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precision of the correlated data (SNuo and mean depth
measured by the sand-patch method). Research that
will consider 20 sites in Pennsylvania is planned for
1979, so we would welcome similar data from others.
Equation 19 eliminates the parameter SNo from our
model (Equation 13). We have found that this parameter
is affected by both microtexture and short-term varia-
tions in weather, Weather-related effects are eliminated
by conducting all skid measurements in one weather
area at the same time. However, it is probably not
possible to compare data sets taken at different loca-
tions at different times without correcting for weather-
related factors such as rainfall history. The dif-
ferences between Equations 16 and 17 can be attributed
in part to these effects, and larger differences might
be expected. Research into seasonal and short-term
variations is under way and, if it is successful, we may
be able to account for microtexture and weather in a
generalized model.

Publication of this paper sponsored by Committee on Surface
Properties- Vehicle Interaction.

Skid Resistance-Speed Behavior and
Side Force Coefficients of Pavements

V. R. Shah, Dorr-Oliver Company, Stamford, Connecticut

J. J. Henry, Pennsylvania State University

Pavement friction characteristics including skid resistance-speed depen-
dence, side force coefficients, and brake slip numbers are seen to be
derivable from data obtained in the transient slip test. The transient
slip test is described, and it is noted that any friction tester with force-
measuring transducers can be used for these measurements. The brake
slip numbers are shown to be independent of the rate of wheel lockup,
which leads to the observation that brake slip numbers obtained during
a transient slip test are equivalent to locked-wheel skid numbers at the
same sliding speed. Side force coefficients can be computed from
transient slip data with the help of a model. The data and conclusions
apply to the standard skid-test tire operating under fixed test conditions
and normal load, water film thickness, and inflation pressure.

Highway safety in the United States is currently evaluated
by using locked-wheel skid numbers (1). During the
lifetime of a pavement wearing course, the skid num-
ber (SN) is measured at least once a year at a single
vehicle speed—usually 65 km/h (40 mph)—although
sometimes at the "prevailing traffic speed." Because
vehicles are operated on highways at a variety of speeds
and only rarely in the locked-wheel mode, the ranking of
pavement safety by means of a locked-wheel test at a
single speed can be questioned. Furthermore, vehicles
require adequate lateral forces to maintain directional
stability in cornering maneuvers. In a complete
evaluation of pavement safety, it is necessary to mea-
sure the complete frictional characteristics of a pave-

ment at various speeds, cornering angles, and wheel
stop rates. It would clearly be impractical to do this
for each pavement in the country on an annual basis.

Research was initiated at the Pennsylvania Trans-
portation Institute (PTI), Pennsylvania State University,
to determine the degree of interrelationship among slip,
side force, and locked-wheel data (2,3). The objective
of this research was to determine the most efficient
means of evaluating the frictional capability of pave-
ments. As a result of this research, a methodology
was developed for processing data from a single mea-
surement at one vehicle speed to obtain the speed de-
pendence and side force frictional characteristics of a
pavement.

EXPERIMENTAL PROCEDURE

The Penn State Mark III Road Friction Tester (4) was
used in this study. The tester has a single wheel, a
six-component force-torque measuring hub, and a hy-
draulic system that can steer the test wheel into angles
of up to 12° in relation to the forward velocity of the
towing vehicle. Two rotary variable differential trans-
formers measure the angle of the test trailer and the
angle of the free-trailing fifth wheel relative to the truck
axis. In this way, the actual yaw angle of the test trailer—
including the correction for any yaw it induces in the
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direction of the towing vehicle—is determined. Both the
test-wheel and fifth-wheel speeds are measured. All
signals are recorded on an oscillograph recorder that
has sufficient response so that friction force and ve-
locities can be recorded as the test tire is being locked
up. In addition, side force and yaw angle can be re-
corded as the trailer sweeps from free trailing to a 12°
yaw angle at a rate of about 24%s.

The pavements used in this study (six sites at the
PTI Skid Test Facility) are described below:

Pavement Type

3 Dense-graded asphalt concrete with thick application of
Jennite and low-friction surface

4 Dense-graded asphalt concrete with a sand-epoxy overlay
and fine-grained texture

5 Portland cement concrete lightly dragged in transverse
direction with burlap drag

6 Dense-graded asphalt concrete (Pennsylvania Specifica-
tion 1D2A)

8 Open-graded asphalt concrete with river bottom gravel

aggregate {Pennsylvania Specification SR1A)

Dense-graded asphalt concrete (same as site 6 but sub-
jected to wear as part of PT| Pavement Durability
Track)

Tangent

Some supporting data were also obtained on public roads
in the State College, Pennsylvania, area.

Three test tires were included in the study: the ASTM
E 249 five-ribbed tire (5), the ASTM E 501 seven-
ribbed tire (§), and the ASTM E 524 blank tire (7). Data
are reported here only for the E 501 seven-ribbed tire,
which is the current standard test tire. Data for the
other tires are given elsewhere (3).

In all tests, the on-board watering system delivered
a nominal 0.50-mm (0.02-in) water film thickness. Tire
inflation pressure was 165 kPa (24 1bf/in®) (measured
cold), and the vertical load was 4670 N (1050 1b).

Locked-wheel skid numbers were obtained at 16, 24,
32, 48, 64, and 80.5 km/h (10, 15, 20, 30, 40, and 50
mph). Side force coefficients with a free rolling wheel
were obtained at yaw angles up to 12°. Transient slip
data were obtained at 48, 64, and 80.5 km/h. The test
procedure for transient slip consists of operating the
strip chart recorder fast enough so that the friction
force can be read as a function of the rotational velocity
of the test tire from the free rolling to the fully locked
condition. In all other respects, this test is the same
as a locked-wheel test. The lockup rates for the road
friction tester are between 0.25 and 0.5 for the pave-
ments tested.

Because all data reported here were collected during
the first two weeks of August 1975, seasonal variations
and their possible effects on the data are not considered.

TEST RESULTS

In the procedure used in this research, the locked-
wheel skid number (SN) is the special case of the
transient slip brake slip number (BSN) at 100 percent
slip. The BSN is the ratio of friction force to normal
load multiplied by 100 at a specified wheel slip. Per-
centage slip is defined as the deficiency in angular
velocity caused by braking expressed as a percentage
of free-rolling angular velocity. Any skid tester
equipped with a force-measuring hub and sufficiently
responsive instrumentation can be used to obtain data
on transient slip.

The BSN is a function of the percentage slip and the
test speed. In other investigations of the effect of lock-
up rate, it has been found that peak and slide coeffi-
cients are not significantly affected by lockup from 0.25

to 1 s (8). Some tests were performed by using a con-
stant slip tester onloanfromthe Federal Aviation Agency
(9). At the same time, data were obtained with the
road friction tester on the transient slip mode. The
constant slip test has an effective zero lockup rate com-
pared with the rapid lockup rate of the transient slip
test. Figure 1 shows the results of these tests. The
slight difference in the results can be attributed to the
calibration of the two testers. The effect of wheel
lockup rate is therefore considered to be negligible.

A significant discovery resulted from plotting the
BSN data versus sliding speed rather than percentage
slip. Sliding speed can be determined by multiplying
the percentage slip by the test speed and represents
the velocity of the tire tread relative to the pavement.
Locked-wheel data can also be plotted on these coordi-
nates because SN is equivalent to BSN at 100 percent
slip. TFigures 2 through 7 show the plots for reduced

Figure 1. Brake slip oo
number versus
percentage slip for
constant and variable 80 i
speed testers. o
&
> 80
nz © Penn Stale Mark II Tester
a A FA A Constant Slip Tester
W a0
]
& Site =Siate College Bypass, PC.C
Tire = E-501
20 Water Film Thickness = 0.5mm (020in)
L Tesi Speed = 64 km/h (40mph)
c -
¢ B 20 30 =0 0 00
% SLIP
Figure 2. Reduced 100 W
= v m mpl
brake S|IP .number & 64km/h(40mph)
versus sliding speed for a 80 km/h (50mph)
site 3. 80 v Locked Wheel SN
@
w
m
Z g0
2 Sile =3, Jennite
o Tire =E-50CI
B Waler Film Thickness = 05mm(020in)
W 40
; ©
& ha R
L -
e, i
20 M_"‘ﬁ
al 20 40 0 "My
— - —
0 (] 20 20 40 mph 50
SLIDING SPEED
Figure 3. Reduced 0o
brake slip number
versus sliding speed for
ite 4. 80
site Site = 4, Epoxy-Sand Overlay
o Tira = E-50| .
w Water Fiim Thickness » 0,5 mm (020in)
Q
Z o)
z
a
3
w
wao
§ © 48 km/h (30 mph)
4 64km/h (40 mph)
a 80km/h (50 mph)
20 v Locked Wheel SN
km/h
0 =/ 8
[ ) k) @ %
SLIDING SPEED P




Figure 4. Reduced o
brake stip number Site = 5, RCC
idi eed for Tire = E-50
v.ersus SI'dmg sp 80 Water Film Thickness= Q5 mm
site 5. (020in)
14
w
@
)
F4
[
= )
"
Y 40 o 48 km/h{30mph)
2 4 64 km/h(40mph)
@ a 80 km/h(50 mph)
v Locked Wheel SN
20
km/h
0 2 42 g
0 [ 20 0 40 . %0
SLIDING SPEED 4
Figure 5. Reduced 100

brake slip number
versus sliding speed for

Sife = 6, Bitum.Concrete

Tire = E~50I

site 6. 80 Water Film Thiokness = 0.5 mm
(020in)
©
W
b
S &0
=
a
@
Y a0
= © 48km/h (30mph)
& 4 64km/h (40 mph)
6 80 km/h (50 mph)
20 v Locked Wheel SN
km/h
o 20 40 <
0 20 30 40 mph 50
SLIDING SPEED
Figure 6. Reduced '°ﬂ

brake slip number

Site = 8,0pen Graded Mix

versus sliding speed for m = 5}507'5 p—
. af m ICKN®! A m
site 8. 80 o (020n)
o
[+ 4
w
@©
3 60
z
o
5
2]
Y40 © 48 km/h {30 mph)
2 G4 km/h (40 mph)
@ © 80km/h({50mph)
20
km/h
o 2 0 A &
13 20 3 40 mon 50
SLIDING SPEED
Figure 7. Reduced 100,
brake slip number
versus sliding speed for Site = Tangent, Bituminous Concrete
ite ta ent. a0 Tire = E-501
site tang Waler Fiim Thickness=0Smm
. (020 in}
w
3
2 60
+ 4
[
=)
12}
¥e0
<
[ 4
o ©48 km/h(30mph)
484 km/h(40mph)
20 a 80 km/h (50 mph)
km/h
o B a0 s ‘" 8
[« 19 20 0 0 non 0

SLIDING SPEED

brake slip number (BSN versus sliding speed) for the

six test sites. Each datum point for the transient slip

data represents the average of at least 15 measure-
ments; the low-speed locked-wheel data are averages

of five measurements.

15

A single curve drawn through the data in the plots of
reduced brake slip number can be used to determine the
speed-related friction performance of a pavement. For
example, a locked-wheel test at 48 km/h (30 mph) will
produce the same result for SN3o as a transient slip test
result at 80.5 km/h (50 mph) with 60 percent slip. The
curves for reduced brake slip number can be obtained
from transient slip tests at a single test speed and used
to determine the skid number-speed behavior up to that
test speed.

Prediction of Side Force Coefficients
From Transient Slip Data

A model designed to predict side forces generated by a
cornering tire requires parameters that describe the
behavior of the tire and the friction force in the tire-
pavement contact area as a function of sliding speed.
The friction forces depend on the combination of tire
and pavement and can be measured by the transient slip
method described above. The other parameters, those
that describe the tire, depend on the tire only and are
thus fixed when the tire is selected. It is possible then
to predict side force coefficients (the ratio of the lateral
force on a cornering tire to the normal load times 100)
for a given tire given the reduced brake slip number plot
for that tire-pavement combination.

The following assumptions were made for the model:

1. The tire behaves as an elastic beam representing
the tread base, supported on an elastic foundation rep-
resented by the carcass, which permits simulation of
vertical and longitudinal carcass motion.

2. A pressure distribution in the tire contact region
is parabolic along the contact length and uniform
across it.

3. The contact region is approximated by a rectangle.

4. The friction coefficient is isotropic.

5. The carcass has a bending stiffness EI.

In general, the tire motion during braking, traction,
or cornering is a combination of slipping, sliding, and
rolling. The tire-pavement contact surface can be
divided into sliding and nonsliding regions, which are
analyzed separately. The coordinate system defined
here is similar to the one adopted by the Society of
Automotive Engineers (1_0) except that the system dis-
cussed here takes into account finite deformation of a
tire in the region of contact with the pavement. Figure
8 shows the coordinate system for a freely rolling,
yawed tire. The analysis is an extension of analyses

Figure 8. Coordinate axes for tire model. z
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made by Fiala (11) and Sakai (12), which do not account
for the dependence of friction on speed and are valid
only for small yaw angles.

Nonsliding Region

Figure 9 shows the shear deformation of a single por-
Lion of Lhe tire tread for a freely rolling, yawed tire.
(Deformation and shear stress are averaged across the
tire tread, and the resulting kinematic and force ex-
pressions depend on the £ coordinate only.) In Figure 9,
B is a point on the carcass whereas A is a correspond-
ing point on the tread element that is in contact with the
road surface. O represents the leading edge of the tire
in contact with the road surface. The diagram of tire
velocity shown in Figure 8 shows the wheel yawed at an
angle « to the direction of motion. It can be seen in
the figure that V, represents the free-rolling velocity
of the tire whereas V, represents the lateral elastic
slip or slide of the tire. In time t, the base point B of
a tread element will move into the contact region a
longitudinal distance ¢ as determined by rolling veloc-
ity V..

Then,

E=-Vrit (€Y

where V, is in the negative ¢ direction. The velocity
of the contacting tip A is V. During the same time in-
terval t, A will be laterally displaced by a distance
given by

n=-V, -t 2
t can be eliminated between Equations 1 and 2 to give
n=(Vy/Vo) - & 3)

The preceding analysis assumes that there is no
sliding or slipping of the tire with respect to the road
surface. Inthe region of adhesion, lateral deformation
is produced by the static coefficient of friction with a
limiting value g°. The friction force required to pro-
duce Lhis displacement depends on the lateral stiffness
of the element (C, in pounds force per cubic inch) (be-
cause the equations were formulated in U.S. customary
units, no SI equivalents are given). The force per unit
area is

Fn=cy(n'nb) ©)
where 7, is the carcass deformation.
The maximum static friction force available from a

particular tire-pavement combination depends on the
limiting friction coefficient (u°) and the vertical contact

Figure 9. Tire deformation in the contact patch.
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pressure distribution (P,). Friction force varies
linearly until the limiting condition is reached when

Fo/(6=£) = u"P,/(§ = £) (5)

where £, is the limit of the adhesion region.
The curve of carcass deflection is given by Hart-
ranft (4):

m = bS - (/L) [1 - (¢/L)) (6)
where b is the beam constant (0.015 x 10~° in/Ibf for the
E 501 tire) determined experimentally according to the
Hartranft procedure (4) and S is the side force. As-

suming a parabolic pressure distribution in the contact
region gives

P, = (6N/wL?) - (¢/L)[1 - (¢/D)] (@)
where

N

static wheel load (1050 1bf for the tests reported
here);

tire contact patch width, the width of the tire
minus the total width of the grooves (4.62 in for
the E 501 tire); and

L = tire contact patch length (6 in for the E 501 tire).

w

At the point of incipient slip,
£=¢& (8)

Substituting for F, and R, in Equation 5 from Equations
4 and 7 gives

Cy (- nw) = (6p°N/WL?) - (&/L) [1 - (&/1)] )

But n = £, tan o. Substituting for n and 7, and solving
the expression for ¢, give

£, = [(66°N/wL2Cy) + (bS/L) - tan
- [(L/6u°N/wL? C+ (bS/L)] (10)

Sliding Region

Beyond the adhesion limit, the tread element begins to
slide back to its original undeformed position and the
sliding velocity changes from zero at the limiting
adhesion point to its maximum at the exit of the contact
region. The side force per unit area in this region is
given by

F, =pP, (11)
The total side force S is given by

(12)

S§= Sadhesion + Ssliding

which can be obtained by integrating over the entire
contact region. Thus,

Ea L
s=f w.F,,-de+f w - up, - di (13)
0 3

Substituting for F, and P, and simplifying give

S=({%-w-Cy £ tana] +{uN[1-3(&/L)* 2(a/L)’1))/
{1+(b/L) £ [% - (£a/3L)] wC\) (14)

where the first term in the numerator represents the

contribution by the adhesion region and the second the
contribution by the sliding region. Thus, the expres-



sion for S permits evaluation of S for any yaw angle a.
u is a function of sliding velocity and can be obtained
from plots for BSN and sliding speed. In the present
case, values are obtained from Figures 2 to 7 for the
particular surfaces.

C, can be obtained as follows: In the adhesion region,
the side force is given by

S=Sudhesion=1/2'w'cy'E:'tana (15)

For the limiting condition of « approaching zero, this
expression becomes

S=th-w-C B o
and
(3S/00) = Y2 - w - C, - £2 an

But £ = L = contact length (in that no slip takes place
in this condition), which gives

(8S/de) =Y2-w - C, - L2 (18)
Cy = 2(38/30)/w - L? (19)

From the experimentally obtained plots of side force
versus yaw angle, the value of 3S/3a at o approaching
zero was calculated. This gives C, = 250 1bf/in* for

the E 501 tire. The length of the contact region was
determined by obtaining tire footprints under statically
loaded conditions. The values of side force obtained
from Equation 14 are compared with the experimentally
obtained results for the six test sites in Figures 10 to 15.

Figure 10. Side force coefficient versus yaw angle
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Figure 11. Side force coefficient versus yaw angle

for site 4.
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Figure 12. Side force coefficient versus yaw angle
for site 5.
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Figure 13. Side force coefficient versus yaw angle
for site 6.
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Figure 14. Side force coefficient versus yaw angle
for site 8.
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Figure 15. Side force coefficient versus yaw angle
for site tangent.
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The results show a good agreement between experi-
mental and theoretical results for sites 5, 6, 8, and
tangent but poorer agreement for sites 3 and 4. The
cause of this poor agreement lies in the assumption
that the friction coefficient is isotropic. Although it is
not possible to obtain SNs perpendicular to the direction
of travel, the British Portable Tester (13) was used to
determine British portable numbers (BPNs) in relation
to direction of travel to determine whether the assump-
tion of isotropic friction is valid. The results obtained
are given in the table below, which shows that the as-
sumption is least valid for sites 3 and 4:

BPN -
Parallel Perpendicular Deviation
Site  to Road to Road (%)
3 53.2 58.4 +9.8
4 65 70.3 +8.2
5 86 83 -3.5
6 81 81 0
8 82.1 81.7 -0.5

Thus, the calculated results for these sites would be
expected to differ from experimental results and, be-
cause friction is greater in the lateral direction, the
experimental results are greater than the predictions.

CONCLUSIONS

It has been shown that collecting data during the tran-
sient portion of a locked-wheel skid test as the test tire
undergoes the transition from freely rolling to fully
locked can provide useful information. During the
transition, instantaneous friction force and correspond-
ing sliding speed (relative velocity of the tread and the
pavement) can be measured and are found to be inde-
pendent of test speed and wheel lockup rate. Data on
brake slip number and sliding speed characterize the
relation between pavement friction and speed and can
be used, with the help of a model, to determine side
force coefficients.

Transient slip tests do not require unique equipment.
Any locked-wheel gkid tester provided with a force-
measuring hub and instrumentation that has sufficient
response to measure forces and angular velocities
during the transition can be used.
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