’ which
V4

has a second order variation with normal toad, We can writes

L f(F ) s M T . (11)

(12}
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B.3 Derivation of Cverturniag Moment Model
)

The first step in modeling overturning morments, (M ), as in modeling

.

aligning torques, is the selection of ‘a suitable fndependent variable or
variables. It was decided to use lateral force as the primary independent
variable {or fhe same reasons as those used i ats choice in the aligning

torque nrodel,

Beferring to the overturning rmomyent - lateral force plot in Figure B-3,
it can be seen that overturning moment is @ lincar function of lateral lorce,
with a slope dependent on normal load. The plot shows five normal loads:

2000, 1600, 1200, 800, and 400 pounds.

I inclination angles were always zero {as they were in the case of

Figure B-3), overturning moment cou id simply be modeled as:

a7
&

Moo= K, F , C{19)

where

Ky o= £ ()

The cocfficient 'E.’{} jg approximately linear with normal ioad, and

goes to zoro when the normal load goes to zero. Therefore we can write:

and

An inclination anpic caunses the slope of the lines in Figure B-3 to change
! BEs

and also causes an overfurning moment when the lateral force is #wero.

I
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The change in slope due to inclination angle is approximately linear

and can be aceomodated by adding an additional term o (21):
M= {C, +<, v} F F (22}

The intercept shift can be modeled as o linear function of inclination

angle and normal load:
Intercepti = C,% ¥ Fy {23}
Combining (22) and {23} we obtain the overturning morment function

M_=(C, +C, vy 3L F +C, v T - (24)

The final form of the overturning moment function, written in FORTRAN,

is piven helow:

MK o= Fow (CL oW Y+ Caw ¥Y o GAMMA

4 C3 o GAMMAG . (25)
o4 iocedare for Obtaining Lateral Force

Coefficients From Tire Test Data

The lLateral Forcece Tire Model has seven coefficients (exciuclin;g‘ the
velocity sensitive term of the lateral friction coefficientj. These
coefficients are obtained using a data reduction program written for the
TIRF computer (sce Scction B. 7). Fipure B-4 is an example of the output

from this prograrm.



A - - . e -
lotds to obltaan

The coctlicients A, and A, are:
2 ES

The lateral friction cocfficients, A _ - fk,?n are obtained using duata

from the o -7 run. The data is livoited to slip angles greater than 5° or
‘ S i :

[ =4

less than -5°7, depending on the stip angles used in the run being titted., A

I
second order funciion is fitted throvupgh the normalized lateral force - sglip
angle data for each normal load. The maximum value of this flunction is

i

solved for and printed out as the friction coefficient { # 3. A second

order fit was chosen to describe the datz in this range since it is the

inite mazimam,  This maximurn shounld

higheat order junction to have a de!
coincide clogsely with the actual peak if ene occurs, oy extrapolate to
detormine the peak if none occcurs within the measured range of slip angles

{as in the case of bigh sermal loads). The iriction coefficients are fit (o

the normal loads o obtain the following equation:

o
B
e
ot
e
Lt
'
et
it
e
-
o~
(8]
s

v

L B, B The tateral friction velocity sensitivity

which defines 3., 5,
3 i 4

coelfficiont is Bge

o
v
3
foa)



1 the lateratl {force

Two types of iire test runs are required to obts

coetfficients

(o) and normal load

fa-F  run), and
2

a run varyinyg the ioclir

4 angle and normal

load at zero slip angle { ¥ -F  run).

q.

. i

The cornering stiffness coefficients, A(}’ AI’ and AZ’ are obtained
using data {from the a }3/ run. The slip angles outside the range -5°
< a S 45° are climinated, and a third order function is fitted through
the lateral force - slip anple data for each normal load, The first derivative
of this function al e = 0 {multiplied By -1} is printed out as the cormpering

stiffness (C fadegd, This cornering stiffness (multiplied by 57, 3)is

g0’
fitted to the normal joad to obtain an equation of the form:

The coefficients A -~ A_ are then:
0 Py
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Procedure for Obtaiming
Coefficients From Tire

The three Allgning Torgue

the Tirve Aligning

prograt written for the VIRE compuier [sce Seciion B.7). Figure B-5 i an

[aae

ple of the output [rom this progy

LA 4

fhes

reavired 1o ob

Torgue Locfficients - a ron vary

angics and vortical loads at rveoro iad lination anple, and a run varying slip

ang'es and inclination angles al a cons tant vertical load,

Coefficients Ki and KZ sre obtained from the slip anpgle - vertical

toad run by first examining the daf

i

and constraining the slip angles to be

positive or negative slip angles weroe us od in the run being fitted). A second

crder funciion is then i3t to the lateral force - aligning torque data to give:

% VIR VAN S N ”
Mz Gy A {2};y} {}i'y' (34)

for each normal load,

The peak value of the alipning torque for each normal load is then

calcube toels

(35)

L
PAR S S Ae

The load effect is accounted for by taking a load weighted average

of the maximum aliening torques o obtain a Yload facior
. 33 {
1 A .
.ﬁw vooptra K i
T

Lond Factor = e e———— {36}



i, Lhe

S8 UTE T T

Bayme fweo

o k3

tor the Al

i from the slip

Coefiicient ¢y ois ok
coefficients

The procedure ig similar to that followed for the

rained to he all o ative, and

"

C 5t cone

It

the glip angles are fi;

then a function is fit to the lateral force-overturning moment data. In the

cage of the overturning mements, this is a first cvder fit to pgive;
Moo= Gy + C{2) }}“‘y

In this fit, C{lYis assumed to be zero and coefficient C‘L ie oai

a load weighted average of the C{2}'s:

-~
4
s

ot
Pty
W
[
-

Coefficients O, and € are obtained from the slip angle - inclination
£ - '

piion angle, a first order function is fit to the

angle run., Tor esach incli

lateral force-normalized overturning moment data to give an equation of

the same form as (41 %

(43}

y {1} of these functions are then fit

jaod int

The slopes {C12

Peg

to the inclinalion anyg a2t which they were obiained to give two eguations,

the coefficients of which ars the overturning moment coefficients Cl and C?
{(44)

s
Clay = G,y

" {45}




The shape coctiici

is the averave value of the second order

coefficients of (34).

1
-
Za )
s 1!
P T .
K., = (27)
- r
The load ghift coefficient, ¥ ,, is caleulsted next:

Kl‘:w 2\/’ ¥, . lLoad Factor {48)
[

The inclination angle cffect coefficient is calculated using data
obtained from the run varying slip angle and inclinafion angle. The Aligning
Torques are first normalized by dividing by the normal load. Next, a
second order curve is fit fo the lateral force - normalized aligning torque

data for sach inclination angle to give an eguation of the same form as
(34}

2
v = C{ly+ Cl) FV + {3 P‘V {39}

The zero lateral force intercept of the second order curve is given
by C{1}, which then gives & set of C{1} for different inclination angles.

K 3 is then the first ordey coefficient of a fit to this data:

Cl) = K, ¥ (40}

B.6 Procedure for Obtaining Overfurning Moment
Coefficients From Tire Test Data

The three Overturning Moment Coefficients (Cl-CB} for the Over-
turning Moment X odel {see Section B, 3} were obtained using the same program

as that used for e Aligning Torgue Coefficients.
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Procedhiros [NVOUT R foonmed Lh

I P P,
I CLerance | e e

testing,  Test procedares 2, & and 4

“respectively for poriormance

ditfered from VHTEP 2 with ro rdd tey vebhicole

reduced to 30 mph, The reduction was
Lateral acceleration to a level that provided stable tiee sdhesion on the wet

1 +

test surface. As a result, the same sieer angle employed in the dry bnsd

(VHTP 2}, equivalent to 0.3g at 40 mph, was used in the wet test ot 30 rripd

esulting in an initial fateral acceloration of 0,17 g.

In addition to the testing requirements of the VHTEP, a formatting
procedure was developed to aupment the antomated reduction and ana fysis
of the test data. The procedure involved the recording of the run identi -
fication {1, D} code and control cormimand tHime s yachronization pulsc signal
as shown ia Figure 1. The serial pulse code is produced by an electronic
device designid and fabricated at Calspan called an 1, D, Serial Code
Genera‘zo%c The code consists of five puises having amplitude format and
serial locations representative of a schedule of numerical eqguivalents of
vehicle, tire configuration, test procedure, and sequential run anumber

information.

The vehicle control command time synchronization puise was
provided for the purpose of indicating in the data reduction process the
useable portion of each vehicle response measurement, A summary of

the location in time of each synchronizing pulse is as follows:

bt
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The complement of instrurmentation gy o] dn Sl T
test conditions and o SRS §

irerments specified in the VT Autpub sipnals brorm fna o

sensing devices were recovded onoa M fave transport oo

the test vehicle in VEHTE 4,56, 46,2, 9 oy via Mt

Lo o
basced recorder in VERTE 1,2, 5,7, The rescibing data tapges wore subrpiilssd
» ey Oy I ;

by T ro Calspan for reduchion and analysis.

The reduction and analveis of vehicle test data recorded op Bt

was accomplished using Calspan's Analog/Hybrid computer faciiity.  The
faclit yois comprised of 4 Comeor CL 5000 analow cormmpute s and 2 Dloneywell
DDP- 116 digital processor, A full complement of poripherals way avalilable
for processing a varicty of /0 formats including an aptional svystern lnkup
with Calspan's 170-168 digital computing facility vin an I0M 2791 paralic!

data adapter. A block <diagram repregentation of the operational elemmens

contained in the systern is shown in Figure 2. Inpul foovmat was in the

form of M tape recordings containing analog signals represcenting measure-
maents of the vehicle responses and certain additional ldentification and time
synchroizing signals. Such input was contained on cither 1/2 inch 7 track
or 1 inch 14 track magneiic tape,

a4 87

Input dn

33

nals were processcd initially in the analop portion of

the systern with operations such as filtering, scaling, integratiop, and the

=%
like.o The digital processor maintained supervisory control over the
analop computer, thus cnabling the detection of response transients, and,

in addition, processing of cortain intervals where data was converted and

stored digitally for further analysis. This interaction provided a fast and
B b Y |

-4
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mechanization w value detection, tirwne averaging, and

wen were carried out.

citally programimed processiong 8

provided i the forrm of

Aninterraediate data outpat mne ditgm
anadog sirip chart recordings of sclected vebicle response time historios,

co g copy oubput provided e

Lip ro L6 channels of Lirush reooy

Rictories of scaled vehicls response mmeasuraments, computed vehicle

response tine historios basced on such messurerments, an:d othor appropriate

vecordings of progravy control and dizgoo signatures needed to vorily

analyesis

The vesulis of further ¢

the results of & givon fesh

periormied bg} the digital portion of the facility were printed out in tabular
format on a teletype printur, Examples of apalog and digital process
output are contained in Figures 3 and 4 respeciively. 'The code channel
sienal containing the run 1,73, information was decoded by the Analog/
the data reduction

Hyhrid computer and utilized to avtomatically ¢ ontirel

proce Fach data reduction program prescribed for a specific VHUEP

(Comparison Variable Caiculation, Reference 2 Appendix B} was cailed
and executed in accordance with the decoded run identification. A sumimary

of the vehicle responec compatison variables specific to a given VHTEP

is presented in Table 2,

Initial test results dealing with VEHTP 2, 7 were suspect with
regard to a condition where the computed analog variable V‘y failed to
attzin a woro teveil whon the vehicle came to rest, It was subsequently
determined thot crrors in the measurement of low levels of yaw velocity
[ 1) were the causc of the post test nop-vero V‘y' level. The yaw velocity
pyroscope, a 100 deg/sce range insirument, indicated yaw velocities of
5-10 deg/sce during the steady state portion of the mancuver. Ag a result,

the measurement uncertainty associuted with the low range of the
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In addition, it waz cvident that yaw velooity measarement errors
would be widely propagated throughout the computations of f, f, and | /R

since each of these variabhies is o function of ¥V or ¢ .
¥

As a result, the non-linear charvacteristics of the two rate gyroscopes

{(see Table 1) were mechanized in a wable look-up subroutine containead

with the digital software of the Poll6. The data reduction program was

arrvangod i oo mannor that permitied entry into the subroutine with cquivalents

tal formmat) of indicated ya

and subseguently obiamn
oufput in the o of corvrocted yaw velocity, Thizs process was employed
i redueing At oyas velocity data oblained for the duration of the vebicle

! ¥ ¥

tost prograin,

Aograpnic indicatinon of the doproe of instrument error is contained

Mgures 5 and 6. MNobto that the sora Yne of unity slops is the

reference for an jdeal error-froe instrument. The two other curves are
the actual error characteristics of the rate gyroscopes based on ten and

one hundred percant of full scale calibration data.
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Chevrolet Dodge Pontinc

rameter Unirs Brookwond Caoronet Trans, An
) H . fd, 3 AT 40,0 ENN
b4,9 50,5 R Bh, AL,
65,0 49,5 1206 b, ¢
I _ i, 60,7 0,3 HE, 0 5 /
60,1 | h7.5 6EL 7 9.9 P
6000 8.7 65, 4 EAtI I, o,
T | in. 63.5 59. 8 61,9 53. ¥
R 11k, 63,5 61,8 6.4 5i.5
TS in. 45,5 _ 4.0 45,5 N, A )
Ve | in, 5,257 4.59° o5t - 3.75°
zl;_‘ o in. 11,1 1.5 T 1.1
16.3 105 6.2 9, 4 AL, C.
‘ 10.6 10,8 6.8 g, @ I, C.
an in, 10,8 11,5 Tl 10.% ’
10.1 10.4 6.2 9.7 AL,
7 103 10,8 6.5 10.1 D.C,
ap _ in. 5.80 5.20 \ 5. 87 5.75
ar ' in, .26 : 6.62 6, 26 5.50
Q. in. 3.5 2.4 2.0 1.80
QFT* in. 2.3 2.1 2.5 3.40
QRCI* in. 3,6 4.4 3.3 | 1.85
Q1 * in. ' 2.3 _ 3.6 3.7 3. 35
hl{ in. 4.0 . 3.9 5.7 N,A,
Rw ‘ in, 14,4 13,2 12,8 2.6

Tobump stop locations are relative to static suspension displacement shown' on
pages A-5 and A-6 (ao load vehicle confi guration)., Appropriate adjustmoents
must be made for instrumented vehicle configurations, sce table at botion: of

Cpage A-6,

NOTE: "All data is [or a no load vehicle confipuration except where noted A, C,
(automatic controller configuration) or D, C, {driver control configuration).
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Parameter

1

v E

-

Zh

in, b, sec.

i, 1,
in. 1b. sec

i, Lb.

) , Z
in, th, scc

. 2
itn. Ibh. sec.
b, sec. /in

th. sec, /in,
b, sac, /in.

Chevrolet
Brookwonod

Podge
Coronel

Pontiag
Trans. Am

Voorlks

Sune

B,120
3,830
3, 760
22,800
Z4, 000
25,000
22, 600
24, 500

2,71
105,
120,

}
¥

é?

2
g

18, 500

20,
L9,
14,
21,

20,

760 I
?a‘i (}

520

, 00
2, 060
i, 440
2, 900
200 9, 430
1040
900
300
100
230 0

)
2
&

e

L)

(@]
s [¥ 8]
oe o [N

.00 _ 4.
G.27 5.

0.53 0.
0,86 (.

1,67

3.5

3.42 4,
99,
L477,

LOf 7.3

23
50 A,

>, 09 D, C

36

579

98T

93]

. 6



Chevrolet

Drodoc

Pontiac

Voltlkswe g

Parameter Units Brookwood Coromet Trans. A super Hootie
Koy ib. fin. 1,210, L, 450, L, EDO 7460
KTR ih, fin. 1,680, 1,450, 1, 500, P, 060,
RF in. lb, /frad. 408, 000. 40,400, VB&, (00, L D00,
B, in.th. /rad.,  -62, 000, 5,100, 630, 000, 28,300,
KSC in. lh. /rad. 2,000, L &, 000, ! 2,000, g 7,000,
KSL in, b, /rad, 91,700, 55,900, 857, 000, 106, 000,
CKpg deg. /deg. 0,033 G.020 -0, 008 N, A,
RCF dep., /K 1D, .33 2,25 1.6
kCR deg, /K Llh. 2,15 .90 LL94 14
ke dep. /100 fi1b, 0. ii 0. li | 0 li 0, 15 )
Con ib.sec. /in, 11,07 1.0 - Y N
CFCR Ih.scc. /in. i 54. 69, 57 >
H, in,ib.sec. /Zratl. 400, ° ‘| 100. 1 400, ° 1 200, ° E
. Ib.sec. ™ /in, 0. 06 0. 06 0.06 0. 05
E, deg. 12.0 16. 0 14,0 18,0
Ep deg. 0.40 0.45 0.67 0.0
¢ deg. 10.90 7.50 8.75 10.0
-C'F Ib. 43, 40, 35, 35,
J‘R b, 73 38, 55. 40,
b deg. 1.0 0,75 “1.0 2.0
Ei deg, B 0.37 0,27 0.42 £, 1_6 front
————————————————— 0.0 rear
P : deg, 0.50 0, 38 0.75 1.0 front
——————————— e -l.3 rear
PT in. 0.16 -0. 66 -0.24 1. 66



cP.
CR

CR ;

ih.

ih

Chevrolet Daodge
Drookwood Coronet
5 L1
0,13 A
5 !
0,157 0,15°
B o
.0 -3, 03

NLA,

Pontiac
Trang, Am

Volkswaven
Super Boeetle

I - estimated from similar measvred data for other vehicles

Z - assumed {rom HSRI reported data (Contract DOT-HS-031-1 -126)

3 - calculated (rom moment of incrtia of wheel about 5pin axis -

4 - assumed

5 - calaulated from manufacturer's design data

front
rear
{ront
rear
front
P a
front

rear



VISCOUS DAMPING COEFFICIENTS FOR WHERL RIDE MOTION

Yehicle oo O
Pronkwood 1.94 for V >0 L.6Z for W > O
12,1 for 0>V 2 .10,2 9,99 far 02V A 210,00
1,17 for V< 10,7 1.6 for V= =101
Coronet 4,33 for V23>0 .50 for V> 7.2
9,36 for V<0 8.5 for 0 <V < 7,2

6.63 for V<O

Trans Am .79 for V>21.9 0.7 for VoriE.B

7.78 for 10,2 <V<21.9 1.99 for O0<V <[54
2,74 for 0LV €10, 2 4,58 for O>V » -i1.%
21.0 for 0>V > -7.46 .01 for V< -11,73

3,10 for V< -7.46

VW 1,81 for V >12.0 . .89 for V>0
4,28 for 0<V<IZ, 0 .06 for OV > -1,
5.73 for 0V »r-12.6 2.87 for v < -19,1

Plod for -12.6 >V > -16.5
4,44 for V « .16.5

damping coefficients and velocitics effective at the wheols



STEER AND CAMBER AS FUNCTIONS OF WHEEL
DISPLACEMENT FROM FULL REBOUND POSITIONS

Brookwood {left front}

{static c'iispim::’-umv-m:' =5, 0]

Coronet {leflt {ront)

T

{static c%isplacesﬂ.entq = 3.0}

Trans Am {left front)

{static dis pia.c:en'mn{ = 4,0)

Msplacerent

{
1

]

2

e

6

Camber

O, 8b

.26
L.22

1,27

- (k.

Steer {

0

24

B
LT3
LB
.01
.10
L1

-0.37

-0.
-0,
1.
-1,
-1,

-0,
-G,
-0,

-0

-0,
-0,

59
85
G5
21
36

03
18
31

.39

40
40

toe in}



VW (right rear) 0 0 0

{static dis;placen'mntlsz 3.0) 1 -0.72 0. 66
2 -1, 44 0. 08
; NP B 0, a7
{ T, O G.02
5 5,60 0. 05
VW {left {front) 0 {0 0
{stutic displacernemt*:ﬂ' 4.0) 1 ' ~0.57 =017
2 -1, 25 -, 45
3 ~1,87 M-(?,_??E
4 -2.44h -0.96
5 -2,96 -1 14
6 -3.42 -1.25
7 -3.79  -1.30
8 ~-4.08 -1.32

* static displacements are for no load vehicle configuration, the foilowing
adjustments must be made for instrumented vehicle configurations,

Chevrolet Dodge Pontiac Vollkwagen

Brookwood Coronet Trans.Am. Super Beetle
C,G, shift {in.) -0.7 =0.5 -0.6 -1.6 . A.C,
-0.6 ~0.6 0.8 -1.7 D.C.
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DEFINITIONS OF PARAMETERS

DISTANCES

Longitudinal distance between sprung mass center

of gravity and [ronl wheels,

Longitudinal distance between sprung mass center

of gravity and reay wheels.

Wheel tread width at {ront.

Wheel tread width at rear.

Distance hetween spring mountings on solid rear

axle.

Dstance between wheel center and king pin axis;

measured along wheel spin axis.
Static distance between the center of gravity of the
sprung mass and the spin axis of the front wheels;

measured along the z-axis.

Static distance between the center of gravity of the

sprung mass and the roll center of the rear suspension;

measured along the z-axis.

Liength of Pitman arm.,



L pr

LL RC

L% RT

Length of steering linkage arm

Suspension deflection for initial {ront wheel contact

with compression bumyp stop.

Suspension deflection for initial front wheel contact

with tension hump stop.

Deflection for initial rear wheel contact with

compression bump stop,

Suspension deflection for initial rear wheel contact

with tension bump stop.

Distance from center of rear axle to the roll

center of the rear suspension.

Undeflected tire radius,

MOMENTS OF INERTIA

X8

Vs

A

Morment of inertia of sprung mass about the x-axis.

Moment of inertia of sprung mass about the y-axis.

Moment of inertia of sprung mass about the z-~axis,

D-106



sa abouat the

[

" Dy snt oof inertia about its spin axis,
i

srtia of one front wheol about the king

i, Meornoent of inervtia of roar un

srung mass aboul
anococcis fhrough ite conter of gravity and pacallcl

to the w-axis,

L, r Moment of inertia of whoel about spin axis.
Wi

G SPRUNG AND UNSPRUNG MASSES

N ST TS S,

Mo Total front uaspr

Total rear Ghsprung mass

0. M EFNSION 1,ESS PARAMIETERS

N Gear ratio of stevring gear box,

N Steering linkage zear ratio.

=



A . Spring rate proportionality factors for operation
FC,AFT '
on front suspension deflection stops {compression

and tension).

Spring rate proportionality factors for operation

k RO, }\H'

=~

on rear suspension deflection stops {(compression

and tension}.

ka Drive axle ratio.
E . SPRING RATES
KF Suspension load-deflection rate for a single

wheel in the quasi-linear range about the

design position; effective at the front wheel.

I Suspension load-defiection rate for a single
whoel in the guasi-linear range about the

desipn position; cffective at the vear spring.

KTF Radial spring rate of a single front tire in the

quasi-linear range,

KTP Radial spring rate of a single rear tire in the
AN
quasi-linear range.
RF Auxiliary roll stiffness of front suspension.
RP Auxiliary roll stiffness of rear suspension.
ay

D-12



ADDITIONAL STEERING AND SUSPENSION SYSTEM
PARAMETERS

K e Stearing colurnn-gear flexibility,
K‘%’I Steering linkage flexibility hetween the output

of the steering unit and the king pin.

K. . Roll steer gain of rear wheeols relative to the

vehicle coordinate systern.

kCF front lateral force compliance camber coefficient

kCR. rear lateral force compliance camber coefficient

kSR rear aligning torque compliance steer coefficient

CCR Viscous damping coefficient of steering system
connecting rod,

CFCR Coulomb damping coefficient of steering system
connecting rod,

HD Front whee!l viscous damping derivative.

m Mass of steering system connecting rod.

B Free play in the steering gear box.

Yt
S
H
o
L



E Free play in stecr of froat whecl.

kB

¢ si King pin inclination angle; 1 =1, 2 = right front,
left front.

(/1,_‘; Coulomb damping coefficient for a single wheel;
effective at the wheel for the front suspension,

Cjﬁ Coulomb damping coefficient for a single wheel;
effective at the wheel for the rear suspension.

@si Front wheel caster angle; i=1, 2 = right front,
left front.

Ei Front wheel toe-in angle {per wheel}; i =1, 2 =
right front, left front

$,1 Front wheel camber angle; i = 1, 2 = right front,
ieft front.

PT Front wheel caster trail

CF Viscous damping function for a single wheel;
effective at the wheel for the front suspension.

CR Viscous damping coefficient for a single wheel;
effective at the wheel for the rear suspensicn.

CPi Anti-pitch coefficients

CRI Anti-roll coefficients



APPENDIX B
MEASUREMENT OF VEHICLE WHEEL FORCES
by

B, B, Massing



A preliminary test program was conducted at Calspan to cva luate

the performance of a three component vehicle wheel force scosor. The

sensor, a Lebow Model 6457-103, is shown in Figure 1. As e scdencoed in

the photographs, the mounting interface is the standard rim bell circle of

the vehicle hub. A specially reworked rim, furnished by the scnsor
manufacturer was uscd to adapt the sensor to a specific tire-rim cormnbination,
The fuil scale range of the sensor's vertical longitudinal and lateral force
aves is 3000 pounds - each axis. Additional specifications and performance

criteria relevant to the sensor are contained at the end of this appendix.

The vertical (») and longitudinal (x) force wwes (strain gage balance)
are sensitive to shecl rotational position. The signal outputl of these axes
in proportion to applied load is a function of the wheel position. As a roesult,
a magnetic pulse pickup (60 pulses/revolution) is included [or the purposa
of providing an angular reference signal { ) for use in resolving the = and
z force components. Reduction of the raw force signals (ex, CZ) requires

use of the following expressions:

I'X & }.(1 e, cos g - KZ, e sin g {lbs.)

Foo= K} ¢ sin g + IA‘Z e €08 6 (lbs.}

fl

K, and K, are scaling constants (lbs. /volt)
The lateral force axis (y) is insensitive to wheel rotational position and the
sensor's output signal (e ) is therefore directly proportional to applied

: v _

lateral force.
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THREE COMPONENT WHEEL FORCE THANSDINK

Figure 1



The transducer is also equipped with an internal temperature sensor
intended as a monitoring element to preclude overheating of the strain gages
(200° ¥ practical limit) particularly during extended periods of heavy braking

of the vehicle,

A brief serics of steady-state cornering and braking-in-a-turn tests
were performed at lateral acceleration low levols (< 1/2g)in order to check
out the fransducer and it's associated signal conditioning., Fipure 2 shows
an analog time history of the signal output of each axis of the sensor as well
as the rotation angle signal. The data was obtained from a steady-state
cornering maneuver as evidenced by the steady level of Jateral force and the

symmetric sinusoidal nature of the vertical and longitudinal force cormponents,
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FIGURE 2 VEHICLE WHEEL FORCE
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E-5



Specifications for Three Component Vehicie
Wheel Force Transducer

SEIPTION

The Three Component Vehicle Whee!l Foree Transduces io o device
mtended for use in mceasuring three orthogonal force components that exigt
in the wheel of a vehicle undergoing braking cornering and acceloration
maneuvers.  The measuremeant of each force component is develo ped as an
analopg volfage propertional to the maenitude of cach applicd force component.
A sirain gapge suspension is provided with sufficient stiffness so os not to
alter the dynarmic characteristics of the whm:l/.i' ransducer assembly when
compared to a conventional pressed steel antormobile wheel, In a'dc,iitior.;,
the geometry of the transducer installalion is such that the tire footprint

location is unchanged from that of 2 conventionsl wheel insta llation.
2. PERFORMANCE REQUIREMENTS

The following minimum performarice requirements shall be verified

by suitable calibration records furnished with the transducer:

2.1 Range and Orientation of Axes
a, Axis Orientation Range
X paralicl to wheel plane longitudinal axis + 3000 lbs.
Yy parallel to wheel rotation axis 43000 Ibs.
e paralicl to wheel plane vertical axis + 3000 lbs,
b, Overrange: 150% of full range {each axis with no change in

calibration},

-6



d.

e,

Linearity: + 1 1/2% of full range - each axis.
Hysteresis: 1% of full range - cach axis.
BEepeatability: b 1/2% of full range - each axis,

Cross Coupling:

Between axes: + 3% of {ull range - each axis.
Certification shall be provided showing the coupling i,

component present on two unlcaded awes with full
range {orce applicd to the third axiz. The calibration

tdata shall be

shatl be done on all three axes a
furnished showing the six cross coupling components

that exist on the three pairs of unloaderd axes.
Common Mode Ervor: Application of full range force
to one axis shall rniot cause a deviation outside the
linearity band specified in 2. 22 measured on either of
the other two oxes,

Zero balance: 0.00 + 0,03 MV/V at 70°F.

2.3 Environmental Conditions

Operating temperature range: 70° - 250° F.

Thermal sensitivity shift: 0.0025% of reading {max.)

per degree F over operating temperafure range,

Thermal wero shift: 0.002% of full scale (max.) per

degree F over operating femperature range,



3, DRESIGN REMIIREMENTS

The foilowing desipn requirernents shall be met by the offerer in
order to achieve compatability with specific slecirical interface and
mcchanical mountiog conditions. Oifferer sugpestions of design alternatives

will e accentable i accormpanied with suitable documentation,

51 trical
a. Strain page bridge impedance {each axis)

Input 550 4 5.5 chms or 700 2 7 ohms resistive

Output 350 + %, 0 ohims or 700 + 10 ohms resistive

b. Bridge Evxcitation: 10 VIIC {each axis)

C. Full ranpge outputs 2+ 1 MV/V (each axis)

d. Shunt calibration resistor: 100% full range (each axis)
€. Ground isolation: Minimum EO(} chms - all terininals in

parallel Lo ground, {each axis individually)

3.2 Mechanical

The transducer shail mount on a 4 1/2 inch bolt circle containing
(5) 1/2" - 20 lugs. The maling rim to be supplied by the offerer shall be a
14" < 5.5 JJ type. Dectails of methods for rim interchangeability shall be
included with the offercrs response. The transducer shaill be mountable

on cither the front or rear axle of a vehicle,
The design of the fransducer/rim assembly shall be such that the

track dimension of a vehicle with the transducer installed is unchangoed

from the manufacturers desipnated value,

-8



3,3 Environmental

The transducer, slip ring assembly and each mating connector shail
be designed or specified to provide maximum protection against moisture
confamination of the transducer elements. The transducer will be mounted
on vehicles performing maneuvers on wet pavernent, Hence, no degradation

of transducer performance shall ocour as a result of such testing.

In addition to splash protection, the transducer shali be designed to

operate within the periormance reguirements given in scction 2.0 in the

presence of 90% relative humidity at 90°F,

4, OPTIONAL ACCESSORIES

The offecrer shall submit in the form of separate cost additions the
following accessory items. If any of the following items are standard
components furnished with the transducer, the offerer shall so state in his

response,
a, Transducer angular reference indicator

Transducers having sensitive axes rotating with the
vehicle wheel shall be furnished with a device that
provides a suitable high level pulse signal occurring

at a predetermined angular position of a given sensitive

axis relative to a vehicle fixed reference.
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Trangducer internal temperature sensor

Since the heat generated during vehicle braking maneuvers

miay produce elevated temperatures in the strain gaged

elements of the transducer, it is desirable to have a
temperature sensor located in close proximity to the
strain gages., A suitable theeomocouple or resistive film
temperature sensor (Micro-Measurements ETGO Series
or equivalent) shall be mounted in an appropriate position

within the transducer,

E-10



