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SUMMARY

An exploratory investigation was made by the National Advisory
Committee for Aeronautics to study typical tire behavior on wet runways,
to determine the mechanisms by which water on runways reduced tire forces,
and to determine the extent of this tire-force reduction. A specially
constructed tire treadmill served as a tire test vehicle which allowed
easy control of such pertinent parameters as water depth on the treadway
or belt which served as the runway, tire inflation pressure, belt veloc-
ity, braking load, yaw angle, and tire-tread pattern. A strain-gage
balance mounted on the wheel chassis of the treadmill measured both the
braking friction forces and cornering forces while tachometers recorded
the wheel and belt velocities. Measurements of these parameters were
made in testing a smooth-treaded and a diamond-treaded 3.00 X T Tilre.

Observations during the tests and evaluation of data have indicated
that, under certain conditions of tire pressure, velocity, and water
depth, the smooth-treaded tire stops rotating and begins to plane even
without the application of brakes. For example, for a tire inflation

pressure of 13% 1b/sq in. gage and a 0.09-inch water depth, this planing

condition occurred for the smooth tire at a velocity of 76 feet per sec-
ond. The tire with the diamond tread behaved in a similar manner except
that, instead of stopping completely, the wheel rotated at about 50 per-
cent of the belt or treadmill speed. With both tires, the tire maximum
and full-skid (locked wheel) braking friction coefficients decreased
rapidly with increase in belt velocity, and for certain operating con-
ditions of the smooth tire the full-skid braking-coefficient values fell
below that of the rolling friction. In some of the cases for smooth tires
the values of tire maximum braking friction coefficient dropped so low
that the free-rolling friction became the maximum friction force. Under
these conditions any slight and momentary braking forced the tire into

a stable full-skid condition.

Cornering-force coefficients of both the smooth- and diamond-tread
tires also decreased with belt velocity and reached nearly zero values
at planing velocities. Braking had the effect of greatly decreasing the
cornering-force coefficients even at relatively slow velocities.
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INTRODUCTION

A number of accidents have been reported in which fighter aircraft
skidded off the runway in landing during, or immediately after, a heavy
rain. In these accidents the braking and directional control were
reported as extremely poor. It appeared that in these cases relatively
thick water layers and high speeds were primary factors in the loss of
traction of the tires on the runway surface. Several investigations
have been made of tire friction coefficients on wet surfaces (refs. 1
to 6) but, in general, the test conditions were limited in speed, or
degree of surface wetness, or both. The present investigation was there-
fore undertaken to study the effects of water depth, speed, and other
factors on wet-surface tire characteristics. Tests were made with small
smooth-treaded and diamond-treaded tires (size 3.00 x T) running on a
treadmill or endless belt apparatus. The measurements covered speeds
from 23 feet per second (approximately 1k knots) to 94 feet per second
(approximately 55 knots), tire inflation pressures of 6 to 30 pounds per
square inch, and water depths on the treadmill of 0.02, 0.06, and
0.09 inch. Measurements of braking tire friction and cornering force
were made at yaw angles of 0° and 4°.

APPARATUS AND TESTS

The equipment was designed to be as small and simple as possible
consistent with the requirement of reproducing the very poor braking
conditions on wet runways reported by various agencies. Elementary
theoretical considerations suggested that the poor braking condition
results from a wedge of water forcing the tire away from contact with
the runway and that the major parameter in this condition 1is the ratio
of the square of speed to the tire inflation pressure. Accordingly,
from tire characteristics and landing speeds involved in the poor braking
incidents, it was estimated that with a commercially available 5005 T
(2-ply rating, approximately 12-inch outside diameter) tire with an infla-
tion pressure of 13 pounds per square inch, belt speeds and water speeds
of 70 to 90 feet per second should be sufficient to produce the very low
friction condition. This speed requirement and the small tire size made
it possible to use commercially available belts and pulleys for the
treadmill and normal fire-hydrant water pressure.

The treadmill (figs. 1 and 2) consisted of a commercially available
10-inch wide, five-ply rating, power transmission belt that ran over
12-inch-diameter pulleys. Along the center line of the belt on the path
of the tire, a L-inch-wide coat of bonding agent impregnated with sand
was laid to approximate the texture of a concrete surface. Water was
applied in a smooth sheet across the entire width of the sanded surface
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by means of a specially designed and built water nozzle in order to
simulate standing water on a runway. The depth of this sheet of water
was not measured as such. It was assumed to be equivalent to the thick-
ness of shim stock that could be slipped in between the upper water noz-
zle block (whose height was adjustable) and the sanded belt surface which

served as the lower water nozzle block. The exit end of the nozzle block

was located within 5% inches of the tire so that the water depth was

assumed to be the same at the tire as at the water nozzle exit. A gate
valve located in the water feed pipe controlled the water pressure so
that the water velocity at the nozzle exit matched the belt speed. The
water velocity at this point was determined by means of a pitot tube
located in the sheet of water at a position approximately 1/2 inch down-
stream of the nozzle exit.

The braking and cornering forces were measured by a strain-gage
balance which consisted of a vertically mounted beam C£18. "3 SRith
bending-moment strain gages bonded onto its four faces. The braking
and cornering forces were measured in the plane and normal to the plane
of the wheel, respectively. The data from the strain gages were recorded
on photographic film by means of standard NACA recording galvanometers.
Tire braking was obtained by means of a small hydraulically operated
aircraft disk brake whereas cornering forces were obtained by rotating
the wheel carriage and strain-gage balance about the vertical axis to
provide a 4O yaw angle. Wheel speeds and belt speeds were obtained from
tachometer generators mounted on the axles of the test wheel and on the
idler pulley of the belt. Lag characteristics of the tachometer genera-
tor and recorder systems were such that accurate wheel velocities during
deceleration were not obtainable so that data could not be presented as
a function of slip ratio. Standard NACA tachometer recorders were used
to record velocities.

In general, the data in this paper were obtained with the tires
loaded to 100 pounds. The static tire footprint characteristics which
were obtained from imprints of carbon-smeared tires upon a white card-
board surface for the two tire types under this load condition are pre-
sented in figure 4. At this load condition the recommended inflation
pressure was 13 lb/sq in. gage. Some exceptions to this load condition
were a few tests with the diamond-treaded tire loaded with 50, 70, 90,
and 100 pounds of weights at three tire inflation pressures and with a
belt velocity of about 82 feet per second. These exceptions are noted
inSthis paper.

The smooth tire was tested at yaw angles of either 0° or ho, in
water depths of 0.02 inch and 0.09 inch for each angle, and at three
tire inflation pressures for each water depth (approximately e 155
and 28 pounds per square inch).
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All diamond-treaded-tire tests were made at one of two yaw angles
(0° or LO). At the 0° yaw angle, the tire was run in 0.02-, 0.06-, and
0.09-inch depths of water on the belt for each of the following tire

inflation pressures: half normal (6 to 7% lb/sq in.), normal (l}% to

16 1b/sq in.), twice normal (28% to 30 1b/sq in.). At the 4° yaw angle,

the tire was run in 0.02- and 0.09-inch depths of water. For the tests
in which the tire operated at a L° yaw angle and in 0.02 inch of water,
only the tire inflation pressure of 15% lb/sq in. was used. As the result

of damage incurred by the equipment during this test, the programed tests
at tire inflation pressures of 7 and 28 1b/sq in. gage were not made.
Tests with the tire running at a yaw angle of 4° and in 0.09 inch of

water were made at tire inflation pressures of 7, 15%, and 28 lb/sq Ay
gage.

Belt velocities up to 93 feet per second (55 knots) were attained.
However, some tests were limited to lower speeds since the available
water pressure was insufficient at times to have matching water and belt
velocities at higher belt speeds.

For the most part, the instrument accuracies are believed to be of
the order of 3 percent. Sample records are shown in figure 5.

DEFINITIONS OF COEFFICIENTS

The coefficients used in this paper are defined as follows:

Maximum braking friction coefficient: coefficient obtained by
dividing the maximum braking force at a given velocity by the
vertical force

Full-skid or locked-wheel braking friction coefficient: coeffi-
cient obtained by dividing the friction force of a nonrotating
wheel at a given belt velocity by the vertical force

Rolling friction coefficient: coefficient obtained by dividing
the friction force of a freely rotating wheel with no braking
by the vertical force

Free-roll wheel velocity: velocity of an unbraked wheel as obtained
by multiplying the wheel rotational speed by the measured tire
rolling radius

Cornering-force coefficient: coefficlent obtained by dividing
the side force, measured perpendicular to the plane of the wheel,
by the vertical force.
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All the coefficients are based on the vertical force and not on
the static load (weight on wheel). The reason for this is that the
pivot-point location of the wheel tow bar is such that the friction force
produces a load-reducing moment on the tire. A summation of the static
load and friction force moments about the pivot point determines the
vertical force. This force is given by the formula

F, = W - Fe(n/1)

where

1 vertical force

W static load

Fe Erdicition foree

h height of pivot point above tire-belt contact point
U distance of wheel from pivot point

PRESENTATION OF RESULTS

Maximum braking friction coefficients, full-skid or locked-wheel
braking friction coefficients, free-roll friction coefficient, and free-
roll wheel velocity are presented in figures 6 to 14 as functions of
belt velocity. Figures 6, 8, 10, and 13 and figures 7, 9, 11, and 14 .
are paired together to present data at generally the same conditions
but at 0° and 4° yaw angles, respectively. Figure 12 presents data at
0° yaw angle; there is no comparable figure at 48 yaw angle. The alter-
nate figures have two additional parameters - cornering-force coeffi-
cients at free roll and at maximum braking - also plotted as functions
of belt velocity. Each of the aforementioned figures presents informa-
tion obtained from a tire operated in a particular water depth and in
most cases at three tire inflation pressures - approximately T, 14,
and 28 lb/sq in. gage. However, because of equipment damage, the data
taken for the tests shown in figure 11 are for the tire inflation pres-

sure of 15% lb/sq in. gage only. Data taken at the two water depths

of 0.02 and 0.09 inch used in tests of smooth tires are shown in fig-
ures 6 and 7 and figures 8 and 9, respectively. Diamond-treaded tire
data taken at three water depths (0.02, 0.06, and 0.09 inch) are shown
in figures 10 and 11, figure 12, and figures 13 and 1k, respectively.

Figures 15 and 16 present the variation, which was obtained at a
4O yaw angle and at three different speeds (approximately 27, 49,
Ik ft/sec), of the cornering-force coefficient with braking friction
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force coefficient. Figure 15 presents these results for the smooth tire
operated in 0.02- and 0.09-inch water depths and at three tire inflation
pressures, whereas figure 16 presents data obtained at the same condi-
tions as figure 15 but with a diamond-treaded tire substituted for the
smooth tire. However, for reasons explained previously, only the

data for a tire inflation pressure of 15% lb/sq in. are available for the

0.02-inch water depth.

Varying the weight of the static load affects the friction coeffi-
cient of the diamond-treaded tire in the manner shown in figure 1T7.

DISCUSSION

Smooth-Tire Friction Coefficients

An examination of the results presented in figures 6 to 9 for the
smooth tire operated in either thin or thick films of water shows that,
as the belt velocity increased, the values of maximum braking coeffi-
cients decreased until at certain high speeds the values either approached
or equaled coefficients of a freely rolling tire (0.05 to 0.09). At these
"certain high speeds" of the freely rolling tire, the spinning stopped
without any brake application. From this it is apparent that water pres-
sure at these conditions caused a complete separation of the tire from
the belt and created torques which stopped tire spinning. This condition
may be referred to as "tire-planing" and appears to be a stable condition.

Figures 6 to 9 also show the rapid decrease in values of full-skid
(locked—wheel) braking friction coefficients with increasing belt veloc-
ities. Values of these friction coefficients as low as 0.03 to 0.05
are reached at tire-planing velocities; furthermore, not only are these
values low for a tire in full skid but they are also so low that they
drop below those for the tire in free roll. It was found that under
these friction-coefficient conditions and at belt speeds below that of
tire planing, the smooth tire would either not accelerate from a stopped
condition, or would accelerate very slowly. The importance of this
phenomena lies in the fact that a nonspinning tire, such as that on a
landing aircraft, may not take advantage of higher braking friction
coefficients that exist at below tire planing speeds.

The values of the free-roll friction coefficient, on the other hand,
increase with increasing velocity until apparently a maximum value is
reathed at planing speed. Free-roll friction coefficient also increases
with increasing water depth, but neither the tire inflation pressure
nor the yaw angle seem to have much effect on the free-roll friction
coefficient.
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It can be noted by inspecting figures 6 to 9 that the speed at
which a smooth tire will plane is some function of tire pressure and
water depth. Deeper water and lower tire pressures tend to lower the
planing speed of the smooth tire; conversely, shallower water and higher
tire pressures tend to increase the speed at which the smooth tire will
plane. Some elementary considerations, which take into account the
inertia of the water but neglect its viscosity, suggest that the param-

2
eter pb<%> (where Py is the tire-footprint bearing pressure, 1 is

the footprint length, and w 1is the footprint width) determines the
planing condition. However, the data are insufficient to substantiate
this formula.

Friction Coefficients of the Diamond-Treaded Tire

The results for the diamond-treaded tire (figs. 10 to 14) also
show a decrease of maximum braking friction coefficients with increasing
belt velocity. At the end of this large decrease in maximum braking
friction coefficients is the diamond-treaded tire planing condition
which is apparent by the low friction coefficients and a drop in free-
wheel velocity from belt velocity. In this case, as opposed to that of
the smooth tire, some small braking effectiveness exists, the maximum
braking coefficient being from 0.13 to 0.21.

The values of the full-skid braking friction coefficients also show
a decrease with increasing belt velocity. Moreover, these decreases are
large even in cases where the decreases in the maximum braking force
friction coefficients are relatively small, such as in the case of
shallow water depths (0.02 inch) and zero yaw angle. As a result of
these decreases, the full-skid braking coefficients are much smaller
than the maximum braking coefficients at planing speeds. Thus at these
speeds the full-skid braking-force friction coefficients reach values
which range as low as from 0.13 to 0.10 whereas free-roll wheel veloc-
ities decline to values nearly 66 percent below belt velocity. Further-
more, these values of wheel velocities are not necessarily the minimum
since an examination of the free-wheel-roll velocity curve indicates
that further decreases may be expected at higher belt speeds.

The values of the free-roll friction coefficient of the diamond-
treaded tire, in general, behave similarly to that of the smooth-treaded
tire with the exception that the increase of the free-roll friction
coefficient of the diamond-treaded tire is more rapid with increasing
water depth.

From figures 12, 13, and 14, it can be seen that the behavior of
planing speeds of the diamond-treaded tires depend on the same parameters
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as do the smooth tire, or higher tire pressures and shallower water
depths produce higher planing speeds. However, the planing speeds for
the dismond-treaded tire are somewhat greater than those for the smooth
tire. Also, at the higher speeds the diamond-treaded-tire friction
coefficients at maximum braking and full skid are considerably greater
than those for the smooth tire.

Effect of 4° Yaw Angle on Friction Coefficients
of Both Tires

The effect on the maximum braking friction coefficient and full-
skid braking friction coefficient of setting both the smooth- and
diamond-treaded tires at a 4° yaw angle can be seen by comparing fig-
ure 6 with figure 7, figure 8 with figure 9, figure 10 with figure 11,
and figure 13 with figure 14. The comparison shows a loss in values of
the maximum braking force friction coefficient and full-skid braking
friction force coefficient for both tread patterns.

Cornering-Force Coefficient Characteristics
of Both Tires

The effect of velocity on the cornering-force coefficients at maxi-
mum braking and free roll can be seen in figures 7, 9, 11, and 14. As
the velocity increases/ the values of the cornering-force coefficient
decrease until at the tire-planing condition they become practically
zero and thus render the tire useless for steering purposes. These
figures also show the serious loss in cornering-force coefficient caused
by brake application. The smooth tire can lose as much as 80 percent of
its cornering-force coefficient at maximum braking even at the low speed
of approximately 30 feet per second and a thin water £1lm of 10.02 inch.
This loss of cornering-force coefficient with increasing braking is shown
more clearly in figures 15 and 16 for both types of tires and thin and
thick films of water. A study of figures 15 and 16 shows that in the
few cases at the higher belt velocities where the braking coefficient
is in the usable range of values, the cornering-force coefficients are
so low that the lack of steering abilities makes the tire's use
questionable.

Effect of Weight on Friction Coefficients of

the Diamond-Treaded Tire

The effect of reducing the vertical load on a diamond-treaded tire
operating in 0.09 inch of water and at about 82 feet per second can be
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seen in figure 17. The figure shows that at near planing speed the
friction coefficients at maximum braking and full skid increase some-
what with a weight decrease. These increases in friction force coeffi-
cient range from 0.04 to 0.10 with a vertical-force reduction as high
as 52 percent of the normal weight.

Application of the Results to Full-Scale Tires

It should be recognized that the foregoing results were obtained
on a small low-pressure tire; however, it is believed that any tire
will behave similarly under certain conditions. In fact, evidence of
the tire planing phenomena has appeared in landings of alrcraft varying
from modern fighter to small executive types covering a range from high-
speed, high-pressure to low-speed, low-pressure tires. Determination
of the planing speeds - at least as a first approximation - of these

tires might well be done by means of the parameter pb(%)g introduced

earlier in the discussion. If the parameter is equated with the dynamic
water pressure at planing speed multiplied by an experimental constant,

an approximate value of planing speed in fairly deep water may be obtained.
(The tentative value of the experimental constant was found from a few
experimental points for the smooth tire in deep water, 0.09 inch, to be
about 2.0.) Factors such as water depth, angle of yaw, and. type of Gtixe
tread modify this parameter somewhat and should be considered for a more
accurate determination of the planing speeds.

CONCLUDING REMARKS

An investigation was made to examine the effects of water on the run-
way upon the braking and cornering forces of tires. The results indicate
that the maximum and the full-skid braking friction coefficients decrease
rapidly with increasing velocity until all braking effectiveness is lost
and a tire planing condition is reached. For the diamond-treaded tire
these tire planing speeds are somewhat higher than those for the smooth
tire as are the friction coefficients. Generally, the results indicate
that these planing speeds decrease with increasing water depths and
increase with increasing tire pressures. Roughly, at deeper water depths
the tire-planing dynamic water pressure is a function of the tire-ground
bearing pressure, possibly multiplied by some other functions, one of
which may be the square of the length-width ratlo of the tire footprint.
As an example of a typical value of tire planing speed, the smooth tire

at normal inflation pressure (lB% lb/sq_ixu) and deep water (0.09 inch)
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begins to plane at 76 feet per second while the diamond-treaded tire
begins to plane at about 79 feet per second.

Cornering forces developed at a 4° yaw angle also decrease with
increasing velocity until they vanish at planing speeds. Serious losses
in cornering-force coefficients (as great as 80 percent of the free-roll
conditions) were also incurred at low speeds as the result of braking
on wet surfaces.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August 27, 1958.
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Figure 1.- General view of tire treadmill.
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Figure 3.- Closeup view of strain-gage balance.
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Figure 8.- Variation of tire friction coefficient and wheel velocity with belt velocity.
0.09-inch water depth; smooth-treaded tire; 0° yaw angle; vertical static load, 100 pounds .
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Figure 9.- Variation of tire friction coefficient, cornering-force coefficient, and wheel veloc-
ity with belt velocity. 0.09-inch water depth; smooth-treaded tire; Lo yaw angle; vertical
static load, 100 pounds.
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Figure 10.- Variation of tire friction coefficient and wheel velocity with belt velocity.
0.02-inch water depth; diamond-treaded tire; 0° yaw angle; vertical static load, 100 pounds.
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Figure 11.- Variation of tire friction coefficient, cornering-force coefficient, and wheel

velocity with belt velocity.

0.02-inch water depth; diamond-treaded tire; 4O yaw angle;

vertical static load, 100 pounds; tire inflation pressure, 13% lb/sq in. gage.
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Figure 12.- Variation of tire friction coefficient and wheel velocity with belt velocity.
0.06-inch water depth; diamond-treaded tire; 0° yaw angle; vertical static load, 100 pounds.
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Figure 13.- Variation of tire friction coefficient and wheel velocity with belt velocity.

0.09-inch water depth; diamond-treaded tire; 0° yaw angle; vertical static load, 100 pounds.
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Figure 1h4.- Variation of tire friction coefficient, cornering-force coefficient6 and wheel
velocity with belt velocity. 0.09-inch water depth; diamond-treaded tire; 4~ yaw angle;
vertical static load, 100 pounds.
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Figure 15.- Variation of the cornering force coefficient with braking

friction coefficient at three belt velocities. Smooth tire;

0.02-inch and 0.09-inch water depths on the belt; L4° yaw angle; and

vertical static load, 100 pounds.
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Figure 16.- Variation of the cornering-force coefficient with braking
friction coefficient at three belt velocities. Diamond-treaded tire;
0.02-inch and 0.09-inch water depths on the belt; 4° yaw angle;
vertical static load, 100 pounds.
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Figure 17.- Effect of the vertical ground reaction on the friction
coefficient at maximum braking, free roll, and full skid for the
diamond-treaded all-weather tire. 0.09-inch water depth;

82 ft/sec belt velocity.
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