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This paper discusses a study conducted at the U. S. Army Engineer
Haterways Experiment Station (¥ES) undexr the sponsorship and guidancs of
the Directorate of Research and Developmeat; U. S, Army Materiel Command, S

as part of DA Project 1-V=0~217¢1-A-046, "Trafficability amd Hobility

Se demew e 4
e

Research,® Task 1-V«0~21701-A-0%6-03, "Hobility Pundamentals and Model

-. Studies,® . .
The study discussed Qas accomplished by personnel of the Army Mobility l
Rasearch Branch, Mobility and Environmental Bivisiong WES, under the super-

E vision of Messrs. W, J. Turnbuil, W. G. Shockleyf?g. J. ¥night, and Dr. D. R, ;

Freitag., T7This paper was prepared for publication in The Journal of Terra-

- mechanics, the International Scciety for Terrain-Vehicle Systems,
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Abstract

Y

Tire deflection data were ‘studied from tests performed in the

R TR g T oL rAf e

single-wheel test facilities at the U. S. Army-Engineer Waterways Experiment

,_‘n.v
-

Station, Vicksburg, Mississippi. The tests were performed with a smooth

e

11.00-20, 12-PR tubular tire woving under a 3000~1b load in mortar sand

of various strengths gnd a smooth 9.00-14, 2-PR tubeless tire moving

te

under an 890-1b load in Yums sand of various strengths. Plots are

presented of the path of a point on the center lime of the tires relative :
% to a moving and a2 fixed frame of reference. .Representative plots are ;
included to show the effect of slip, soil strength, and iaflation pressure

on the path and to compare the paths of a point on towed and powered

tires. -
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CENTER-LINE DEFLECTION CF
PEERMATIC TIRES MOVING IN IRY SAND

D. R. Preitag® and ¥. E. SmithZ

1. TUTRODUCTION

Te development of 2 practicable mathematical description of the
pexformance of wheeled vehicles could be enhanced by a better understanding
of the forces acting at the tire-soil interface. The coafiguration of a
moving tire in a yielding soil is considered a "stepping stone" to this
understanding. Some studies h.ave been made of the distortion of the cross

3 tl“and r'ecent:l.y, as described in this paper, a study

section of 2 tire,
was made of the deflection of the center line of a tire moving in air-dry
sand.s Both studies were a part of the mobility research program in progress

in the Mobility and Enwironmental vaisian of the U, S, Army Engineer

1Engineer, Jeting ChieZ, Army Mobility Research Branch, Hobility and
Environmental Divisiom, U. S. Army Engineer Waterways Experiment Station,
Vicksburg, Mississippi.

Z}Xachematician, Mobiliry Section, Army Mobility Kesearch Branch, Mobility
and Envirozmental DivIsion, U. §. Army Engineer Waterways Experiment Stationm,
Vicksburg, dississippi.

3U. S$. Amy Ingineer Waterways Experiment Station, Deflection of Moviny Tires,

A Pilot Studv on a 13=22.5 Tubeless Tire, Technical Repozt No. 3-516,
Report 1, %icksourg, Mississippi, July 1939.

4McRaiz,, J. L., and Knight, S. J. "The Terrain-Vehicle Programmes of the

U. S. Army Engineer Uazterways Experiment Station," Journzl of Terramechanics,
Vol 1, No. 1, 1964, pp. 98 - 107.

{ 5U. S. Army Engineer ‘2terways Experiment Station, Center-Linc Deflection
Studies Tnrou:n Julv 963, Technical Report No. 3-516, Report 3, Vicksburg,
Mississippi, March 1Y65.
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Wagervays Experiment Station (WES), Vicksbuxg, Missiscippi. The work was

gponsored by the Environmental Sciences Brzmech, Resgearch Bivision, Research
and Development Directorate, U, §S. Azoy Materfel Cosmand.

The data used in the center<iine deflection study were ccllected
in tests performed in the facilities of the Mobility Section at WES.
The smooth $,00-14, 2-PR tubeless tire vas tested in Yiema gand, and the
smooth 11.00-20, 12-PR tire with ioner tube was tested in mortar sand.
In these tests, the movement (in one piave) of a point on the center line
of the ianer tire surface was measuped by a liswar-angular gage (Fig. 1).
COnly data obtained on the first pass through the test section were used in
the snalyses, Detailed descriptisn of test facilities ssd techniques can

be found {n a WES publication.6

To check the adequacy amd accuracy of the measvrements of the
wovement or deflection of the inmer tire surface and the assumptions
associated with their application, mowement qf points on the outer tire
5, 7

surface was measured by means of a scratch zest. A scratch test con-

sisted primarily of carborundum particles scratching a wax-coated paper
fastened to an unyieiding surface as a loaded tixe was towed on the surface.
In general, che movenment at the center line of the tire was rearward
{oppusite to the forward motion of ZThe w’ne:el), while points near the edges

of the contact area moved inward toward the ceaterxr lime ond, to some extent,

6!1. S. Army Engineer Waterways Experiment Station, Pexrformance of Soils
Under Tire Lcads, Test Facilit:es ard Techrirues, Tecanical Report No. 3-666,
Report 1, Vicksburg, Mississippi, Jauvary 1963.

?Wann, R. L. and Reed, Y. F. Studies of Tractor Tire Tread Movements,
Paper for presentation at the 1961 winter wmeeting of ASAE, Chicago,
Illinois, December 1961.
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forwvard, Furthermore, & composite of the {ndicated forward and rearward
moveurent acrass the face of the tire confiymed the assumed garo-siip condie-
tion of the wheel.
2, FHEUMOIDS AND PEDOPREUMOIDS

T}m path of a point on the tire surface was veproduced by
plotting the éeﬂectic;n aaa.sm:ements with respect to both & fixed &nd a
woving frasme of refereace. A tire shape is defined as the path of & peint
on a deforming pnzumatic t:ire'relal:ive to & woving reference frawme, {,e, the
axle center line, If the tire does not deform, its shape'is rerely a
circle. If the tire ?oes det:om, but the. surface over which the tire moves
does not deform, the tire shape within the zone of contact must conform
to the costour of the surface. If both the tire and the surface over which
it moves are deformé.ble, as in the case of a pueumatic tire moving in a

yielding soil, the tire shape represents the balance between the resistance

to deforzation of the tire and that of the surface. In such a case, there-

fore, the shape {s indicative of the resultant force of the soil on the iwving:

tire, insofar as the resiztance to deformation is uniform along the major
circumference of the tire,

The path, reliative to a fixed reference fra:r;e, of a point on a
deflecting, torodial, pneumatic fire rolling on an unyielding surface is
termed. “pncumoid,” A similar pata, but with the tire traveling on 2z
yielding soil, is called'bedopneumoid.” The cycloid in Fig, 2 may be
considered to be an uxndeformed tire rolling w.ir.hout: slip, which contacts
the soil at A in one case and B in another, but in both cases loses contact

with the soil at C. The most interesting portion of the path lies between
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A snd C or B and €, which illustrates the re-la:i.ve notion batween the
point on the tire and the soil., This relative motion is mot a8 siip path,
as slip is vormally defined. In fact, in tixe case ghown, the path repre-
sents the case of zevo slip. Purthersore; these portions of the path are
of different lengths. Sinte no established term has beea found that suitably
and concisely describes this length of the path over which wheel and soil
are in contzet and, at th.e szrpe time, avoids the confusing implication
that there is & relation to slip, the term "olistodos”™ has been assigned
to this path. It will be noted in Fig. 2 that the Z component of the
olistedos is simply the sinkage of the wheel, For the net X component,
a term “olist™ has been assigned. ' The olist is coasidered positive when
the point of soil-wheel separation (C) is forward of the point of initial
contact (A or B). The curve in Fig. 3 is similar to a prelate cycloid but
also may represent 2 pedopneuswid of an t;ndeformed tire woving with slip,
which contacts the soil at either A or B and .loses contact with the soil at
GC. From Fig. 3, it can be seen that the olists can be either positive (XB)
or negative (XA), even though the slip may be the same iz both instances,
In yielding soil, the olist of a point on the center line of the tire will
alvays be positive w‘:;en the wheel siip is zero or negative. It may be
either positive or negative when. the wheel slip is positive,
3. REE‘RQDUC'EION OF TIRE SHAPES
Plots of the deflection data with respect to any reference frame
represent the path of a point on the inner surface of the tire. To repro-
duce the path of a point on the outer surface of the deflected tire, it

was necessary to assume either {a) that the tire surfaces remained the
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seuie distence apart in the process of deflectiog oxr {b) that both surfaces

deflected radfally., Since the mefor circumfsreace of the w=deflected inmner
surface was 4.96 in. less than that of the undefiected outer surface of the
11.00-20 tire, and since both surfaces, deflected by a vertizal load, should

have conformed to the shape of & Jevel unyielding surface on which the tire

region did rot deflect radiglly. Conseguently, assuming thar the inner and
outer tire surfaces remained the same distance apart and that the tire thickness
did not change with inflation pressure or intemsity of interface pressures,

the shape of the outer surface of the deflecteé tire was derived from the

reproduction of the inner surface of the defiected tire (or plot of the

deflection data). The derivaticm was accomplished-by siwply adding, on each

normal te the inner surface, a constant distance equal to the thickness of the
unstressed tire. Unless noted, only the paths of a peint on the outer

surface of the tire are used ln this presentation, and ounly a portion of each

is shown so that the wost interesting portions could be enlarged,
The reasonableness of the assumptions previcusly ststed has been

verified by close checks with the completely independent meAasurements from

the scratch tests on the firm surface. Fig. 4 shows a reproduction of the

shape assumed by the 11.00-20 tizre inflated to 17.5 pei and moving undér a
3000-1b load on an unylelding surface. The pneumoid derived from the
shape of the outer surface of the deflected tire is showa in Fig‘. 5 and
indicates an olist of 0,07 in. For the same conditions, the scratch test

also showed an olist of 0.07 in, Olists of sther pneumoids and their

corresponding scratcn tests also agree admirably.

moved, it seemed reasonable to assume that both surfaces in snd near the contact .
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L Y TIRE CONTACT LENGTH ON TEE UNYIELDING SURFACE

the data from which the pne;moids were derived show that an arc
length of the undeflected tire became much shorter whiie in contact with
the surface, Th_is was corroborated by the cbservations that the rolling
2ircunference (the forward advance per revoiuti;m of the wheel) on the
enylelding surface was less in.every instance than the leagth of the major
ctrcunfereuce of the undeformed tirs and that none of the radii of the
deflected tire were greater than the radius of the undeflected tire. While
this condition became evident in the study of the pneumoids, it is wmore
clearly showm by the sh.ape of the tire in Fig. &4. Accovding to the assumed
relations, the lengths of an inner.and outer surface of a tire in centact
with an unyielding surface are equal zad, in this case, were 13.35 in, The
arc lengths of the inner and outer surfaces of the undeflected tire were
13.87 and 14.42 in., respectively, and represented one-ninth of & wheel
~vevolution. Obviously, the amount by which the lengths of the deflected
sarfaces différed “vonm the lengths of thelr respective undeflected surfaces
{9.52 in. for the inmner surface and 1.04 for the oute;r surface) were not
groportional £o the radii pf either the undeflected or the deflected tire.
Furthermore, the dgflection of the outer surface was approximately radial,
wnile that of the inner surface vas not radial. Although it is not evident
in the tire shapes in Fié. 4, the wheel advanced opiy 13.28 in. during

one~-aninth of a revolution, which indicates that the center line of the wheel

t
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had to slide a distance of 0.07 in. on the enyielding surface.. 0f equal

interest is the observation that a radial prejeetion of points on the inmmer
surface -of the tire would requirs the assumption that the tire thickness
significantly changes; and the oontac,:: length of the derived surface then
would be much greater than 13,35 in. This greater contact length would
require that the center line of the wheel zlide a distance many times

Jonger than the 0.07 indicated by the scratch test.

Since the external tirfz movement inferzed by the assumed relations
of the deflectior of the inner and outer tire surfaces agreed with the
external measurements of the scratch tests, pedepneumoids and shapes of the
tire moving in a ylelding sand were reproduced by the same method used in
reproducing the pneuroids and shapes of the tire moviag on an unyielding

surface, Discussion of the pedopne;xmids and tire shapes follows.

5. * TOWZD- VERSUS POWERED-WHEEL TESIS

The shapes snown in Fig. & are of the towed and the powerad
{11.00-20) tire moving under essentially the same conditions of load,
icflation pressure, and s0il strengti but at different conditions of
siukaze and slip., Illovement vectors have been added to’these shapes to
{llustrate that, altaough tste shapes are similar, the movement of a point
on tae undefiected tire to its position on the deflected powered tire is

unlike the movement of a point to its position on the deflected towed tire.
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, These vectors indicate that, duxing the process of tire deflection, the

govenes? of a point on the towed ¢ire has a large radial cowponent and a
small .ﬁmgential component. The direction of the tangential component
depends upon the location of its origin with respect to the deformed tire
and the center line of the ‘axle. The movement of a poiant on the powered
tire has both radial and tangential components alsc, but the direction of

the tamgential component is opposite to the direction of the applied torque

{or the uhecel rotationk

’ ~ The data from which the shape of the powered and towed tize were

dexived also were used to derive the pedopneumoids showm in Fig. 7. The

pedopnesmoid on the right is that of the towed tire with segative slip; the

one on the left is that of a powered tire with positive slip. The original

s0il surface ar . the beginning points of the olistodos of both test condi-
tions have been drawn to coincide to emphasize the difference in the two

olistodss. For clarity, arrows have been drawn along the pedopneumcids to

show the divection the reference point followed in each csse. The end of

each olistodos, the lowest contact of the reference peint with the soil, 1is

shown a3 the bottom of the rut., It is readily noted that the olist is

positiva for the towed tire with negative siip, and negative for the powered

tire with positive slip, However, the rmagnitude of the olist is orly very

roughly prxoportional to the magnitude of the slip. No& esough information

is available to determine if the olist is related to the magnitude of the

[y

farces oun the tire.

6. EFFECT OF INFLATION PRESSURE ON THE SHAPE OF THE 11.00-20 TIRE

The effect of inflation pressure on the shape of the 11.00-20 tire
ig illustrated by the tire shapes in Fig, 8. The pedopnemmoids (Fig. 9)
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derived from these tire shapes also exhibit an effect of inflaticn pressure.
This effect cannot be attributed entirely to inflation pressure because the
pill, sizkage, and 8lip were not the same in bc-ot:h tests; however, the load
on the tire and the soil strength were essentially the same.

Bach tire shape in Pig. 8 i3 symmetrical about the point of
wmaximm daflection. At 19-;;31 inflation pressure, the tire was flattened
in the cmatact region, but at 45-psi inflation pressure, the tire was
nearly roend, As expected, the corresponding pedopneumoid followed the
same general pattem,. i.e. when the contact region of the tive assumed a
relatively flat shape, the olistodos also was relatively flat (Fig. 9).

7. EFFECT GF THE TEST VARIABLES ON THE SHAPE OF THE 9.00-20 TIRE

Data obtained with a 9.00-14, 2-PR smooth tire have been used
to show the effect on tire shape of t:ne soll strength, siip, and infiation
pressure., For these tests, the‘ tire was operated under approximately a |
constant Isad (860 to 880 1b), so the only independent test variables were
slip, soil strength, and inflation pressure (or percent deflection, which
is the ratio of the maximum deflection on an unyielding surface to the
section height of the unloaded tire),

7.1 Siip

The effect of slip on tire shape i{s demonstrated in Fig. 10 by
shapes derived from data collected _in a single test in which the slip was
programmed to increase linearly with time., Im this test, the strength of
the sand (25 cone index) and the inflation pressure (12.5 psi) were
essentially constant, but tixe input torque and sinkage increased as slip
increased. The tire shapes were superimposed so that the original soil
surfaces at each slip condition coincided. Tucse tire shapes indicate that

9
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as slip increased, the general shape of the tire in the comtact zone

changed firat from a symmetrical cuxve that wss flat in the central portion
to & symeetrical curve that beat upward in the central portion, then to an
asymmatrical curve that bemt upsard in the centrsl porvtion. However, the
tire shapes superimposed im thv; manner shown 1:n Fig. 11 indicate that the
change in shape (caused by the tire ylelding to or resistiug the applied
forces) occurred within approximitely the same portion of the deformed
tire. It follows that the incrcase in contact length with an increase in
slip was an effect of an imcrease in sinkage rather than an effect of change
intire shape. It is observed readily in Fig. 10 that the projected contact
length increased with an imcrease in slip., This increase in length was
relatively small compared to the increase in sinkage. Therefore, the ratio
cf sinkage to the projected contact length also 1luncreased with au increase
fn slip. It is of further interest to note from the shapes in Fig. 10 that
a3 glip increased, a smaller portion of the total cestoet length was benind
the center line of the axle; that is, the point of tire-czil separation
zoved closer to the vertical plane of the axle center lisz. It is observed
also fro.m these tire shapes and all others reproduced so far (including
sne for a 90% slip comdition) tkat the point of tirc-seil separation was
iways behind the center line of the axle.
7.2 Soil Strerngth

The tixe shapes in Fiz., 12 were derived from tosts in waich the
tire inflation pressuxe was 12.5 psi and the slip was copmeimately 207,
At this siip condition, both the lnput torque and the gmall devcloped by
the wheel were less in the softer sand thanm in the firacr zand, but the

10
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sinksge developed was more. Since soil strength (25 ana 80 cone index)

vas the ounly independent variable that wns not esacntially constant, {ts

effect on tire shapes ia clearly indicated., The shape of the tire in the

softer sand wvas symmetrical, and the shapa of the tive in the firmer sand

was asyometrical with a gréater upward curvature in the cemtral portion

of the contact region, With respect to sinkage, this chavge in symmetry

was opposite to the trend in the progressice of the tire shapes shown in

Fig, 1¢. However, as noted, not all {nfluecocing factors axe equal in each

case.,
To show the effect of soil strength on the shapa of the tire

*

inflated to 40.2 psi, tire shapes were derived from data collected in cwo
tests for which the soil strengths were 26 and 81 cone {mdex, respectively,

These tira shapes are shown {n Fig. 13. The slip in the soft-sand test

was 12.3% and in the firm-sand tesc was 14.0%4. At this relatively high

icflacion pressurs, the tire yielded more rendily thaa did the firm sand

and less readily than did the soft sand. As & result, the shape of the

tire in the fimm sand was some vhat flat o ¢ie contact region, and in che

soft sard, it was rounded. The shapes of the tire &t the lower infiation

pressure in Fig. 10 are wmore flat than rounded in bogch the sofe and the
fira sand. This indicates that the snape & tire assumes {n the sofil
represents & baiance between the stiffness (as related to inflation pressure)

of the tire anu the stiffness (a3 relacted o srrength) of the soll.,
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