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AN EXPERIl\iENTAL STUDY OF APPLIED GROUND LOADS IN LANDINGl 
By BENJAMIN MILWITZKY, DEAN C. LINDQUIST, and DEXTER M. POTTER 

SUMMARY 

An experimental investigation has been made oj the applied 
ground loads and the coefficient oj jriction between the tire and 
the ground during the wheel spin-up process in impacts oj a 
small landing gear under controlled conditions on a concrete 
landing strip in the Langley impact basin. The basic investi­
gation included three major phases: impacts withjorward speed 
at horizontal velocities up to approximately 86 jeet per second, 
impacts with jorward speed and reverse wheel rotation to simulate 
horizontal velocities up to about 273 j eet per second, and spin-up 
drop tests jor comparison with the other tests. In addition to 
the basic investigation, supplementary tests were made to 
evduate the drag-load alleviating effects oj prerotating the wheel 
bejore impact so as to reduce the relative velocity between the 
tire and the ground. 

In the presentation oj the results, an attempt has been made 
to interpret the experimental data so as to obtain some insight 
into the physical phenomena involved in the wheel spin-up 
process . From this study it appears that the conditions oj con­
tact between the tire and the ground, and consequently the 
magnitude oj the coefficient oj jriction, vary greatly during the 
course oj an impact and with different impact conditions. The 
value oj the coefficient oj jriction appears to be appreciably 
influenced by a number oj jactors, such as the instantaneous 
skidding velocity, the slip ratio, the vertical load, the effects oj 
tire heating produced by the skidding process, and the effects oj 
contamination oj the ground surjace by abraded rudder. Some 
quantitative indications oj these effects were obtained jrom the 
experimental data but the nature oj the tests did not permit 
complete separation oj all individual effects. 

The investigation oj the effects oj wheel prerota.tion indicates 
that this means can be used to obtain appreciable reductions in 
the maximum drag loads; however, at very highjorward speeds, 
because the spin-up drag loads may be oj the same order.as, or 
even less than, the drag loads caused by other design conditions, 
the practical advantages oj prerotation could be greatly 1·educed. 

INTRODUCTION 

In recent years the problems associated with ground­
impact loads during landing, particularly wheel spin-up drag 
loads, have assumed increased importance in the design of 
airplanes. Although spin-up drag loads may lead to critical 
design conditions for such airplane structw-al components as 
the landing gear, dra.g bracing, parts of the wing, engine 
mounts and nacelles, the afterfuselage, tail booms, and even 

tail surfaces, comprehensive reliable information on the mag­
nitude and variation of the drag load is meager, and existing 
data are often in conflict. 

The spin-up drag-loads problem may be logically resolved 
into two basic aspects, namely, (a) the external applied loads, 
which are the forces developed between the tire and the run­
way dw-ing the wheel spin-up process in landing, and (b) the 
dynamic loads induced in the landing gear and various other 
parts of the airplane structure by the applied loads. The 
applied loads serve as the forcing function which, in con­
junction with the mass and flexibility characteristics of the 
airplane, governs the dynamic response of the structure ane!, 
thus, the loads and stresses developed in the airframe. 

At the present time a number of dynamic-analysis methods 
exist which, while not perfect and often laborious, permit 
reasonable aCCW-fiCY in the calculation of the dvnamic 
response if the forcing function is known. In the 'case of 
wheel spin-up drag loads, one of the main problems is the 
inability to predict accurately the applied drag-load time 
history, because of lack of sufficient information regarding 
the mechanics of the wheel spin-up process, particularly the 
coefficient of friction between the tire and the ground, and its 
variation dw-ing the impact. The present investigation has 
therefore been undertaken primarily to study the applied 
ground loads in landing and the physical phenomena involved 
in the wheel spin-up process, with special attention to the 
magnitude and variation of the actual coefficients of friction 
between the tire and the ground. 

In the past, attempts to investigate systematically the 
applied ground loads by means of flight tests have generally 
been impeded by difficulties introduced by the relatively 
large amount of scatter normally found in flight-test data as a 
result of the numerous uncontrolled and generally unmeasured 
varia~les involved and, probably most important, by the 
fact that such data are usually obtained with strain gages 
located somewhere in the landing-gear structure, which, 
under dynamic-loading conditions, give a measure of the 
local strain or response rather than of the applied ground 
loads. Furthermore, such landing-gear strain-gage installa­
tions are usually inherently subject to large errors due to the 
effects of interaction between different components of load 
and moment, as , ell as to hysteresis effects. In the case of 
spin-up drop tests in a jig, even though more satisfactory 
instrumentation is feasible, the results are also subject to 
question because of the artificial conditions which exist 
between the tire and the ground in such tests. 

I Supersedes and ext.ends NACA TN 3246, "An Experimental Investigation of Wbeel Spin-Up Drag Loads" by Benjamin Milwitzlry, Dean C. Lindquist, and Dexter M. Potter, 1954. 

1 



2 REPORT 1248- ATIONAL ADVISORY COMMl'IvrEE FOR AERO AUTICS 

In an attempt to minimize Lhe aforementioned difficulties, 
special instrumentation was developed for measuring Lhe 
applied ground loads, as well as various other pertinent 
quantities involved in landing impact, and tests were made 
with a small landing gear under relatively well-controlled 
conditions on a concrete landing strip installed in the Lang­
ley impact basin. The basic investigation included three 
major phases. Impacts with forward speed were made at 
four vertical velocities between 3 and 10 feet per second over 
a range of horizontal velocities up to the maximum speed of 
the impact~basin carriage, approximately 87 feet, per second. 
In an effort to exLend the horizontal-velocity range of the 
investigation, forward-speed tests were made in combination 
with reverse rotation of the landing wheel prior to impact; 
in this manner horizontal velocities up t.o 273 feet per second 
were simulated. Also, stationary drop tests with reverse 
wheel rotat,ion were made for comparison. with the other 
tests . In addition to the basic investigation, supplementary 
tests were made to evaluate the effects of prerotating t.he 
wheel before impact so as to reduce the relative horizontal 
velocity between the tire surface and the runway, and thus 
the amount of impulse required to spin up the wheel. 

This report presen ts an analysis of the applied ground 
loads measured in the aforementioned tests as well as a study 
of the coefficient of friction during the period of wheel 
spin-up. Along with the presentation of the quantitative 
results, an at empt is made to interpret the experimental 
data so as to obtain an understanding of the physical 
phenomena involved in the tire skidding process and the 
various factors which influence the coefficient of friction. 
Since these interpretations are based on measurements of 
the applied loads and the motions of the wheel and landing 
gear, rather than on detailed observations in the ground­
contact region, they must be regarded more as inferences 
than as established facts, at least until such time as more 
detailed studies of the mechanism of the skidding process 
can be made. 

SYMBOLS 

a'.4.
a 

acceleration of axle parallel to shock-stnl t, axis, ft/sec 2 

aHa horizontal acceleration of axle, ft/sec2 

aNa acceleration of axle normal to shock-strut axis, ft /sec2 

aH
g 

horizon tal acceleration of ground platform, ft/scc 2 

aV
g 

vertical acceleration of ground platform,' ft./sec2 

FAa force on axle dynamometer parallel to shock-strut 
axis, lb 

FN
a 

force on axle dynamometer normal to shock-strut 
axis, lb 

FHg horizontal force 'on ground dynamometer, lb 
F Vg vertical force on ground dynamometer, Ib 
F'lT total force, parallel to shock-strut axis, between tire 

and ground, lb 
FNT t.otal force, normal to shock-strut axis, between tire 

and ground, Ib 
FllT total horizontal (d rag) force between tire and ground, 

Ib 
total vertical force between tire and ground, Ib 
gravitational constant, 32.2 ft/sec2 

lift factor, ratio of lift force to tota1 dropping weight 

s 
S 

V .kid 

Vl'o 
Xazle 

Zu 

ma s of gro und platform, slugs 
mass between axle dynamometer and ground, slugs 
coefficient of friction, FllT/FvT 
deflected radius of t.ire, ft 
effective rolling radius of tire, fL 
free rad i us of tire, ft 
hock-strut stroke pnrallel to strut axis, ft 

slip ratio 
time after contact" sec 
horizontal velocity of axle, fps 
horizontal veloci ty of carriage in tests wi th rever e 

wheel rotation, fps 
horizontal velocity in forward-speed tests, fps 
simulated horizont.al veloeity in tests with reverse 

wheel rotation, fps 
instantaneous apparent skidding velocity, fps 
verticfll VE'locity at instant of initial contact, fps 
horizontal cli::;placemen t, of axle, ft 
\IPper-mass vertical displacement, ft 
tin> deflection, ft 
angle of inclination between shock-strut axis and 

vertical 
() wheel angular displacement, radians 
, ubscripts: 
av average 
max ma.Ximum 
o at initial contact 
su at spin-up 

A dot over a symbol indicates differen t,ial-ion wi th rrspect 
to time. 

APPARATUS 
EQUIPMENT 

The impact-basin equipment consists primarily of a car­
riage which is catapulted down a horizontal track and which 
incorporates a dropping mechanism for controlling the de­
scent of the test specimen with a predetermined vertical 
velocity and imulated wing lift while the carriage is moving 
horizontally. (ee refs. 1 and 2.) A schematic view of the 
carriage equipped for landing-gear testing is shown in figure 1. 
For testing landing gears with forward speed a removable 
reinforced-concrete landing strip was installed in the impact 
basin, as shown in figure 2. The concrete surface of the 

L-59596 

FIGURE I.- Schematic view of impact-lJa in carriage and landing gear 

I 
\ 

--____ J 
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FIGURE 2.- View of concrete landing strip in tailed in Langley impact 
basin. 

landing strip had a lightly bl'oomed finish in the transvel' e 
direction. 

The maximum horizontal velocity of the impact-basin 
carriage is about 7 feet per second and the maximum 
dropping weight is 2,500 pOllnds. In order to simulate the 
wing lifL forces which support, an airplane during landing, 
the carriage incorporates a pneumatic cylinder and cam 
system which is designed to apply any desired upward force 
to the dropping rna s during an impact. In the present 

inve ligation all Lests were made with a dropping weight 
of 2,500 pounds and a simulated wing-lift force of the same 
magnitude. 

LANDING GEAR 

The landing gear used in the present investigation is a 
main undercarriage unit designed for the T- 6 and S IJ 
trainer airplanes, which I;ave a gross weight, of about 5,000 
pound. The landing gear is of the usual cantilever construc­
tion and incorporates a conventional type of oleo-pneumatic 
shock strut with metering pin and snubber valve. The wheel 
is fitted with a 27-inch-diametcr smooth-contour (type I) 
tire having a nonskid tread, innated to a pressure of 32 
pounds per square inch . The brake assembly for the wheel 
wa not installed. The original half-fork yoke was replaced 
by a mo!'e rigid tubular member connecting the shock strut 
with a specially designed strain-gage dynamometer for 
measuring the forces applied to Lhe axle. 

The landing gear was inclined forward at an angle of 15° 
with respect to lhe vertical, representing an airplane attitude 
approximately half way between the level and three-poin t 
landing conditions. 

INSTRUMENTATION 

A variety of time-hi tory instrumentation was employed 
in thc tests. In order to minimize dynamic-i'esponse errors, 
high-frequency instrumentation was used where feasible. 
The installation of the test instrumentation is schematically 
illustrated in figure 3. Photographs of the landing gear and 
in trllmentation are bown in figures 4 ancl 5. 

I. Lift rods 
2. Loading weights 
3. Upper-moss vertical accelerometer 
4 . Axle axial accelerometer 
5. Axle dynamometer 
6 . Strain-gage beams 
7. Axle normol accelerometer, outer 
B. Axle normal accelerometer, inner 
9 . Wheel angular accelerometer 

10. Wheel angular-velocity generator 
I I . Wheel angular-displacement pickup 
12. Ground platform, concrete 
13. Ground dynamometer 
14. Ground-platform horizontal accelerometer 

15. Ground-platform vertical accelerometer 
16. Upper-moss displacement slidewire coble 
17. Strut-stroke slidewire 
lB. Tire -deflection slidewire 

Note: 12,13,14,15, and IB used in 
instrument -evaluation drop tests ' 
only . 

FIGURE 3.- Schematic view of landing gear and instrumentation. 



4 REPORT J248-·NATIONAL A DVISORY COMMI'l"],E E FOR A ERONAUTI CS 

Strut-stroke 
slide-wire 
push rod 

Axle oxiol 
occelerometer 

FIGURE 4.-Front v iew of landing gear and in. t r umentalion. 

A specially de igned two-componen t dynamometer, in­
stalled between lhe axlc and the fork of lh landi ng gear, 
wa used to measure the forces applied a.t the axle. Th is 
axle dynamometer, which has wire 1"e i tance strain-gage 
member, mea ured the axial (parallel to the axi of the 
shock strut) and normal (perpendicular to the stru t axis in 
the plane of th wheel) forces t ransmi tted from the axle 
to the fork of the lan ding gear, from which t he vert ical and 
horizontal force fl.t the ax le could be dete rmi ned . The axle 
dynamometer wa~ designed to mea urI.' ax ial forces up to 
10,000 pounds an d no rmal f01:cc up to 5,000 po und and 
had natural frcqucncic ', with wheel a embly attached , of 
403 cps and 220 cps in thc ax ial and normal d irect ions, 
re pcctively. 

The force at thc axlc are, of COU I' c, not the arne a thc 
forces betwecn thc t ire and the ground, th c d ifl'e renccs 
being thc iner tia reaction of the m ass betwee" lhe dy namom­
ctcr and the ground wh ich resul t from th e accr1cra lion 
of this ma d uring an impact. I n order to determine t hese 
inertia forces, accelerometers were mounted Oil the land ing­
gear fork and on l he dynamometer 0 a to m ea ure t h axial 
and normal components of the acccle ra t ion of th e m a 

acting at t he axle. The vcrl ical and horizon tal ground forcr.s 
were then determ ined from thc axle-dy namometer and axle­
accelerom eter m casurements. B ecause of twi t of the 
la nd ing gear d ue to drag load, it wa n ce sary to employ 
two accelerometers, laterally d isplaced from one anoth er , 
to determ in e t he norm al accelera tion of t he center of gravity 
of the mass between the dynamometcl' an d t he ground . 
T he e accelerometer arc refe rrcd to a inner and ou ter 
normal accelerometer a l:d their mpa urements are desig­
nated as aN and aN respect ivcly. (Sec fig. 3.) 

at aD, 

I n order to evaluate the accuracy of the applied ground 
forces dctermin ed from t he axle-dynamom tel' and axle- I 

acceleration ' m easu rements uncleI' dynam ic conditions, a . 
pecial eries of inslrument-evfl luation drop tc ts, wilh 

reverse wheel ro lat ion to produce drag loads, was made in 
which t he total ve rt ical and horizo ntal groun cl fo rce dctcr­
mined from lhe lan di ng-gear in lrumentation were compared 
wit,h data obtaincd s imullancou ly from a grou nd dy namom­
eter equipped wilh accelerometers. The gro und accelerom­
eters were u ' ed to dcte rmine the inertia reac ti ons of th e 
ground platform, which were added to the forces measured 
by t he g round-dynamometer train g'agcs, in ord er to 
obtain t he lo tal appli ed fo rces between t il(' ti re a nd thc 
ground platform. T hc e com pari on (cc, for cxample, 
fig. 6) indicated good agreemen t bet wecn t he a pp l ied ground 
fo rces determ in cd from lhe two scl of in trumcnt a ti on and 

FIGURE 5 - Rear view of landing gear and in ~t rlll1lcnta(ion. 
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- - Ax le measurements 
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FIGURE 6.-Comparison of axle and ground measurement or applied 
forces in a typical instrument-evaluation test. V vo=7.64 feet per 
second; VHs = 108. 5 feet per econd.· 

o 

I gave added confidence in the axle measurements, which were 
then used as a basis for the main part of the test program. 

The vertical velocity at the instant of initial ground 
contact was determined from the output of an elemental 
electromagnetic generator. The horizontal velocity of the 
carriage in the forward-speed tests was determined from 
horizontal-displacement measurements obtained by means 

~ of a photoelectric cell mounted on the carriage and light­
i beam interrupters fixed at one-foot intervals along the track. 

The lift force acting on the dropping mass was preset and 
, its time history during the impact was measured by means 

of a straill-gage beam placed between the dropping mass 
and the rods through which the lift force is transmitted. 
An ace-elerometer for measuring the vertical acceleration of 
the UppC'l" mass (the mass above the shock strut) during 
impact was included in the tC'st instrumentation for compari­
son purposes. 

A two-phase induction drag-cup generator was used for 
measuring the angular velocity of the wheel. The angular 
displacement of the wheel was determined by means of a 
segmented ring mounted on the wheel. Brushes were 
attached to the axle so that elC'ctrical contact was made and 
broken 30 times during each revolution of the wheel. This 
segmented ring was also used for calibrating the angular­
velocity generator. For evaluation purposes, an angular 
accelerometer was installed on the wheel. 

The vertical displacement of the upper mass and the 
shock-strut stroke were measured by means of variable­
resistance slide-wire potentiometers, positively driven in both 
directions. In order to increase the sensitivity of the upper­
mass-displacement mea urements, a series of separate slide 
wires was arranged in such a manner as to produce full­
scale record deflections for each ten inches of mass displace­
ment. ~1easurements of the t ire deflection during impact 
were obtained from the difference between the values of the 
upp r-mass displacement and the vertical component of 
the shock-strut stroke. In order to evaluate the accuracy of 
the measurements obtained by this method, a stationary 
slide wire was used to measure directly the tire deflection in 
the special series of in trument-evaluation drop tests; the 
data obtained by the two methods were found to be in good 
agreement. 

The more imporl.ant characteristics of the individual 
inskmnents used in the tests are given in table I, page 34. 
On the basis of the e characteristics, the maximum errors 
in the derived mea mements are believed to be within the 
following limit : 

Total horizontaljorce on tire, FHT, lb 
Axle measurements __ ________________________ _ 
Ground measurements ___ ____________________ _ 

Total vertical force on tire, F v T' lb 
Axle measurements __________________________ _ 
Ground measurement ______________________ _ _ 

Tire deflection, 5, jt ____ _______________________ _ 
Axle horizontal velocity, Vaxl e, ft/sec _____ - - - - - - ___ _ 
Gal'riage horizontal velocity, V car , ft /sec- __________ _ 

±285 
±285 

±330 
±210 

±0.02 
±6 

±1 . 3 

Tt should be noted that the foregoing values apply to the 
maximum values of the measured quantities; that is, a 
vertical load of about 9,000 pounds, a drag load of 4,500 
pounds, a tire deflection of 0.35 foot, and axle and horizontal 
velocities of 86 feet per second. When the measured quan­
tities are smaller than these maximum values, the errors 
are, in general, proportionately reduced. 

The electrical outputs from all the instruments weI·e 
recorded on a 36-channel oscillograph equipped with a 
t imer which proquced timing lines on the record at intervals 
of 0.01 second. A typical oscillograph record is shown, 
reduced, in ·figure 7. 
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FIGURE 7.- 0 cillograph record for typical forward-speed test. Vvo =9.68 feet PH second; VHo =84.1 feet per second. 

EQUATIONS USED FOR DERIVED QUANTITIES 

In view of the fact that it was not feasible to measure 
certain desired quantit ies dir'ectly (for example, t he total 
vertical and horizontal forces between the t ir'e and t he 
ground), it was necessary to deduce these quant it ies from 
other closely related measurements. The equations Ufled 
for this purpose are discussed in this section. 

APPLIED FORCES FROM AXLE MEASUREMENTS 

The applied ground forces were obtained by addition of 
the forces acting on the axle and the inertia reactions due' to 
the accelerations of the mass between the axle dynamometer 
and the ground. From figure 8 it can be seen that 

where 

FHT= FN7. cos CP+FAT sin cp } 

FVT= FAT cos CP-FNT sin cp 
(1) 

and mw is the mass (3.58 slugs) between the axle dynamom­
eter and the ground. (In fig. 8, the inertia 01' reversed 
effective forces mwaAa and mwaNu are indicated by means 
of dashed vectors.) 

The £orges FAa and FNa were measured directly by the axle 
dynamometer. The axial acceleration aAa was obtained by 

means of a single accelerometer located on the modified yoke 
of the landing gear. (See fig. 3.) Since the yoke and axle 
were very rigid in the dir'ection parallel to the shock-strut 
axis, the axial acceleration of the yoke was assumed equal 
to the axial acceleration of the center of gravity of the 
mass between the axle dynamometer and the ground. On 
the other hanel , normal forces produced some twisting of the 
landing gear in the plane perpendicular to the shock-strut 
axis. For this reason it was necessary to use two acceler­
ometers (see fig. 3) and lineal' extrapolation to determine the 
normal acceleration at the center of gravity of the mass 
between the axle dynamometer and the ground. 

In order to illustrate the general characteristics of the 
force measurements, time histories of the applied groun el­
force compon ents FAT' FNr, F VT, and FHT, as well as time 
histories of the axle forces FAa and FNa and the inertia reac­
tions m'WaAa and mwaNa, from which the previously men­
tioned applied ground forces were calculated, are shown in 
figures 9 (a) to 9 (c) for a typical forward-speed test. 

From the horizon tal and vertical components of the 
applied ground force, the t.ime histories of the coefficien t of 
friction , defined as 

Fur 
J.L=- (2) ( 

FVr ) 

were determined. (See fig. 9 (d) .) As used herein the term l 
"coefficient of fri ction" signifies the value of the ratio of the I 
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Forces on axle dynamometer 

Forward 

F. 't. -m" o. Nak a 
Forces on wheel 
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FVr 

~-+~~-----/--------

Forces on ground dynamometer 

F. 

I Hq I 
Fv. 

)) ; I J ;) ; ; J 7 J ; : 

FIGURE 8.-Diagram of forces and reactions. 

instantaneous applied drag force to the applied vertical 
force, as actually measured, and not neee aril:v the max­
imum value of this ratio that can be attained under given 
conditions of contact between the tire and the ground. 
This distinction is necessary becau e, under certain con­
ditions (small slip), the drag force is governed by the 
circumferential distortion of the til'e rather than by the limit­
ing friction between the t ire and the ground, as i discussed in 
a subsequent section. 

APPLIED FORCES FROM aROUNO MEASUREMENTS 

(INSTRUMENT-EVALUATION TESTS) 

As previously mentioned, a ground dynamometer equipped 
with accelerometers was used in a special eric of drop test 
as an additional means of determining the applied ground 
loads for comparison with the values obtain<.'d from the axle 
instrumentation. The total applied ground loads were 
determined from the sUm of the forces in the ground-dyna­
mometer strain-gage members and the in<.'rtia reactions due 
to the acceleration of the ground-platform ma mg (7.51 
slug ). As can be seen from figure 8, 

aS3123-56-2 

and 

where Jt~ and PI' w('I'e determined directly from the g g 

ground-dynamometer strain: gage measurements and aH g and 
a" were obtained from accelerom('tcrs attach('d to th(' grolmcl g 

platform, as shown in figlll'I' :~. (In fig. 8, the inI'l'tid. forces 
mgaH and mgaV are indiratNl by dashed vector .) g g 

APPARENT SKIDDING VELOCITY 

For use in studying th(' variation of the codficicnt of 
friction during the spin-up process, the apparent kidding 
velocity V Skid was determined. The apparent skidding 
velocity is defined as the difference between the actual 
translational velocity of the axle and the translational 
velocity which would exist if the wheel were rolling freely 
with th(' same angular velocity. Since the axIl' vplocity for 
a freely l'ollin~ wheel can be expressed as the product of the 
effective rolling l'adiu of the tire re and the wheel angular 
velocity 8, the apparent skidding velocity during sp in-up may 
be written as 

(3) 

It should be noted that the apparent skjdding velocity is not 
necessarily the same as the actual sliding velocity between 
the tire and the gronnd, which may vary from point to point 
in the ground-contact area. The term "apparent" is used in 
recognition of the fact that equation (3) neglects the effects 
of the circumferential and radial distortions of the tire which, 
under the action of drag- loads, modify the tangential veloci­
ties of the treacl in the ground-contact region and thereby 
alter the actual local sliding velocities somewhat in com­
parison with the values which would apply for a circum­
ferentially rigid wheel. 

ince the applied loads during an impact cause a fore-alld­
aft oscillation of the landing gear, the axle velocity is not the 
same as the carriage velocity. Therefore, in these tests the 
difference between the axle velocity and the initial carriage 
velocity was determined by integration of the horizontal 
component of the axle acceleration, and the axle v('locity was 
calculated from the ex pre sion 

VaIl. = V H • - it aHadt 

where aH was determined from the normal alld axial accel-
a 

eration components of t.he axle by meallS of the geometric 
relationship (see fig. 8): 

The instantaneous value of the effective rolling radius of the 
tire was determined by means of the relationship (see 
appendix A): 

R~l~ 1 
"'=. I 11 1'/ 

S111- -V - HZ 

o .... R-­
:3 

I 
J 

(4) 
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where R is the free radius of the tire, rd is the geometric de­
flected radius, and 0 i the verti al deflection of the tire, as 
determined from the measurements of the upper-mass verti­
cal displacement Zu and the shock- trut axial stroke s by 
means of the geometrical relationship 

O=Z,,-s cos cp 

For illustrative purposes, time histories of the quantities 
involved in the calculation of the apparent skidding velocity 
are shown for a typical forward test in figures 9 (e) and 9 (f). 

RESULTS AND DISCUSSION 

GENERAL CHARACTERISTICS OF A TYPICAL IMPACT 

In order to obtain an overall physical picture of the impact 
process during a landing with forward speed, it may be 
helpful, before proceeding to the main results of'this investi­
gation, to consider briefly, with the aid of figures 8 and 9, 
the manner in which the various forces are developed su b­
sequent to ground contact and their effects on the motions 
of the wheel and landing gear, particularly the process 
whereby the conditions of contact between the tire and the 
ground are progressively changed from full skidding at the 
instant of initial contact to free roIling following the com­
pletion of spin-up. 

At the instant of initial ground contact the dropping mass 
has essentially constant vertical and horizontal velocity 
components. The mechanically simulated wing-lift force 
i,s approximately equal to the dropping weight so that the 
lift factor KL remains close to 1.0 tlu'oughout the impact 
(fig. 9(d)). Following ground contact, the deflection of 
t he tire and the shock strut produce a vertical ground force 
FVT (fig. 9(c)), governed by the vertical velocity and the 
tire and shock-strut characteristics, which acts to dissipate 
the vertical momentum of the dropping mass. In the 
presence of this vertical force, the relative horizontal velocity 
between the tire and the ground, or kidding velocity, gives 
rise to a fr ic tional or horizon tal drag force F H'r (fig. 9 (c)) . 
The moment produced by this drag force, acting through 
the deflected radius rd of the tire (fig. 9 (e)), plus a small 
moment due to the longitudinal ofl'set of the vertical force 
from the center of the wheel, causes an angular acceleration 
of the wheel and an increase in the angular velocity () with 
time (fig. 9 (e)), which, in turn, serves to decrease the skidding 
velocity with time (fig. 9 (f)). 

Since the coefficient of friction j.L 'during the spin-up proce 
(fig. 9 (d)) is generally larger than the tangent of the angle cp 

between the landing-gear axis and the vertical axi , the re­
sultant force on the landing gear has a rearward-acting com­
ponent in the direction perpendicular to the landing-gear 
axis (normal force FNT in fig. 9 (b)). Because the landing 
gear has flexibility in bending, this normal force produces a 
rearward acceleration aNa of the axle, perpendicular to the 
landing gear axis (fig. 9 (b)). The axle also experiences an 
acceleration aAa parallel to the landing gear axis (fig. 9 (a)) 
as a result of the compression of the shock trut and the tire. 
Since the resultant of these accelerations has a rearward­
acting horizontal component, the horizon tal velocity of the 
axle Vaxle is somewhat reduced in comparison to the velocity 

of the carriage VH (fig. 9 (f)), which tends to decrease the 
skidding velocity slightly. During this phase of the impact 
the axle may experience app reciable rearward deflections. 
An additional increment in rearward motion of the axle is 
provided by the kinematic displacement due to the telescop­
ing (shortening) of the inclined shock stru t during the impact. 

The process of tire skidding continue'S, with decreasing 
skidding velocity (fig. 9 (f)) as the angular velocity of t.he 
wheel 0 is increased (fig. 9 (e)), until the angular impul e 
becomes equal to the change in angular momentum required 
to bring the wheel up to ground-rolling speed. The decrease 
in the skidding velocity with time is accompanied by an 
increase in the coefficient of friction (fig. 9(d)). As the 
condition of free rolling is approached, the coefficient of 
friction passe thro ugh its maximum value, at some finite 
value of the apparent skidding velocity, and then rapidly 
drops to near zero as the final stage of the transition 
from skidding to free rolling is completed. 

This sudden decrease of the coefficient of friction causes 
the drag force to drop abruptly, with the following conse­
quences. The landing gear, which had previously been de­
flected toward the rear by the drag force, now accelerates 
forward under t.he influence of the internal elastic forces and 
the vertical load, the horizontal velocity of the axle becoming 
larger than the carriage velocity. The landing gear passe 
through its undeflected position, attains large forward deflec­
tions, then again reverses its direction of motion relative to 
the carriage. The ensuing damped fore-and-aft oscillation, 
which occurs at abou t 11 cycles per second, is associated wi th 
the natural frequency of the landing gear in bending, includ· 
ing the effects of the equivalent mass of the rolling wheel. 

Following the sudden drop-off of the drag force, a similar 
type of elastic springback and resulting tor ional or circum­
ferential oscillation, at a natural frequency of about 55 cycles 
per second, takes place in the tire which, because of its tor-
ional flexibility, had been circumferentially distorted by the 

drag-load moment. This circumferential springback imparts 
a po itive increment to the angular velocity of the wheel, so 
that it becomes larger than the angular velocity of the tire 
tread. The u e of this larger wheel angular velocity in 
equation (3) leads to the calculation of negative values for 
the apparent skidding velocity V. kld (fig. 9 (f)) immediately 
following the decay of the drag force (fig. 9 (c)), even though 
the actual average skidding velocity between the tire and 
the ground during this period may be nominally zero or even 
lightly positive. 

FORW ARD·SPEED TESTS 

Time histories of applied loads.-Figme 10 shows 'everal 
typica l time histories of the applied vertical and horizontal 
ground load and the coefficient of friction, as measured in 
impact with forward speed. The data presented are for an 
average initial vertical velocity of about 7.5 feet per second 
and horizontal velocities up to approximately 83 feet per 
econd. (For clarity, time histories from only a few repl'e­
entative tests, selected from a more extensive test program, 

are shown in figure 10. Figure 11 summarizes the most 
important data from the complete eries of forward-speed 
tests.) A number of basic effects can be seen from figure 
10. As the forward speed is increased, since tho impulse 
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required to bring the wheel up to ground-rolling speed is 
increased, the wheel skids for a longer time. Because the 
vertical load increases with time during the period of wheel 
skidding, as the skidding process is prolonged, there is an 
increase in the magnitude of the vertical load which exists at 
the time of spin-up and, therefore, an in rea e in the maxi­
mum drag load with increasing forward speed. (The general­
ity of tllis result is, of course, restricted to the range of for­
ward speeds where spin-up and the maximum drag load occur 
before the maximum vertical load is reached, which was 
the situation in these tests.) This effect of the forward 
speed on the maximum drag load can also be seen from 

figure 11 (a); the vertical kad at the time of spin-up is 
shown in figure 11 (b). 

In these forward-speed tests t, ' '3 wheel turned through 
only a fractional part of a revolut:on during the skidding 
process, the angular displacement at the insta·nt of maximum 
drag load, at the highest horizontal velocity investigated, 
b ing Ie s than 1000 at . a vertical velocity of 3 feet per 
second, and even malleI' at the higher vertical velocities. 

As can be seen from figure 10, two types of superimposed 
oscillations are evident in the drag load subsequent to spin-up. 
The high-frequency oscillations, at about 55 cycles per second, 
are due to the torsional vibrations of the wheel and tire 
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assembly which are initiated by the cil'cumferential spring­
back of the tire at the end of the spin· up process, as pre­
viously mentioned. The low-frequency oscillations, at 
about 11 cycles per second, result from ,the alternating 
angular accelerations which are imparted to the rolling 
wh eel by the fore-and-aft oscillations of the landing gear 
excited by the drop-off of the drag load, also previously 
discussed. 

In the case of the impact with zero horizontal velocity, the 
mall negative or forward-acting drag load i attributed to 

the kinematic displacement of the axle to the rear, which 
results from the telescoping (shortening) of the inclin ed 
shock strut. A forward-acting horizontal force is necessary 
to produce the angular acceleration of the rolling wheel 
required by the real' ward acceleration of the axle; an addi­
tional increment in negative drag load during this -period 
is produced by the rolling resistance of the wheel. 

As can be seen from figures 10 and 11 (c), the magnitude 
of the maximum vertical load varied appreciably over the 
range of horizontal ve10city covered by the tests, even when 
the vertical velocity was essentially con tanto A the 
horizontal velocity was increased from zero, the maximum 
vertical load fir t decreased, then increased, so that at the 
highest forwar 1 peeds the maximum vertical load were 
considerably higher Lhan at zero horizontal velocity. The e 
variations of the vertical load are caused primarily by 
difference in the internal friction forces within the shock 
strut which result from the fore-and-aft bending of the land­
ing gear during the impact. The (equivalent static) forces 
which cause thi bending differ from the applied ground 
forces by an amount equal to the inertia reactions of the 
mas es between the hock. strut and the ground. In other 
word , the bending moments re pon ible for the increased 
shock-strut friction are those as ociated with the instan­
taneous bending deflection, or dynamic response, of the 
landing gear, rather than tho e due directly to the applied 
ground loads. Thus, the effects of strut friction on the 
vertical load under different impact condit ions can be ex­
plained by consideration of the bending re ponse of he 
landing gear: 

In an impact with zero horizontal velocity, the re ultan t 
force is e sentially vertical, so that a bending moment tend­
ing to deflect the landing gear forward i present throughout 
the entire impact . By the time the max-imum vertical load 
is reached, this forward deflection has become appreciable 0 
that ubstantial strut fri ction forces exist which cause the 
maximum vertical load to ' De greater than the value which 
would be obtained if bending moments were not present. 

In impacts with finite horizon tal velocity, on the other 
hand , the bending moment on the landing gear change 
ign during the impact. As a. r esult, the landing gear i 

first deflected toward the rear, attain a maximum rearward 
deflection shortly after the maximum drag load is reached , 
then springs forward , passes through zero deflection , reaches a 
maximum forward deflection , and oscillates wi th decaying 
amplitude. The effect of strut friction on the maximum 
vertical load depf"nds largely on the magnitude of the 
bending deflection at the instant when the maximum verti­
cal load is reached. This, in t urn, depends on the shape of 
the drag-load time history and the value of the maximum 

drag load, the amount of time elapsing between the Occur­
rence of the maximum drag load and the maximum vertical 
load, and the natural frequency of the landing gear. 

For example, when the forward speed is small, because the 
time to spin up is short, the maximum rearward deft ction 
is small and occurs early in the impact, considerably before 
the maximum vertical load is reached. Thus, the landing 
gear is already in the process of fore-and-aft oscillation when 
the maximum vertical load is reached, the bending deAec­
tions at this instant being either positive or negative, 
depending on the factors previously mentioned . The mini­
mum effect of strut friction , and thus the mallest value of 
the maximum vertical load, is obtained for the cond ition 
where the landing gear passes through zero deAection at the 
instant of maximum vertical load. In the e tests, this 
situation occurs at a horizontal velocity of approximatcl~' 
20 feet per second. (ee fig. 11 (c) .) At lower horizontal 
velocities the landing gear has larger forward deflections at 
the in tant of maximum verticalload ince it has been subject 
to a forward acceleration for a longer time. At higher 
horizontal velocities, becau e the time to spin up is increased, 
the maximum rearward deflection increases and occurs at a 
later time after contact; as a result, the amount of rear­
ward deflection , and hus the magnitude of the trut fricti n 
forces, at the time of maximum vertical load increases wi til 
increasing forward speed (for the range of conditions whf'l'c 
the maximum drag load Occurs before the maximum vertical 
load). ince the maximum rearward deflection occurs 
after the maximum drag load is reached, the effect of strut 
friction on the maximum vertical load can be very large, 
even though the applied (ground) drag load h80 alreadv 
dropped to low values at the instant of maximum vertical load . 
This situation exi ts at the highes t forward speed for which 
data are shown in figures 10 and 11. Of course, if there were 
no strut friction , the vertical load would be almost inde­
pendent of the forward speed and the drag load; in this ca e, 
the only effect of the drag load would arise from the rela­
tively small component parallel to the axis of the shock strut, 
which would tend to increase the rate of clo ure of the strut' 
omewhat and thereby cause a slight increase in the axial 

force produced in the strut. 
Coefficient of friction.- Figure 10 also shows the variation 

of the instantaneou$ value of the coefficient of fr iction (as de­
fin ed previously) between the tire and the ground during the 
spin-up process. As can be seen, the coefficient of friction 
in each test started out at an intermediate value imme­
diately after initial contact, increased steadily with tim, 
attained a maximum value just before the maximum drag 
10ad was r eached (at a finite value of the apparent skidding 
velocity), then dropped very rapidly toward zerO a the 
transition from skidding to rolling was completed. 

The variations of the coefficient of friction during any 
given impact and from one set of conditions to another can 
be explained qualitatively by con ideratiori of several effects 
which appear to influence the characterist ics of the co ntact 
between the tire and the ground; namely, the phenomenon 
called "slip," the effects 9f change in the in tantaneous 
value of the skidding velocity, the effects of variation in 
the vertical load, and the effect of heating of the tire run­
ning su rface produced by the skidding process. 
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Some insight into these effects can be obtained from the 
results of previous investigations of the braking of the rolling 
wheels of automobiles . (Sec, for example, ref. 3.) In the 
case of a rolling wheel, if a braking torque is applied, the 
angular velocity is reduced, even though the horizontal 
velocity of the axle may be held constant. This reduction in 
angular velocity under the action of a torque gives rise to the 
concept of slip. (The term "slip" may be somewhat mis­
leading since, at low values of torque, the reduction in angular 
velocity occms almost exclusively as a result of the circum­
ferential and radial distortion produced in the tire by the 
tang en tial forces developed between the tire and the ground, 
rather tlutn through actual sliding of the tire con tact surface 
over the ground.) The ratio of the change in angular velocity 
of the wheel under torque to the angular velocity of the freely­
rolling wheel for the same axle velocity is called the slip 
ratio. As is discussed in appendix A, the slip ratio may 
also be expressed as the ratio of the appal'ent skidding 
velocity of the tire to the horizontal velocity of the axle. 

The relationship between the slip and the horizontal force 
developed between the tire and the ground can be easily 
understood if one first considers the situation which exisLs 
when an elemental block of rubber, in contact with the 
ground, is subjected to an increasing horizontal force in the 
presence of a vertical force. As the horizontal force is 
applied, at first, because of the interlocking or adhesive 
natme of the contact between the block and the ground, 
no appreciable relative motion takes place between tbe con­
tacting surfaces and an opposing equal tangerltial forc is 
developed in the contact region. nder the action of these 
"forces, however, an clastic deformation of the block in bend­
ing and shear occurs, essentially proportional to the hori­
zontal force. Because of this elastic deformation, a relative 
motion is produced between the top of the block ·and the 
surface in contact with the ground, even though no actual 
sliding motion exists in the ground-contact area. This 
relative motion between the top and bottom of the block is 
analogous to the relative circumferential motion between the 
bead and the tread which is the basis of deformation slip in 
the case of the tire. As the horizontal force is increased, a 
point is reached where the tangential stress between the tire 
and the ground reaches the limiting value which can be 
maintained by the interlocking or adhesive forces. Any 
fmther increase in the applied horizontal force causes the 
block to slide relative to the ground. Following the onset 
of sliding, since the interlocking bond between the contacting 
surfaces has been broken, the tangential force immediately 
becomes appreciably smaller than its value at the instant of 
incipien t sliding and continues to decreas.~ with further 
increase in the velocity of sliding. 

The variation of the tangential force developed when a 
rolling wheel is subjected to a braking torque can be vi ual­
ized if each section of the tire in contact with the ground is 
assumed to behave in more Or less the arne way as the ele­
mental block just discussed. In the case of the tire, of cour c, 
the situation is much more complicated; since the effective 
stiffness and the distortions of the casing differ considerably 
from point to point, the distributions of the vertical ground 
pressure and the tll.ngential stresses vary appreciably over 
the contact area. 

At low values of torque, that is, at small slip ratios, the 
tangential stresses are mostly below the level at which local 
sliding occms, so that the contact between the tire and the 
ground is basically of an interlocking or adhesive nature. 
In tbis region finite slip is due primarily to elastic deforma­
tion of the tire, since little or no actual sliding occurs be­
tween the ti.re contact area and the ground; as a result, in 
this region the slip is essentially proportional to the torque. 
As the torque is increased, the deformations and the tan­
gential stresses become larger, so that the slip and the total 
horizontal force increase. With fmther increase in torque, 
an increasingly greater part of the ground-contact area 
reacbes the limiting stress level that can be maintained by 
adhesion, so that more and more points in tbe contact area 
begin to slide. As soon as a given tire element begins to 
slide the tangential force which can be developed by that 
element is considerably reduced, and a transfer of tangential 
stress takes place to load up elements which have not yet 
begun to slide. As a result, as more and more elements 
begin to slide, a point is reached where the total horizontal 
force begins to decrease with further increase in brake 
torque. From Lho foregoing considerations it is clear that, 
after the horizontal ground force has reached its maximum 
value, the process is unstable with further increase in brake 
torqu. ince Lhe ground force becomes increasingly 
insufficient to balance the brake torque, the wheel rapidly 
decelerates to zero angular velocity (slip ratio equal to 1.0) 
and lock. At this point, full skidding, at a velocity equal 
to th axle velocity, exists over the entire ground-contact 
area. 

As a r esul of the phy~ical process just described, the drag 
force (and, therefore, tbe ratio of the drag force to the verti­
cal force) for a braked wheel increases rapidly with slip 
ratio, reache a maximum at a relatively low value of the 
slip ratio (the o-called "point of impending skidding"), and 
decrea e with furLh I' increase in slip ratio until he locked­
wheel condition is reached at a slip ratio of 1.0, as may be 
seen from figw'e 12, which is taken from reference 3. 

In the' literatme on ti.re friction tbe ratio of lhe horizontal 
force to the vertical force is generally referred to as the 
coefficient of friction. It hould be recognized that tbis 
usage is not strictly correct over the entire range of slip 
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ratio, inasm uch as at slip ratios below the " poin t of impend­
ing skidding" the horizon tal force developed depends solely 
on the resisting torque or , what amounts to the same thing, 
on the deformation of the tire and no t on the ground friction 
since, in th is region, the horizontal force is less t han the 
limiting value which can be main tained by friction between 
the tire and the ground. For slip ratios above the "poin t of 
impending skidding," on the other hand, the horizon tal 
force developed is the maximum value which can be main­
tained by friction under the par ticular conditions of contact 
involved, so that in this range the r atio of the drag force to 
the vertical force is more properly termed the coefficien t of 
friction of the tir e. The friction at t he " point of impending 
skidding" is analogo us to, though not iden tical with, the 
classical static friction, . whereas the friction for the locked­
wheel condition correspo~c;ls to what is commonly called 
kinetic or sliding friction. Between these two limits the 
friction appears to involve both types in combination. 

In addition to the effects of slip ratio previously discussed, 
it is also evident from figure 12 that the magnitude of the 
forward speed has an appreciable influ ence on the value of 
the coefficient of friction. This influence can be seen even 
more clearly from figUl"e 13, also taken from reference 3, 
which shows the effects of the forward speed on the coeffi­
cient of friction at slip ratios in the primarily ad hesive and 
sliding regions. (FigUl"e 13 appears to be a cross plot of the 
data from the same series of tests on which fig . 12 is based. 
The curves labeled "adhesive friction" and "sliding friction" 
correspond with the data for " impending skidding" and slip 
ratio of 1.0, respectively, in fig. 12.) 
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FIGURE I3.-Effect of forward peed on coefficient of fr iction. Braking 
tests on dry concrete (from ref. 3) . 

The effects of the forward speed on the coefficient of fric­
tion arise primarily th.rough changes in the magnitude of the 
local skidding velocities in the regions of sliding in the ground­
contact area. At a given slip ratio, an increase in the forward 
speed causes an essentially proportional increase in the skid­
ding velocities at points in the ground-contact area where 
sliding already exists. Also, because of inertia and hysteresis 
effects associated with the rate of deformation of tire elemen ts 
passing through the ground-contact area, which tend to re-

duce the effectiveness of the mechanical interlocking between 
the tread and the ground, an increase in the forward speed 
tends to reduce the level of tangential stress at which sliding 
begins, so that a greater proportion of the contact area is in 
a state of sliding . As a result of the foregoing effects and the 
fact that the local coefficient of fr iction at any point wi thin 
the ground-contact area where sliding exists decreases with in­
creasing ski dding velocity, it follows that, for slip r a tios beyond 
the "point of impending skidding," where a large part of the 
contact area is in a state of sliding, an increase in the forward 
speed causes an appreciable decrease in the overall coefficien t 
of fr iction for the tire as a whole. Also, since an increase in 
forward speed tends to accelerate the transition fro:rn, adbesion 
to sliding, as previously noted, tbe value of the slip ratio a t 
which the maximum overall coefficient of friction occurs is 
somewhat decreased at the higher forward speeds. On the 
other hand, at low slip ratios, below the value at which the 
maximum overall coefficient of friction appears, since the ' 
horizontal force is developed primarily th.rough adhesive 
ground contact and tire deformation, a change in horizon tal 
velocity has relatively little effect on the overall coefficien t 
of friction . 

In the preceding discussion the influence of the slip ra tio 
on the coefficient of friction has been considered as a pri­
marily mechanical effect. On the other hand, from observa­
tion of tires subj ected to drag loads, it would appear that 
another aspect should be considered; namely, the effects of 
heating of the tire tread sUl"face which resul ts from the work 
done in sliding. It is known (see, for example, ref. 4) that 
the coefficient of friction of tire tread rubber on concrete 
decreases markedly with increasing temperature. On the 
basis of elementary considerations, it is shown in appendix 
B that the sliding work per unit of tire area in contact with 
the ground, which may be taken as a qualitative index of the 
heat concentration in the tire ground-contact area, depends 
to a great extent on the slip ratio, as well as on other factors, 
such as the vertical load, the tire pressure, and the coefficien t 
of friction;. the greatest heating effect, everything else being 
equal, OCCUlTing at a slip ratio of 1.0. These considerations 
suggest that at least part of the effect of slip ratio is a heating 
effect. T his aspect is discussed in more detail subsequently 
in connection with the forward-speed tests with reverse 
wheel rotation. 

The concepts just discussed permit some in terpretation of 
the variations of the coefficient of friction in the tests of the 
present- investigation. In the forward-speed tests (fig . 10) 
the process is reversed from that in braking; that is, the proc­
ess begins, at the instant of initial contact, when the tire is not 
rotating, so that the slip ratio is equal to 1.0 and full skidding, 
at a velocity equal to the horizontal velocity of the axle, 
exists over the entire ground-contact area of the tire, just as 
in the case of the locked wheel in the braking proces . For 
this condition, because of the high skidding velocity, the 
absence of any adhesive contact, and the large heat concen­
tration per unit of tire contact area, the coefficient of friction' 
immediately following ground contact is comparatively low; 
in fact, lower than at any other stage of the skidding process. I 
As the wheel :begins to rotate under the influence of the J 

moment produced by the drag load, the angular velocity in­
creases so that the slip ratio and the local skidding velocitie 
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in the ground-contact area are reduced; also, the rate of 
introduction of fresh tire-tread area into the ground-contact 
region is increased so that the heat generated per unit time 
by the skidding is distributed over a larger tire-tread area. 
As a result of tbe combination of the foregoing effects, the 
coefficient of friction increases with time from its initial value. 
As the angular velocity approaches the value for free rolling, 
an increasingly greater part of the ground-contact area passes 
from sliding to adhesive contact. The maximum value of the 
overall coefficien t of friction is reached when virtually all of 
the tire con tact area has attained a state of adhesive con tact 
and the tangential stresses due to tire distortion reach their 
highest values. With further increase in the angular velocit)T 
of tbe wheel, the deformations of the tire and the slip arising 
therefrom are rapidly reduced, so that the tangential stresses, 
and thus the total drag force and the overall coefficient of 
fri ction, drop to near zero as the final stage of the transition 
from sliding to rolling is completed. 

From the foregoing discussion it appears that tbe variation 
of the coefficient of friction in an impact with forward speed 
can be explained, at least qualitatively, by consideration of 
the effects of slip ratio , skidding velocity, and heating of the 
tire surface. The effect of the skidding velocity is parLicu­
larly evident at the beginning of the spin-up process where 
the slip ratio is the same for all tests and the skidding velocity 
is equal to the horizontal velocity; it can be seen from figure 
10 that, in general, the coefficient of friction decreases pro­
gressively with increasing skidding velocity. A slight, though 
systematic, decrease in the maximum value of the coefficien t 
of friction with increa ing forward peed is al 0 evident. 
This latter result may be largely due to inertia and hystere is 
effeets, previously mentioned, which tend to reduce the 
effeetiveness of the interlockng contact at low slip ratio 
corresponding to the "point of impending skidding." 

Effect of vertical velocity.- The effects on the applied 
loads caused by changes in the vertical velocity at contact 
are summarized in figure 11. The usual, not quite linear, 
increase in the maximum vertical load with vertical velocity 
is evident (fig. 11 (c)). It can also be seen that the effects of 
forward speed on the vertical load were less pronounced at 
the lowest vertical velocity. This result appears due to 
the fact that the strut friction is appreciably reduced at low 
vertical velocity since the bending moments on the gear, 
and thus the bending deflections, are smaller. AI 0, the 
tire can compensate more readily for the effects of trut 
friction, that is, reduced shock-strut travel, by deflecting 
somewhat more, wi th relatively li ttle increase in vertical 
force, since the slope of the tire force-deflection curve is 
comparatively flat at small deflections. 

As would be expected, the' maximum drag load at any 
given horizontal velocity increased with the vertical velocity 
(fig. 11 (a)). Since an increase in vertical velocity resulted 
in an increased rate of rise of the vertical load, and since the 
amount of impulse required for wheel spin-up is essentially 
constant for any given horizontal velocity, the time to spin 
tIp 'decreased with increasing vertical velocity (fig. 11 (d)). 
Even though the time to spin up was reduced, this effect 
was offset by the higher rate of ri e of the verLicalload, which 
caused the vertical load at the time of spin-up Lo be increased 

353123- 56-:1 

with increasing vertical velocity (fig. 11 (b)), so that the 
maximum drag load increased with vertical velocity. Also, 
because of the higher rate of rise of the vertical load, the rate 
of increase of the maximum drag load with horizontal ve­
locity was greatest at the higb vertical velocities (fig. 11 (a)). 
In the tests at a vertical velocity of 3 feet per second, rela­
tively little increase in 'the maximum drag load with hori­
zontal velocity is noted at speeds above about 40 feet per 
second. This result occurs because the characteristics of 
the landing gear are such that, at low vertical velocity, the 
vertical load is essentially constant over a large part of the 
impact time; thus the vertical load which exists at the time 
of spin-up is essentially unchanged with variations in the 
time to spin up. As a result, changes in time to spin up, 
within this essentially constant vertical-load region, produce 
only small differences in the maximum drag load. 

Figure 11 (e) shows how the ratio of the maximum drag 
load to the maximum vertical load varies with the vertical 
and horizontal velocities. The highest valucs of the drag 
load relative to the vertical load, of course, were obtained 
at the high horizontal velocities where spin-up occurs when 
Lb e vertical load is near its maximum value. As can be seen, 
a large reduction in load ratio, most pronounced at low 
horizontal velocities, occurred as the vertical velocity was 
increased. This reduction results from the decrea ed time 
to spin up at the higher vertical velocities, previously 
discll ed. At a given horizontal velocity, since the drag 
impulse required for pin-up is essentially constant, whereas 
the total vertical impulse increases directly with the vertical 
velocity, it follows that the ratio of the vertical load at the 
time of spin-up to the maximum vertical load will be reduced 
wi.th increasing vertical velocity, so that the ratio of tht' 
maximum drag load to the maximum vertical load conse­
quently is also decreased with increasing vertical velocity. 

Figure 11 (e) also shows that the curves for the different 
vertical velocities tend to converge at the higher horizontal 
velocities. This result is explained by the fact that, at the 
higher horizontal velocities, spin-up OCCllrs when the vertical 
load is near its maximum value, as previously indicated. so 
that the ratio of the maximum drag load to the maximum 
vertical load approaches the value of the coefficient of friction 
at the time of spin-up . When the maximum drag load coin­
cides exactJy in time with the maximum vertical load, the 
ratio of these two loads is the coefficien t of friction at the 
time of spin-up. ince the time to spin up decreases with 
increasing vertical velocity, the hOl'izonlial velocity ali which 
FHr IFvr = J.L.u increases with increasing vertical veloc-

max max 

ity. For horizontal velocities beyond this value, because 
spin-up occurs subsequent to the peak vertical load, the 
ratio FHr IF Vr should decreaso with further increase in 

max max 

horizontal velocity. As a result of the foregoing considera­
tions, the curves of FHr IFv.;. fOl: different vertical 

max max 

velocit.ie have to cros one anot.liel' somewhere in Lhe horizon­
tal-velocity reO'ion be)"ond the range of these forward-speed 
tests. The vertical spread of the cm'ves in figure 11 (e) 
at the highest horizontal velociLies sho\\"11 may thus be 
at.tl'ibuliecl to two effects clue to changes in the vertical 
vcloci ty; namely, differences in the va.lue of the horizontal 

-----_.- -----
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velocity at which FliT IF V T = }J.su and .differences in the 
maX max 

value of the coefficient of friction at the t ime of spin-up. 
The latte r effect is ind icated in figure 11 (1') , which hows 

the ratio of the maximum drag load to the verti al load at 
the same instan t, that i I the coeffi cient of friction at th e 
time of maximum drag load . As can be seen, there was 
some decrease j n the coefficien t of fr iction \vi th increasing 
vertical velocity. ,everal factors apparently combine to 
produce this result. With increasing vertical velocity, ince 
tit rate of rise of the verti cal load is increased, the rate of 
rise of the drag load is increased. Consequently, the amount 
of angular di placement of the wheel between the instant · 
of contact and full spin-up is decreased. Thus, more skidding 
energy is transferred to the Lire per unit time and thi energy 
is distributed over a mailer area of the tire periphery, so 
t hat the concen tration of heat and, thus, the temperaturE' 
of the tire tread surface are increased. In addition, higher 
tangential stresses are produced in the tire contact area as 
a resul t of t he larger ver tical deflections of the tire, so that 
the remaining amoun t of tangen tial stre s available for the 
production of drag load in the interlocking contact regime is 
reduced. Also, the vertical ground pressure are increased 
and the rates of loading are higher. Each of the foregoing 
effects tends to cause a reduction in the coefFcient of friction 
as the ver tical velo i ty i in creased. 

FORWARD-SPEED TESTS WITH REVE RSE WH EEL ROTATIO 

Time histories of applled loads .- In order to obtain an 
indication of the characteristics of the applied load for the 
range of forward speeds beyond the maximum velocity of 
the impact-basin car riage, forward-speed test were made 
with reVer e rotation of the landing wheel. In these tests 
the carriage horizontal velocity was approximately 6 feet 
per second and the landing wheel wa spun up backward 
before impact so as to produce relative velocities between 
the tire and the landing strip at the instant of contact up to 
about 273 feet pel' second. Figure 14 shows a number of 
typical t ime his tories from such tests at an average vertical 

elocity of about 7.5 feet per second, and also includes data 
( olid-line curve) from one te t with no reverse wheel rotation. 
For clarity , the results of only a few selected tests are shown 
in figure 14. The maximum values of the applied vertical 
and drag loads for the complete series of forward-speed tests 
with reverse wheel rotation are shown in figure 15. Also 
show-n in figure 15, for comparison, are the results obtained 
in the forward- peed tests without reverse rotation previously 
discussed (long-dash curve ) . 

Before the e result are con idered in detail, it should be 
pointed out that the use of rever e wheel rotation in combina­
t ion with forward speed does not yield complete simulation 
of actual impact at high forward peeds. For example, 
even though the relative velocity between the tire periphery 
and the ground i made the same at the instant of contact, 
the slip ratios during the first part of the spin-up process in 
the reverse-rotation tests are, of course, higher than in cor­
responding tru e forward- peed impact, the amount depend­
ing on the difference between the simulated horizontal veloc­
ity and the speed of the carriage. Thus, for the highest 
simulated horizon tal velocity in the e te ts (273 fps), the 
init ial slip ratio i about 3.2; ",herea , in an actual fo rward-

speed impact the initial slip ratio would be 1.0. As a resul t, 
the variations of the slip ratio during the spin-up pr-ocess are 
different in these tests than in true forward- peed impacts . 
Also, becau e of the higher slip ratios during the urst part 
of the spin-up process , the amount of rubber removed from 
the tire per unit time by -the skidding process is distributed 
along a shorter length of ground travel than in an actual 
forward-sp eed impact, so that tbe concentration of abraded 
rubber in the ground-contact area is greater in these tests. 
The differences in the slip ratio also influence the amount of 
t ire periphery coming in contact with the ground and the 
heat.ing of the tire during the spin-up process. All of the 
foregoing differences, which are, of co urse, greatest at the 
highest simulated horizontal velocities (highest initial slip 
ratios), influen ce the coefficient of friction and the applied 
loads. Ievertheles, the results obtained, although not 
completely realistic, do serve to indicate, at least quali ta­
tively, the mann er in wbich the applied loads would vary 
if the forward speed were increased to high values. W ith the 
foregoing restrictions, the results presented in figure 14 
may be considered to be a continuation of those shown in 
figure 10. 

As in the case of the forward -speed tests previously dis­
cussed, Il,n increase in the relative velocity between the tire 
and the ground at the instant of initial contact (simulated 
horizontal velocity) causes the duration of the skidding 
process to be increa ed, so that a longer time is required fOI 
the completion of spin-up . At the lower simulated hOI·i­
zontal velocities, where spin-up occms before the maximum 
vertical load is reached, the maximum drag load increases 
with increasing simulated horizontal velocity, just as in the 
forward-speed tests and for the same reasons previousl." 
discussed. 

For the higher simulated horizontal velocities, spin-up 
occurs after the maximum vertical load is reached. In th is 
r egion, since the vertical load is decreasing with time, the 
vertical load which exists at t he time of spin-up is reduced · 
as the d mation of skidding is increa ed; as a result, the drag 
load at the time of spin-up decreases with increasing simu­
lated hOl'izontal velocity, since the coefficient of friction at 
the instant of spin-up is more or less the same for all tests 
in this series. In figme 14, the drag-load time histories for 
the higher velocities are seen to exhibit two peaks; the first 
occurring when the vertical load is at a maximum, the 
second at t he time of spin-up , when the coefficient of frict ion 
is at a maximum . Because the coefficient of friction wa 0 

much larger at the time of spin-up, when the kidding 
velocities and the slip ratios were small, tQ.an at the time of 
maJo.,'1mum vertical load, when the slip ratios and the skidd ing 
velocitie were larger , the maximum drag load in these tests 
always occured at the time of spin-up , rather than at the' 
time of maximum vertical load . Consequently, the maxi­
mum drag load reached its highest value for the cond ition 
where the compleLion of spin-up ' coincided with the occW'­
rence of the maximum 'ver t icalload and decrea ed with fw'­
tber increase in simulated' horizon tal velociLy. Figure 15 
shows that the maximum dmg load reached its highest value 
at a simulated horizontal velocity of about 112 feet pel' 
second and dropped to about 60 percent of this value at the 
higher test velocities. Although the maximum drag load 
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VH ' V\(J , So 
Ips Ips 

86.0 7.46 
---- 124.9 7.46 
---- 138.6 7.30 
----- 173.4 7 .30 
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---- 243.8 7.51 
----- 273.3 7.53 
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ov 

o At 8 = 0 
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'FI GURE 14.-Time hi tories of applied load and coefficient of fr iction in typical forward-spe d tcsts with reverse 
wheel rotation . VVo = 7.44 feet per econd; Vcarao=85.5 fcet per second . 
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FIGURE 15.-Compari on of maximum applied loads in forward-speed tests with reverse wheel rotation and loads in true forward-speed te t . 

always occUlTed at the time of spin-up in these tcsts, it ap­
pears Lhat, if the horizontal velocity were high enough, 
spin-up would be delayed until the vertical load was small 
enough that the drag load would be smaller at the time of 
spin-up than at the time of maximum vertical load, even 
though the coefficient of friction wcre larger at Lhe time of 
Spill-Up. 

In these tests, a in the forward-sp eed tests, circumfer­
ential springback of the tire and bending springback of the 
landing gear occmred following the drop-off of the drag load; 
the ensu ing torsional oscillations of the wheel and fore-and­
aft bending oscillations of the landing gear rcsulted in thc 
oscillations evident in the drag-load time historics of figure 
14 subsequent to the time of spin-up. 

Thc effects of the drag load on the vertical load were as 
would be expected from the previous discussion of the 
forward-speed tests. For those conditions where spin-up 
occurred just before the maximum vertical load wa reached 
(for cxample, at horizontal velocities of 86.0 and 124.9 fps 
in fig. 14), the large dynamic bending deflection of thc 
landing gear at the time of maximum vertical load resulted 
in largc shock-strut friction forces which greatly increased 
the maximum vertical load. At higher imulated horizontal 
velocities, because the coefficient of friction decreased,' the 
shapes of the ch'ag-Ioad time histori es were greatly changed 
so that the drag impulse at the instant of maximum vertical 
load wa reduced. As a result, the bending leflcctions at 
the time of maximum vertical load, and con cquently the 
strut friction forces, wcre smallcr so that the max-imum 
vertical loads were considerably red uced at Lhe highcr 
horizontal velocities. Even in thcse cases, however, the 
bcnding rcsponse of the landing gear rcsulted in a momentary 
rise of the vertical load slightly after the maximum drag 
load occurred, when the bending deflection rcached its 
maximum value, as can bc seen from the individual time 
bistories in figurc 14. 

The overall variation of the maximum vertical load with 
simulated horizon tal velocity is shown in figurc 15. The 
highest values of the maximum vertical load occurred at a 

simulatcd horizontal velocity of about 112 feet per second. 
In this region, because of the irregularities in the vertical­
load time history, caused by the sudden changes in the shock-
trut-orifice area resulting from the metering-pin displace­

ment, the exact phasing between the drag load and the 
vertical load appears to be critical. As a resul t, relatively 
small differences in the initial conditions or in the time to 
spin up causcd fairly large differences in both the maximum 
vertical and maximum drag loads, as can be seen from the 
solid and short-dash cui'ves in figure 15. 

Coefficient of friction,- The variations of the coefficient of 
friction dUting the spin-up process in these tests were con­
siderably different from those in the forward-speed tests . 
As can be seen from figure 14, the coefficient of friction in the 
reverse-rotation tests started out at relatively high (for 
the high skidding velocities involved) values at the beginning 
of each impact, decreased with time, then increascd until a 
maximum value was reached just prior to the completion 
of spin-up. The later phases of the time historie are similar 
in appearance to those obtained in the forward-speed tests . 
As an aid in interpreting these variations, the points at 
which reversal of the wheel rotation takes place (8=0) are 
shown. At these points the slip ratio is, of COUl'se, equal to 
1.0. Also shown, for the two highest speed tests, are the 
points at which the wheel rotation pa sed through a complete 
revolution. At the lower speeds the wheel angular displace­
ment was always less than a full revolution . 

As previously noted, the values of the coefficient of friction 
at the beginning of the impacts were relatively high, even 
though the skidding velocities were large. This result is 
apparently due to the very high slip ratios during the fu'st 
part of the skidding process. At these high sl ip ratios, 
because the large angular velocity of the wheel contributes 
a major part of the total skidding velocity, the rate of in tro­
duction of tire-tread arca is relatively large comparcd with 
the rate at which work is done in skidding; thus, thc skidding 
energy is distributed ovcr a larger arc a of the tire running 
sw'face so that heating of the tire surface is reduced. (ee 
appendix E.) As a rcsult, the transition which the ground-
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contact surface of the tire undcrgoes from its initially cold 
condition to the higber temperatures characteristic of normal 
operation require all appreciable length of time in the 
reverse-rotation tests. [n an actual forward-speed impact, 
on the other hand, since the wheel would be turning slowly 
dming the early part of the spin-up process, the skidding 
energy would be much more highly concentrated in the tire 
surface, the transition from cold to hot rubber would be 
greatly accelerated, and the coefficien ts of friction during 
this stage of the impact would be much lower. 

The variation of the coefficient of friction dming the 
remainder of the spin-up process in the reverse-rotation 
tests appears to be governed primarily by the combined 
effects of the slip ratio and skidding velocity, both of which 
decrease with time, as well as by changes in the vertical 
load. As was previously indicated, a reduction - in the 
skidding velocity tends to increase the coefficient of friction. 
On the other hand, because of the effects of tire heating, a 
reduction in the slip ratio tends to decrease the coefficien t 
of friction for slip ratios greater than 1.0 and tends to 
increase the coefficien t of friction for slip ratios less than 
1.0, as is indicated in appendix B. As a result of the com­
bination of the foregoing effects, the coefficient of frict.ion 
first decreases with time, reaches a minimum value at a 
slip ratio greater than 1.0, then increases until a maximum 
value is reached at very small slip ratios, where local sliding 
in the ground-contact area is transformed into adhesive 
contact just prior to the completion of spin-up. The 
pi'ocess during the interval between a slip ratio of 1.0 and 

VII. ' 
°av 

Type 01 test Ips 

Forword speed 7.55 
Reverse rotation 7.45 

full spin-up appears to be very similar to the complete spir,­
up process in the forward-speed tests previously discussed, 
except for differences in the magnitude of the vertical load 
dming this period and possible effects of the residual elevated 
temperature of the tire resulting from the previous skidding. 

The time histories of the coefficient of friction for the 
higher simulated horizontal velocities in figure 14 indicate 
a momentary peak during the early stages of the spin-up 
process. These peaks do not appear to be directly connected 
with the rotation of the wheel through one re'volution and 
their cause is not evident. 

In addition to the effects of the slip ratio and the skidding 
velocity, variations in the vertical load on the tire appear to 
have an influence on the coefficient of friction. orne in­
dications of the effect of the vertical load may be obtained 
from the v~lues of the coefficient of friction at the points 
where 8=0. At these points the slip ratio is equal to 1.0 
and the skidding velocities are more or less the same for all 
tests in this series. Therefore, differences in the coefficients 
of friction at these points may be indicative of the effect of 
vertical load. This effect is discussed in a subsequent 
section. 

From the foregoing discussion it appears that, be Jause of 
the artificially high slip ratios, the variations of thc coeffi­
cient of fl'icliion in lihe reverse rolialiion tests m'l.y differ ap­
preciably from those which would be obtained in a true 
forward-speed impact. In particular, it vrould appear that 
the coefficients of friction at the beginning of the spin-up 
process would be considerably lower in an actual forward-
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FIGURE 16.-Composite of applied-load time histories in forward-speed tests and forward-speed tests with reverse wheel rotation (Vca7au=86.J 
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speed impact since the initial slip ratio would be equal to 
1.0, which, for the same skiddiDg velocity, would re ul t in 
greater heating of the t ire. Similarly, it would be expected 
that these differences would also have some effect on the 
shape of the drag-load time histories and on the time to 
spin up. 

An overall illustrative picLure of the load variation in the 
forward-spced tests and in the forward-speed tests with re­
verse wheel rotation ( omplete series of tests) is shown in 
figure 16. In this figure the shaded area indicates the en­
velope of the vertical-load time histories for all tests. The 
boundaries of t he drag load are indicated by means of 
short segment of the drag-load time-history curves in the 
vicinity of spin-up. 

SPIN-UP D ROP TESTS 

. pin-up drop tests, either in a jig with a single landing gear 
or with a complete airplane, are widely used in the develop­
mcnt and proof testing of landing gears n,nd the n,irplane 
structure. In ordcr to evaluate the validity of this method 
of simulating landing impaets, a er ies of pin-up drop tests 
with the carriage fixed wa made for comparison with the 
true fOr\\-ard-speed tests and the forward-speed tests with 
rever e wheel rotation previously di cus ed. A few typical 
time hisLories of the applied loads and the coefficient of 
friction from uch te ts are hown in figure 17 . The maxi­
mum values of the vertical and drag loads are hown as 
fUllctions of the simulaLed horizontal velocity and aI e com­
pared with the results of the other tests in figure 1 . Com­
parisons of two individual spin-up drop-te 1., time histories 
with time histories obtained in the other type of te t fo r 
cone pondiug impact conditions are shown in figure 19 . 

A can be seen from fig ure 1 and from compari on of 
figures 17 and 10, for low imulated horizontal velocities, the 
applied loads and the coefficients of friction in the spin-up 
drop Lests were higher than in the forward-speed tests. 
However, for simulated horizontal velocities above about 
60 feet per second the loads in the spin-up drop tests were 
appreciably smaller than in the other types of te ts. 

In the spin-up drop te ts, of course, the slip ratio is in­
finite throughout the impfLct, and the angular di placemen t 
of the \\-heel during the kidding proces is much larger than 
in a forward- peed impact. Since, for any given value of 
Lbe kidding velocity, the ra te of introduction of tire-surface 
area inLo the ground-contact region is much greater in fL 
spin-up drop test Lltan in a fo rward-speee[ impact, the con­
centration of skidding energy in the t ire surface i greatly 
reduced, 0 that there is Ie s heating of the tire . This eIrect 
tends 1,0 make the cocffteienL of friction for a given skidding 
velocity in the spin-up d.rop te ts larger than in the forward­
speed te ts . On the oLher hand, the spin-up drop tests 
involv(' an clement which tends to reducE' the coefficient of 
ft ielion; namely, the contamination of the O"rouncl beneath 
the Lir(' by particles of rubber which arc removed from the 
tire' b.'- the skidding process and tend to act as a lubricant in 
Lhe ground-contact area. In an impact with forward speed, 
this abraded rubber is distribute:l over an appreciable length 
along the groltnd, ::;0 t,hat its effect is relativel.,- mall. In a 
drop test, on the other hand, the e particle of rubber ac­
cumulate in one spot OJ) the ground. For the drop te t at 

low simulated horizontal velocities this effect is negligible be­
cause very li ttle rubber is removed from the tire, since the 
Lotal amount of work done in skidding is small. Wi th in­
crea ing simulated horizontal velocity, however , more and 
more rubber is removed from the tire and the thickness of the 
fL("cumulated deposit become large enough to cause marked 
reduction in the coeffic i ~nt of fr ict ion throughout mo t of the 
s!~idding process. At the highe t simulated velocities, pos­
SIbly because the abraded rubber is in a gummy or eve n 
molten state, the coefficients of friction, and consequ entl.'­
the drag loads, are reduced to velT small value as can be 
seen from the time histories in figu're 17. ' 

The Lotal accumulation of abraded rubber during a given 
impact is, of cour e, greatest at t he end of the skiddinO" 

b 

process. Consequently, at the higher imulated horizon tal 
velocities, the coefficien l of friction doc not increa e a th e 
kidd'ing velocity i reduced, even a the wheel come to res t 

in cont rast to the results from the other types of te ts wher~ 
the coefficien t of friction increased can iderably as th e skid ­
ding veloci ty decrea eel. A a re ult. in the pin-up drop 
test the maximum drag load fo r the higher velocitie do 
not occur at the end of the skidding pro ess, as in the other 
types of te ts, but rather at the time of maxim um vertical 
load . 

At the lower simulated horizontal Yelocities, where the 
effects of the abraded rubber arc unimportant, the r educed 
heating of the tire surface, previously mentioned, I' suIt in 
somewhat higher coefficients of frict ion in the drop test 
than in the forward- peed te ts, the greatest difference being 
in the maximum values of the coefficient of friction . These 
difference in the maximum value may re ult from th e fac t 
that the nature of th contact between the tire and the 
ground a the skidding velocity is reduced to zero i different 
in the two types of te ts. In the spin-up drop test the 
tran ition is from a tate of kidding to a tate of r e t; 
whereas, in the fOl"ward- peed to t , t he tran ition i from a 
state of kidding to a tat.e of roll ing. In the drop tests, the 
maximum value of the coefficient of friction probably eorre.­
sponds to a condit.ion where Lhe entire area of the l ire touch­
ing the ground is in a tate of adhesive contact. I n th e 
forward-speed te Ls, on the other hand, this condit ion i 
never completel." reachl'd since, even for the limit inO" case of 
a fredy rolling tire, local sliding exi ts over some parts of the 
contact area. Fw-thermore, in the case of the rolli ng t U'e, 
the e£fectivene of the mechanical interlocking between the 
ti.re· and the ground in the regions of ad11esion i probably 
reduced somewhat becau e of inertia and hysteresis effects 
associated with the deformations of the tU'e dm-ing rolling, 
which tend to hinder the tire from conforming to the irr egu­
larities in the sm-face of the ground. 

Because the coe:fficients of friction in the spin-up drop 
tests were so much lower throughout mo t of the horizontal­
velocity range, the drag loads in the e tests were con iderably 
smaller than those in the other type of tests for the range of 
horizontal velocity of practical intere t (fig. 18) . As a direc t 
consequence of the decreased drag load, tbe bending defl ec­
tions of the landing gear were red uced, so that the vertictll 
loads in Lhe drop tests did not exhibit t he large increases due 
to shock-strut [rictiOlI, which were indicated in bo th the true 
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forward-speed tests and the forward-speed tests with reverse 
wheel rotation. These differences are particularly striking in 
the range of horizontal velocity where spin-up in the other 
tests occurs when the vertical load is near its maximum value. 

Figure 19 shows direct comparisons of two typical drop­
test time histories with the results of the other types of tests. 
The figure on the left is for a horizontal velocity of about 75 
feet per second and indicates relatively good agreemen t. 
The figure on the right, for fl, horizontal velocity of about 202 
feet per second, is typical of the results for Lhe higher horizon­
tal velocities and clearly indicates the greatly reduced drag 
loads in the drop tests, particularly in the later stages of the 
skidding process where the accumulation of abraded rubber in 
the ground-contact region becomes very large. 

From the foregoing results it is evident that spin-up, drop 
tests yield unconservative loads for the range of horizontal ' 
velocities of practical interest in airplane design. It; thus 
Itppears that data obtained from such tests should not be 
used without qualification as a basis for design or for dy­
namic analyses of landing loads. The foregoing eomparisonJ 
also indicate why some airplane manufacturers (see, for ex­
ample, ref. 5) have resorted to the use of artificial ground 
surfaces in drop tests, such as grids of various types, in order 
to obtain coe:fficients of friction high enough to satisfy the 
ANC-2 ground-loads design requirement of /-1 =0 .55 . 

VARIATION OF COEFFICIENT OF FRICTION 

As was previously indicated in the discussion of the time 
histories of the applied loads for the three types of tests 
considered, the coeffi.cient of friction during the wheel spin-up 
process varied over a wide range of values during any given 
impact; furthermore, considerably differen t variations were 
found under different impact cond itions. Some of the factors 
contributing to the variation of the coefficient of friction, 
such as the effects of slip ratio, skidding velocity, heating of 
the tire sW'face, contamination of the ground-contact area 
by abraded rubber, and the effects of changes in the vertical 
load , were briefly discussed. In this section, the variation of 
t),e coefficient of fridion is considered somewhat more 
quantitatively; unfortunately, however, because of the nature 
of the tests, it was not generally possible to separate com­
pletely the effects of all the various factors which influence 
the coefficient of friction . 

Effect of skidding velocity.-Figure 20 shows the varia­
tions of the coefficient of 'friction with the instantaneous 
value of the apparent skidding velocity in several typical 
impacts for each of the three types of tests considered. 
These results, of com-se, include the effects of variations in 
the slip ratio and in the vertical load during the spin-up 
process, as well a the effects of tire heating. In these graphs 
the progress of the spin-up process is from right to left, the 
highest skidding velocity for each curve corresponding to the 
value just after initial contact, and zero kidding velocity 
indicating complete spin-up. 

(a) Forward-speed tests: 
Figure 20 (a) shows the variation of the coefficient of fric­

tion with the apparent skidding velocity in several typical 
forward-speed impacts. The right-hand extremity of each 
Curve corresponds to a slip ratio of approximately 1.0, the 
slip ratio in each test decreasing as the skidding velocity is 

reduced. As can be seen, the coefficient of friction ranged 
from minimum values of about 0.55 to 0.60, at the beginning 
of the impacts at the higher forward speeds in this series of 
tests, to maximum values between about 0.75 and 0.90 at 
low values of the apparent skidding velocity (j ust prior to 
the completion of spin-up), the highest values of the coeffi­
cient of friction occurring in the lowest speed impacts. 

The fact that the maximum values of the coefficient of 
friction, which arc associated with the interlocking type of 
contact between the tire and the ground, appear to decrease 
with increasing forward speed may be due to the inertia and 
hysteresis effects connected with the rolling deformations of 
the t ire, which tend to binder Lbe tire from conforming per­
fectly with the irregularities in the ground and thus tend to 
reduce the effectiveness of the interlocking bond. 

It should be noted that the dccrease in the indicated 
coefficients of friction as the apparent skidding velocity 
approaches zero is caused by the relaxation of the cit'cum­
ferential distortion of the tire as the spin-up process is com­
pleted, which was previously discussed. Because of this 
relaxation of the strains in the tire the tangential stresses in 
the ground-contact area, and thus the drag loads, are reduced, 
so that the indicated values of the coeffi.cient of friction are 
decreased. These values of the tangential stre ses and the 
indicated coefficients of friction therefore do not correspond 
to the maximum value which can be maintained by the 
conditions of contact between the tire and the ground at low 
kidding velocities; such values should be at least as high as 

the maximum values (at the "point of impending skidding") 
shqwn. 

In figure 20 (a) the circular symbols indicate the occur­
rence of the maximum drag load. Since, in these test, the 
vertical load was in the process of increasing when the 
maximum coefficient of friction was reached, the drag load 
continued to increase and reached its maximum value after 
the coefficient of friction had already dropped somewhat 
from its maximum valuc. 

The curves shown in figure 20 (a) indicate that, 111 general, 
the coefficient of ~'iction decrea es with increasing kidding 
velocity, the differences between the individual curves being 
due primarily to differences in the slip ratios at any given 
skidding velocity, differences in the heating of the tire 
running surface which result from the different relationships 
between the slip ratio and the skidding velocity in the indi­
vidual tests at the various initial horizon tal velocities, and 
differences in the vertical load at any given skidding velocity. 
The effects of slip ratio and vertical loacl is considered furt het" 
in a subsequent section. 

(b) Forward-speed te t with reverse wheel rotation: 
Figure 20 (b) shows the variations of the coefficient of 

friction with the apparent skidding velocity in several typical 
forward-speed tests with rever e wheel rotation. The right­
hand extremities of these curves, of course, corre pond to 
slip ratios greater than 1.0, the highest value being about 
3.2 for a simulated hoi'izontal velocity of 273.3 feet pel" 
second. The range of skidding velocity where a slip ratio 
equal to 1.0 occurs is indicated by the shaded band. (This 
band has a finite width because the carriage horizontal 
velocities were not exactly the same in all tests.) 
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It can be seen that in the e tes ts the coefficien t of friction 
starts out at values fairly high as compared with the general 
trend of the data. As was previously discussed, these rela­
tively high initial values of the coefficient of friction appear 
to be largely due to the artificially high slip ratios during the 
first part of the spin-up process, which result in reduced heat­
ing of the tire during this period. (Some discussion of the 
relationship between slip ratio and heating is given in ap­
pendix B.) These results suggest that, in the reverse-rotation 
tests, because of the high lip ratios during the early stages 
of the skidding process, the transition of the running surface 
of the tire from its initial cold condition at the instant of 
contact to the higher temperature representatives of normal 
spin-up conditions takes place rather slowly. As a result, 
the coefficient of friction has fairly high values (corresponding 
to values for cold rubber at high sliding veloc:ties) at the 
beginning of the skidding process, then gradually decreases 
as the reverse rotational velocity of the tire and the associated 
slip ratio are reduced and the energy concentration in the 
tire surface and, consequently, the temperature are increased. 
This effect is illustrated schematically in figure 21. In true 
forward-speed impacts, on the other hand, since the skidding 
process begins at a slip ratio of 1.0 where the energy concen­
tration in the tire is large, this transition occurs almo t in­
stantaneously, and the cold-rubber values of the coefficient 
of friction are not perceived. As a result, the initial portions 
of the curves for the reverse-rotation tests appear to have no 
practical significance as far as true forward-speed impacts 
arc concerned. evertheless, the general trend of the curves 
'provides at least an indication of the variation of the coeffi­
cient of friction with skidding velocity. 

It will be noted from figure 20 (b) that, with the exception 
of the artificial initial parts of each curve, the basic .trend of 
the data for the entire range of skidding velocity falls within 
a fairly well defined and relatively narrow band. The band 

I for the complete series of forward-sp ed tests with rever e 
wheel rotation, a total of 14 runs covering a range of simu­
lated horizontal velocity from 97 to 273 feet per second, is 

I indicated by the shaded region in figure 21. The basic trend 

1.0 

shown, of course, includes the effects of differences in the slip 
ratio, which in these tests varied directly wit.h the skidding 
velocity (since the carriage velocity was essentially constant) 
and, therefore, could not be separated from the effects of the 
skidding velocity. The spread in tae curves wit.hin the band 
( ee fig. 20 (b» appears to be largely due to the effects of 
differences in the vertical load, which will be discussed later. 

The overall trend of the data indicates a variation of the 
coefficient of friction from low values between 0.25 and 0.40 
at an apparent skidding velocity of 260 feet per second to 
maximum values between 0.70 and 0.85 at an apparent skid­
ding velocity of 17 feet per second. As in the case of the 
true forward-speed tests previously discussed, the decrease in 
the indicated values of the coefficient of friction as t.he ap­
parent skidding velocity approaches zero is due to the relaxa­
tion of the tire circumferential distortion and therefore docs 
not represent the variation of the limiting values of the co­
efficient of friction at low skidding velocities. 

(c) pin-up drop tests: 
Figure 20 (c) shows the variation of the coefficient of fric­

tion with the skidding velocity for a number of typical spin-up 
drop tests. As can be seen, these tests yielded very high 
coefficients of friction when the initial simulated horizontal 
velocity was low, and very mall coefficients of friction, even 
at low skidding velocities, when the simulated horizontal 
velocity was large. 

The high values at low simulated horizontal velocities were 
previou ly attributed to the reduced heating of the tire re ult­
ing from the high lip ratios. The particularly high maximum 
values of the coefficient of friction at low simulated hOl·i­
zontal velocity may b due to the fact that a more perfect 
interlocking contact between the tire and the ground i possi­
ble in the drop tests, where the wheel comes to rest, than in 
the forward-speed tests, where the wheel comes up to ground 
rolling peed, as previously di cussed. (The indication of a 
fini e skidding velocity corresponding to the maximum value 
of the coefficient of friction is associated with the circumfer­
ential di tortion of the tire and doe not repre ent the actual 
relative velocity between the tire and the ground in this 
region.) 
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With increasing simulated horizontal velocity, abraded 
rubber accumulates in the ground-contact region until ~he 
deposit becomes lerge enough to cause marked reductions in 
the coefficient of friction , also previously discussed. At the 
higher simulated horizontal velocities, because of the large 
accumulation of abraded rubb er , much of which is in a molten 
semi-fluid state, the coefficient of friction drops to low values 
immediately after contact and does not increase as the ski.d­
ding velocity decreases, even as the wheel comes to rest, so 
that the entire skidding process takes place at small values of 
the coefficient of friction. These results are, of cour e, radi­
cally different than those obtained in the other types of tests 
and are responsible for the much smaller drag loads in the 
spin-up drop tests at th e higher simulated horizontal 
velocities. 

Cd) Comparison of coefficients of friction in the three types 
of tests: 

The variations of the coefficient of friction in the three 
types of tests are compared in figure 22. The band shown for 
the forward-speed tests with reverse wheel rotation i t he 
same as the basic trend previously presented in figure 21. It 
can be seen that the values of the coefficient of friction indi­
cated by the basic trend in the reverse-rotation tests appear 
to be somewhat lower than in the true forward-speed tests. 
A possible explanation for this result is afforded by the fol­
lowing considerations . In the forward-speed tests with re­
verse rotation , for the range of skidding velocities greater 
than the carriage velocity, the slip ratios are greater than 1.0 
and increase with skidding velocity up to a maximum value 
of 3.2 at a skidding velocity of 273 feet per second. Since the 
slip ratio represents the ratio of an inCl'emellt in kidding di -
tance to a corresponding increment in ground travel, the 
concentration of abraded rubber in the ground-contact area 
increases with increa ing slip l'atio. As a result, at skidding 
velocities higher than the carriage velocity in the reverse­
rotation tests, the concentration of abraded rubber is some­
what greater than in a true forw ard-speed t est, though smaller 
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than in a spin-up drop test, and the coefficient of friction are 
therefore somewhat lower than might be expected from true 
forward-speed tests for the same skidding velociti es . 

For skidding velocities less than the carriage velocity , 
the coefficients of friction are also somewhat smaller in the 
reverse-rotation tests than in the true forward-speed tests , 
even though the sl ip ratios in this region are smaller than 1.0. 
In the reverse-rotation tests the direction of the rotation of 
the wheel changes when the slip ratio becomes equal to 1.0, 
so that, for slip ratios less than 1.0, part of the surface of the 
tire corning into contact with the ground has been in contact 
with the ground previously, when the slip ratio was greater 
than 1.0, and is therefore at a higher temperature. In the 
forward-speed tests, on the other hand, this situation does 
not exist; since no change in the direction of rotation of the 
wheel occurs and Hie wheel docs not turn through a full 
revolution during the spin-up process, the regions of the tire 
entering the ground-contact area have not been in contact 
with the ground previously, so that the surface of the tire 
entering the ground-contact area is cold. When the initial 
slip ratio in the reverse-rotation tests is only slightly greater 
than 1.0, however, the angular displacement of the tire prior 
to reversal of its rotatioo is small enough that in the very last 
stages of the skidding process, when the skidding velocity 
becomes small , cold rubber, which has not previously been 
in contact with the ground enters the ground-contact area. 
In these cases, the coefficients of friction are approximatel:v 
the same as in the forward-speed tests. 

F igure 22 also shows, as previously discussed, that spin-up 
drop tests yield unrealistic values of the coefficient of fric­
tion throughout the range of simulated horizontal velocitie 
of practical interest . Because the coefficients of friction are 
so low, the load developed in the drop test are generally 
uncon ervative. These results indicate that pin-up drop 
tests, at least onto a concrete ground surface, are not at all 
representative of actual landings with forward speed on 
concrete runways. 
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(a) Forward- peed tests. 
(b) Forward-speed tests with reverse wheel rotation. 

FIGURE 23.-Variation of coefficient of friction with lip ratio in typical forward-speed tests and forward-speed tests with reyerse wheel rotation. 

Effect of slip ratio.-Fip-u res 23 (a) and 23 (b) show the 
variations of the coefficient of friction with the slip ratio in 
the forward- peed te t and the forward-speed te t with 
reverse wheel rotation, respectively. These results, of course, 
include the effects of variations in the skidding velocity and 
in the vertical load, a well as the effects of tire hea ting. 

In the forward-speed te ts (fig. 23 (a)) the slip ratio is 
equal to 1.0 at the instant of initial contact, the skidding 
velocity at thi instant being equal to Lhe forward peed. 
The instantaneous skidding velocity, of course, decrease as 
the slip ratio becomes smaller during the spin-up process. 
The main interpretation which can be drawn from thi 
figure is that, for any given lip ratio, there is a general 
decrease in the coefficient of friction with increasing skidding 
velocity, the largest effecL of variations in the skidding ve­
locity appearing at low skidding velocities. 'rhe limitations 
of the data. prevent separating the effects of skidding veloc­
ity and vertical load from tho e due to variations in the lip 
ratio. 

The coefficients of friction in the forward-speed tests with 
reverse wheel rotation are plotted against slip ratio in figure 
23(b), the scale for slip ratios greater than 1.0 being com­
pressed. Since the actual horizontal velocities were approxi-

mately the same in all te ts, the slip ratios are directly pro­
portional to the skidding velocities and these effects can 
again not be eparated. This figure is therefore essentially 
the same a figure 20(b). ince, for any given slip ratio, 
the skidding velocity is the same for all tests, the vertical 
spread of the curve mu t be due to some other variable 
factor such as the vertical load. This effect is con idered 
next. 

Effect of vertical load.-As previousl.v noted, in the 
fOl'ward- peed te ts with rever e rotation, since the horizon­
tal velocities were essentially the same for all tests, differ­
ences in the coefficient of friction at any given slip ratio or 
kidding velocity must be due to orne other variable facto rs, 

such as the in tantaneous vertical load. These differences 
in the vertical load appear becan c the time a t which a 
given kidding velocity or lip ratio is reached in any par­
ticular test is a variable depend iJ1g on the magnitude of the 
initial imulated horizontal velocity. 

orne indication of the effect of the vertical load on the 
coefficient of friction is given in figure 24 where the coeffi­
cients of hiction at sl ip ratios of 1.0 and 0.15, corresponding 
to skidding velocities of about 84 and 13 feet per second, 
re pectively, are plotted against the vrrtica lload at, the same 
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FIGURE 24.-Effect of ver tical load on coefficient of frict ion. 

instant. The data shown were obtained from the complete 
series of forward-speed tests with rever e wheel rotation. 
Also shown are corresponding test points from three true 
forward-speed te ts at approximately the same carriage ve­
locity as in the reverse-rotation tests. The test points for 
a slip ratio of 1.0 generally exhibit relatively li ttle scatter. 
Most of the te t points in figure 24 correspond to a time 
when the t ire had rotated through only a fraction of a revo­
lution. The quare ymbols repre ent tes t points which 
occur shortly after the tire has completed one full revolu­
tion; that these val ues of the coefficient of fri ction are some­
what lower than the general trend of the data for a slip 
ratio of 1.0 may be due to the higher temperature of the 
surface of the tire rema ining from its previous passage 
through the ground-contact area.. This effect is not evident 
for the slip ratio of 0.15, possibly because a greater time has 
been available to permit cooling of the part of the tire in 
contact with the ground when this slip ratio occurs. 
. The overall trend of the data in figure 24 ind icates that 
the coefficien t of friction generally decreases appreciably 
with increasing ver tical load, t he data for a slip ratio of 1.0 
suggesting that the coefficient of friction reache a maximum 
value at a finite vertical load, in the neighborhood of 1,000 
pounds in these tests. A similar decrease in the coefficient 
of friction with vertical load is indicated, though not so 
clearly because of the g~eater catter, by the data for a slip 
ratio of 0.15. The effect of the vertical load on th e coeffi­
cien t of friction appears to be more pronounced at high slip 
ratios, where full ski lding . exists, than at very small slip 
ratios, where an appreciable part of the ground-contact 
region is in a state of interlocking or adhesive contact. The 
general level of the coefficient of friction was, of course, 
considerably higher in the in terlocking-contact regIOn, as 
was discussed previously. 

E FFECTS OF PRE ROTATIO N 

Although prerotation of the landing wheels of an airplane 
before impact to ·decrease the relative velocity between the 
tire and the ground has often been suggested as a mean for 
r educing spin-up drag loads, one of the main reasons that 
prerotation has not come in to wider use is a general belief 
that the reduct ions in drag load wo uld be very small unless 

the pl'erotation speed is matched almost exactly with the 
ground-rolling speed, a requ irement which may be rather 
difficul t to achieve in practice. In order to obtain quan ti­
tative information regarding the effects of prel'o ta tion on 
wheel spin-up drag loads, a series of forward-speed tests 
with varying degrees of prerotation wa included in the over­
all investigation of applied ground loads . All tests were 
made at a carriage horizontal veloc ity of about 85 feet per 
second. 

Figure 25 shows the manner in which different amounts of 
prerotation , r anging from no prel'otation up to 94 percent, or 
almost complete prerotation, affect the applied loads on the 
landing gear for impacts at a vertical velocity of about 9.4 
feet per second. (The percentage prerotation is based on 
the ratio of the peripheral velocity of the undeflected tire at 
the instant Of contact to the horizontal velocity at contact.) 
These r esults show that, as would be expected, increasing the 
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FIGURE 25.-Effect. of prerotation on time h isto ries of applied loads. 
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amollnt of pret'otation decreases the time to spin up and 
reduces the maximum drag load, with a consequent reductiQn 
in the vertical load. The influence of the drag load on the 
vertical load was similar to that discussed previously in co n­
nection with the other tests . 

In figure 26, the maximum vertical loads and the maximum 
drag loads from tes ts at three vertical velocities are plotted 
against the l)ercentage prerotatioll. The ratios of the 
maximum loads with prerotation to the maximum loads 
without prerotation are shown ill fig ul't, 27. T he effect of 
prerotation in reducing the drag load is ev ident. It can al 0 

be seen that prerotation producecl a larger percentage reduc­
tion in drag load at the higher vcrt ical velocities, where the 
need for reduction is greatest. 

In figure 26 it will be noted that the drag load is not equal 
Lo exactly zero at 100-percent prerola.t.ion, even though the 
peripheral veloc ity of the undeflC'ctecl tire at the insta.nt of 
contact is qual to the horizontal groun [·speed. Th e rea on 
for this result is that the rolling rarl iu of the wheel becomes 
smaller as the tire coinpresses under the vertical load during 
the impact; con equently, the angular velocity of the wh eel 
must in crease if the peripheral velocity of the tire is to remain 
equal to the horizontal veloci ty. To produce the nece sary 
angular accelera tion of the wlleel l'C'q uires a finite drag force, 
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FIGURE 26.-Effect of prerotation on maximum applied loads. 
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as is indicated by the curves for 100-percent prerotation. 
On the other hand, a slight amount of excessive prerotation 
initially produces a small negative drag load, followed by a 
positive' drag load which arises for the same reason as at 
100-percent prerotation. (See, for example, data for 115-
percent prerotation in fig. 26.) Because of this variation in 
rolling radius, it appears impossible to obtain exactly zero 
drag load throughout an impact. 

With r egard to the practical usefulness of prerotation, it 
should be noted that in many cases there may be no particu­
lar need to reduce the spin-up drag load to levels below those 
established by other de ign loading conditions, since the 
landing gear must be strong enough to withstand the e other 
loads . For example, the design requirement for braked 
rolling amounts to 2,400 pounds for the configuration te ted. 
As can be seen from figure 26, for the horizontal velocity 
of these tests and a vertical velocity of 9.5 feet per second, 
the drag load can be reduced from about 4,400 pounds to 
2,400 pounds (a 45-percent reduction) by use of a prerotation 
of 60 percent. This result indicates that, for the range of 
conditions covered in these tests, partial prerotation can be 
employed to produce useful reductions in the spin-up drag 
load. 
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Figure 27.- Ratios of maximum applied loa.ds wiLh prerotation to 
maximum.applied load. withou t prerotation, as functions of percent­
age prerota.tion. V caTa.=84.5 fect per ccond. 

Figures 26 and 27 also show the effect of prerotation on the 
maximum vertical loads. It can be seen that increa ing the 
percentage pl'erotation also leads to a reduction in vertical 
load, through reduction of the bending moments acting on 
the landing gear, as previously discus ed. In these tests t he 
minimum vertical load occurred at a prerotation of about 
80 to 85 percent, where the minimum strut bending response 
occurred at the time of maximum vertical load. 

It is of interest to compare the results of the prerotation 
tests with those obtained for the same initial skidding velocity 
of the tire in forward-speed tests without prerotation. In 
the forward-spe d te ts without prerotatioll, of course, the 
initial skidding velocity is the same as the horizontal velocity 
at contact. In figure 28 the maximum values of the drag 
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FIGURE 28.-Comparison of maximum drag loads in prerotation tests 
and forward-speed tests for equal ini t ial skidding velocities. 

load in both types of tests are plotted against the initial 
skidding velocity. The maximum drag loads with prerota­
t.ion are seen to agree closely with the curves for the forward­
speed tests without prerotation . It thus appears that the 
effect of prerotation on the maximum drag load is essentially 
the same as the effect, of reducing the forward speed. 

Comparisons of the time histories of the drag load for 
tests with prerotation and without prerotation are shown in 
figure 29 for several selected intial skidding velocities and a 
vertical velocity of about 9.5 feet per second. As can be 
seen, for tests with approximately the same initial skidding 
velocity, the time histories are similar; however, the tests 
with prerotation indicate a slightly longer time to spin up . 
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FIGURE 29.-Comparisons of drag-load t ime histories in prerotation 
t.ests and forward-speed tests for several initial skidding velocities. 
VCGT in prerotation tests, approximately 85 feet per second. 

The same type of agreement was found for impucts at. a 
vertical velocity of 7.5 feet per second. 

In evaluating t he effects of prerotation, a word of caution 
is necessary. The results for the forward-speed tests with 
and without reverse rotation ill figure 15 show that the 
maximum drag load first increases with increasing forward 
speed (ini tial skidding velocity), reaches a peak at about 120 
feet per econd , then decreases with further increase in 
velocity. In the prerotation tests of the present investiga­
tion the carriage horizontal velocity was f\.bout 85 feet per 
second, well below the value for peak drag load, so that any 
reduction in skidding velocity obtained by prerotation, even 
a small amount of prerotation, caused a decrease in the drag 
load. On the other hand, for horizontal velocities above 
120 feet per second, an insufficient amount of prerotation 
may actually Cf\.use an increase in drag load if the skidding 
veloci ty at co ntact is reduced to values in the vicinity of the 
peak drag load. For example, at a horizontal velocity of 200 
feet per second, ngLu'e 15 indicates a maximum drag loa.d of 
about 2,700 pounds. In order to reduce the maJl.'imum drag 
load below this level , the relative skidding velocity would 
have to be reduced to less than 50 feet per second, that is, by 
a prerotation of 75 percent or more. Any lesser f\.mount of 
prero ta tion would actually cause the drag load to be in­
creased. This pos ibility should always be considered in 
the design of prerotatio n devices when the horizontal veloc­
ity is higher than that at which the peak drag load occurs, 
and care should be taken to insure that sufficient prerotation 
is produced to yield a relative velocity small eno ugh actually 
to cause a reduction in drag load. This restriction, however, 
still provides conside.rable latitude in matching the forward 
speed. On the other hand, for very high forward speeds, 
the maximum spin-up drag load may be of the same order as, 
or even less than, the drag load caused by other design 
conditions, so that the practical advantages of prerotation 
would be greatly reduced. E ven in such cases, however, 
prerotation might still be useful as a means of reducing 
dynamic stresses and consequent fatigue problem in the 
landing gear and other parts of the airplane structure. 

From the results of the many tests which were made in the 
basic study of wheel spin-up drag loads, certain inferences 
may be drawn regarding the probable effects of prerotation 
on tire wear. It would seem that prerotation should greatly 
decrease tire wear. On the other hand, no appreciable 
amount of tire wear was evident in the impact-basin tests, 
even though the program involved some 450 simulated land­
ings without prerotation, covering a range of vertical veloci­
ties up to 9.6 feet per second and initial skidding velocities 
up to 273 feet per second. The t ires on an airplane having 
the same type of landing gear were worn out, however, in a 
substantially smaller number of landings under much less 
severe impact conditions. Since the only so urce of tire wear 
in the impact-basin tests is the wheel spin-up process, the 
much larger rate of wear in the flight landings appears to be 
due to sources other than whecl spin-up , perhaps braking 
and turning conditions. From these considerations it would 
appear that prerotation should have little effect on tire life. 
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CONCLUDING REMARKS 

A study has been made of the applied loads and the 
coefficient of friction in impacts of a small landing gear under 
controlled conditions on a concrete landing st rip in the 
Langley impact basin. The basic investigation included 
three major phases: forward-speed tests at horizontal veloci­
ties up to approximately 86 feet per second, forward-speed 

I 
tests with reverse wheel rotation to simulate .horizontal 
velocities up to about 273 feet per second, and SpIll-Up drop 
tests for comparison with the other tests. In addition to the 
basic investigation, supplementa.ry tests were made to eval-
uate the drag-load alleviating effects of prerotat.ing the 
wheel before impact so as to reduce the relative Yt,locity 
between the tire and the ground. 

In the presentation of the results an attempt has been 
made to interpret the experimental data so as to obtain oome 
insight into the physical phenomena involved in the wheel 
spin-up process. From this study it appears that the condi­
tions of contact between the tire and the ground, and conse­
quently the magnitude of the coefficient of friction, vary 

greatly during the cour e of an impact and with different 
impact cor:.Jitions. The coefficient of friction appears to be 
appreciably influenced by a number of factors, including the 
instantaneous skidding velocity, the slip ratio, the vertical 
load, the effects of tire heating produced by the skidding 
process, and the effects of contamination of the ground 
surface by abraded rubber. Some quantitative indications 
of these effects were obtained from the experimental data but 
the nature of the tests did not permit complete separation of 
all individual effects. 

From the study of the effects of wheel prerotation, it 
appears that this means may be used to obtain appreciable 
reductions in the maximum drag loads ; however, at very high 
forward speeds, because the spin-up drag loads may be of 
the same order, as, or even less than, the drag loads caused 
'by other desIgn conditions, the practical advantages of 
prerotation could be greatly red1lced. 

LANGLEY AERONAl'TICAL LABORATORY, 

1\ ATIONAL AnVISOHY COMMITTEE FOR AEHONAUTICS, 

LANGLEY FIELD, \ ' A., August 18, 1955. 



APPENDIX A 
DEFINITIONS 

The purpose of this appendix is to present briefly some of 
the equations used in calculating the relative motions be­
tween the wheel and the ground from the measured data. 

ROLLING RADI US 

By analogy with the rolling of a rigid wheel, the effective 
radius for the free rolling of a deformable wheel is defined 
by the equation 

where 
XT horizontal translation of the axle in rolling 
{) angular displacement of wheel 
r. rolling radius 

(Al) 

An estimate of the rolling radius may be obtained by 
means of a simple geometrical argument, along the same 
lines as that used by R. C. Whitbread and described in refer­
ence 6. The adjacent sketch represents a rolling wheel of 
free radius R, deflected by an amount o=OB; the deflected 

I 
I 

J 
Ground. ,_ 

B 

ketch (a) . 

radius is ra. Assume that the arc ABC has been compressed 
so that the mean footprint length is equal to the chord AOC. 
Assume, also, that no sliding between the tire and the 
ground occurs in rolling. Thus, for an angular displacement 

8 
. -1 ~R2-ri 

= sIn R 

as shown, the axle will be displaced horizontally by an amount 

xT= OA 

=~R2-ri 

With the foregoing substitutions, equation (A I ) gives the 
following expression for the rolling r adius : 

32 

R 11- ra
2 

-y R2 
r.= -----'----::== 

. - 1 /1 ri 
sm 'V - R2 

(A2) 

It can be readily shown that the right-hand member of 
equation (A2) is very closely approximated by the linear 

fUllctl'on 2R+ra f th t' 1 f t' d fl t ' - -3- or e prac lca range 0 ITe e ec lOn , 

so that 

or, since ra=R- • 

o 
r "'"R - -
• 3 

where 0 is the tire deflection . 

(A3) 

(A3a) 

Equation (A3a) appears to be substantiated fairly well by 
experimen tal data. (See ref. 6.) 

APPARENT SKIDDING VELOCITY 

If skidding exists, the horizontal displacement of the axle 
Xazl. is not equal to the horizontal displacement x, in free 
rolling. T he apparent skidding distance X.kia is the differ ence 
between the actual translation of the axle and the translation 
in free rolling, for the same angular disolacement of the 
wheel. Thus, 

(A4) I 

Differentiating with respect to time gives the following ex- i 
pression for the apparent skidding velocity: ! 

V 'kia= Vaz/. - reO (A5 ) 
where 

SLIP R ATIO 

The slip ratio is normally defined as the ratio of the change j 
in the angular velocity of a wheel, under the application of I 

tOl'que, to the angular velocity of a freely rolling wheel at 
the same axle velocity; that is, 

where 

S=Or~- O 
8f 

o angular velocity of wheel under torque 

(A6) 

Of angular velocity of freely rolling wheel 

Multiplying numerator and denominator in equation r"A6) 
by r. and noting that r.Of = Vaxl• gives 

S Vaxle-r.O 
V axl• 

V,kia 
Vaxle 

(A7) 
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APPENDIX B 

TIRE H EATING 

A rough evaluation of the factors which infiuellce the 
heating of the tire during the skidding process may be 
obtained from the following elementary considerations. 
Assume that the tire is a good insulator, so that the heat 
produced by the skidding remains on the surface of the tire; 
the temperature rise of the surface will then be directly 
proportional to the concentration of skidding energy per unit 
of t,ire surface area. For simplicity assume that F V

T
, )J., 

and r. are constant; also, assume line contact between the 
tire and the ground (rigid tire) . Consider the work done 
in skidding and the area of the tire in contact with the 
ground during an increment in time /1t, during which the 
tire rotates through an angle !18 and the axle is dis­
placed horizontally through a distance /1Xax l.; the skidding 
distance during this interval is given by (see eq. (A4)) . 

(B l) 

The work done in skidding is 

The amount of tire surface making contact with the ground 
is 

/18 
/1A = 1/181 wr./18 

where w is the width of the tire contact area. (The factor 

/18 .. d d' h A' . . dl 1!181 IS mtro uce to msure t at /1 IS posItive regal' ess 

of the direction of rotation') 

The ratio of the incremental work to the incremental 
area is, therefore, 

D ividing numerator and denominator of the right-hand 
side by /1t and passing to the limit gives the intensity of the 
skidding energy in the tire surface area making contact with 
the ground: 

From the definitions of V,kid and 8 (eqs. (A5) and (A7)) 
it follows that 

where, for 
8 < 1, 0> 0 

8 > 1,8< 0 
so that E is always positive. 

(B2) 

Equation (B2) indicates, in first approximation, how the 
energy concentration in the tire surface varies. It is immedi­
ately evident that, everything else being equal, the greatest 
energy concen tration . occurs at 8= 1, the values at the 
extremes of the range of 8 being 

E(S=O)= O 

J.'Fvr 
E(S=oo) = -;;:V-

Since the coeffi cient of friction decreases with increasing 
tire-surface temperature, that is, decreases with increasing 
skidding energy per unit surface area, this simplified argu­
men t indicates that, all other factors being the same, the 
coefficient of friction should reach its minimum value at a 
slip ratio 8=1 and increase as 8 becomes either less than or 
greater than 1. It also appears that the coefficient of fri ction 

F 
should decrease with increasing values of ~. These 

w 
observations, of course, refer only to the effects of heating. 
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TABLE I.- CHARACTERISTICS OF TEST INSTRUM ENTATIO N 

Quant ity mea ured 

Axle normal force, FN • ______________ _ 

Axle axial force, F A • _ ___ __________ _ 

Axle normal acceleration, in ner, aN .i-- -- - - - - - - -­

Axle normal acceleration , ou ter, as •
o 

- - - - _ _ - - - - - - - __ 

Axle axial acceleration, a.<. __ ____ ___ _ _________ _ 

Ground vert ical force, Fv , - _ _ _ ________________________________ _ 
Ground horizontal force, F/J, - ________________________________________________ _ 
Ground vertical acceleration, av,_______ ______________ _ _______________ _ 
Ground horizontal acceleration , a/J, ______________ _ _______________ _ 
Wheel angul ar di placement, 0 __________________________________________ _____ _ 
Wheel angular velocity, 0___ ___ _ ____________________________ _ 
Upper mass displacemen t, zu________ _ _ ________________ _ 

Shoc k-strut ax ial troke, s ___ ___ _________ _ 

Tire displacelT_ent (fixed in tallation) _______ _ 

Vertical velocity at contact, V
vo

-- - - __________________________________________ _ 
Lift force ___ _______________ ____ ____________________________________________ _ 

Carriage horizontal di placemenL ____________________________________________ _ 
Oscillograph timing ____ _______ _____ _________________________ . _______________ _ 

• With wheel assembly attached. 
b With ground platform attached. 

Inst rurucut 
natural fre-
quency, cps 

8220 

8403 

800 

800 

140 
b275 

blOO + 

520 
530 

----- -- -----
- -----------
F lat response 

to 20 cp 
Flttt respon e 

to 20 cps 
Flat re ponse 

to 20 cps 
1, 000 + 

---------- --
------ ------
-- ----------

Gal vanometer 
nat ural fre-
quency, cps 

800 
00 

800 

800 

150 

800 
800 

800 
800 

1,650 
800 
500 

100 

100 

800 
100 

1, 650 

Estimated total 
max imum error 

± 90 lb 
± 240 Ib 

± 0. 8g 

± 0.5g 

± 0.4g 
± 150 Ib 
± 230 Ib 

± 0.2g 
± 0. 2g 

± 1° 
± 1. 5 percen t 

± 0.2 inch 

± O. 15 inch 

± O. 15 inch 

± O. 1 fps 
± 2 percent 

± O. 1 f t 
± 1 percent 
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