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FOREWORD

This report concerns tests conducted at the U, 0. Army Engineer
Waterways Experiment Station (WES) a:s a part or the vohicle mobility
ragearch prorram under DA Project lo. 1-V-0-2:7C!1-A-Obt, "Trafficability
and Mobility Research,"” Task 1~-V-0-Z1701-34-0L5-03, "Mobility Funiamentalc
and Model Studies,” under the sponsorship and guidance of the Directorate
of Research and Development, U. S. Arty Materiel Cormani,

The tests were performed by perscnnel of the Hotility Section, Arrmy

Mobility Research Branch (AMRB), Mobility and Environmentsd Division, WES,
during the period from April 1960 to November 1963 under the general
supervision of Messrs. W. J. Turnbull, W. G. Shockley, and $. J Knight,
and under the direct supervision of Dr. D. R. Freitar. Activ: , engaged
in the study were Messrs. J. L. McRae, C. J. Powell A. B. Thompson,
R. D. Wigmer, G. T. Easley, J. L. Smith, A. J. Green, G. ... Turnage,
and N. R. Murphy. The data analysis was conducted by Messrs. Powell,
Turnage. and Green. This report was prepared by Messrs. Turnage and
Green, and Appendix A was prepaied by Mr. Smith.

Col. Alex G. Sutton, Jr., CE, and Col. John R. Oswalt, Jr., CE,
were Directors of the WES during this study, and Mr. J. B. Tiffany was
Technical Director.
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SUNMARY

This report examines the effects of tire deflection, tread, carcass
stiffness, construction, speed, and slip on tire performance in a dry
sand. Laboratory tests results indicate that for btest performance in a
dry sand a tire should be highly deflected, smooth, and of diagonal-ply
construction., Variations in carcass stiffness have negligible erfcets
on tire performance when comparisonc are made at ejual loads and deflec-
tions. It was concluded that the perrormance of pneumatic tires in sand
is affected by speed; however, the extent cf this irfluence was not
wholly determined. Logical, orderly relations are shown between slip and
several independent and dependent variavles--wheel load, soil strength,
rull, and sinkage--both at the towed and the maximun pull points.

A direct relation ic shown tetween the rull develeored by a full-
scale Lxb vehicle and that develor:2 by 2 single wheel in multiple passes.
Good agreement was attained in this relaticn for both Yuma (descrt) and
mortar sand. ‘

Significant differences in tire rerformance registered in Yuma and
mortar sands at corresponding levels ot soil strength (as meacured by
cone index) prompted a study cf tne physical characterisiics of the two
soils. This study revealed notable differences in the strength charac-
teristics of Yuma and mortar sands that explain a porticn of the differ-
ences in tire performance in the two cands.
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PERFORMANCE OF SOILS UNDER TIRE LOADS

ANALYSIS O TESTS IN SAND FROM
SEPTEMBER 1962 THROUGH NOVEMBER 1963

PART I: INTRODUCTION

gacaggoung

1. In March 196C the Chief of Research and Development, Department
of the Army, directed the Office, Chief of Engineers,* to have the U. S.
Army Engineer Waterways Experiment Station (WES) proceed with the investi-
gation outlined in the document entitled Plan of Tests, "Performance of
Soils Under Tire Loads," dated February 1960. The study was initiated
immediately, using a system composed principally of a single-wheel dyna-
mometer cystem and a series of movable soil bins. Test techniques were
d=veloped to vary the wheel slip during a run so as to allow the towed,
self-propelied, and maximum pull conditions to be attained within the
uzable length of the soil bins. A desert sand and an alluvial clay were
selected as principal test soils, and a third soil, river-deposited
nmortar sand, was used for anxiliary tests. A series of tires having
different widths, diameters, cross sections, and structural characteris-
tics was tested.

2. This investigation 1s described in a series of reports under the
general title Performance of Soils Under Tire Loads (WES Technical Report
llo. 3-666).9-11** Report 1 of this series describes the techniques and
equipment used in the WES mobility test program and presents details of
the test plan. Report 2 presents results of the analysis of first-pass
performance of a number of tires in Yuma sand based on test data procured
through August 1962. Report 3 descritbes the preliminary anslysis of the
tire performance data from tests in fat clay. This report is the fourth
in the series and continues the analysis of tire performance in sand that

was begun in Report 2. Included are results from both single-wheel and

* Responsibility for ground mobility research was assigned to the U. S.
Army Materiel Command in August 1962.

¥¥ Raised numbers refer to similarly numbered items in the Selected
Bibliography following the main text o this report.
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Lxl vehicle tests conducted in two sands. The test techniques employed
for single-wheel tests are given in Report 1. The ixl vehicle and
testing techniques used are desceribed in the appropriate part of this
report.

Purpose and Scope

3. The tests upon which this report is based are part of a
comprehensive study of the interrelation ¢f sand and moving pneumatic
tires. The broad purpose of this study is to develop a bacis for the
selection of the appropriate tire size and inflation pressure to achieve
the desired mobility for a given vehicle, load, and soil condition or
range of soil conditions. The specific objrctives of the study reported
herein were to: m

a. Examine in detail the effects of several variables on tire
- performance in sand that were not thoroughly analyzed i
Report 2.

Demonstrate that the performance data obtained with the
single wheel provide a valid basis for predicting perfor-
mance of a multiwheel vehicle.

o

Compare the physical charactcristies and the behavior of
the Yuma and mortar sands under nmoving pneumatic tires.

[
.

L, Two soils were used in this study. One, a desert sand taken from
dunes near Yuma, Arizona, has been described in Report 2. The other was a
stream-deposited mortar sand taken from a site near the Big Black River
south of Vicksburg, Mississippi. Both Yuma and mortar sands were sair=-dry

for all tests, with actual moisture content ranging from 0.2 to 0.5

percent.
5. Tests were run using several different loads and deflections,

and with tires ranging in size from 1.75 to 15.2 in. in width and from
14.9 to 41.3 in. in diameter.

Definitions

6. Certain terms used in this series of reports are unique to this

study, while others are considered unique to this field of research. To



iacilitate the analysis of the 4t

¥

csults, these terms were rigi:ly

and the communication of the test

t:'ined in Report 1 of this series,



PART II: ANALYSIS OF THE ZFFECTS OF SEVERAL
“VARTABLES ‘ON TIRE FERFORMANCE _

Data Usei

7. The effects of most variables on the verfornance cf a vnewnatic
tire operating in soil can be determined from 2n analysis of the results
of' programed-slip tests using varicus lowds and deiflactions and a constant
rotational speed. Report 2 of this corics aes-ribes the influcnes ol some
ot the varizbles assceiated with thec. croymewws iazliy Loets, iis rovort
continues the study by analyczing the inrluence of seovoral important

variables that were not thoroughly stuil g in the cwrli.r rorort, Al-

though latz available at thiz tine &0 nst reormit a coonlets analycis
of 411 variables, they do reveal importnt tronis thet wwrrunt Dorther

3. Porticnc of this analysis are tased on data Urom tests roportd
in Report 2, and pertinent data from those tesis can Lo Pound in the
tables in that report. Other data, originally used in Rercort 2, hive been
modified and reanalyzed for this report, and these, as well ag datn Urom

tests unique to the study reported her-in, are listed in tublec 1-1ib,

Effect of D=flection

9., Perrormance data from tests with a 6.00-16 solid rubber tire and
corresponding performiance data obtained with a two-ply pneumatic tire of
the sane nominal size are plotted in plates 1 and 2 and show the effect of
a tire's deflection on its performance in sand. Overall dimensions of
the two tires were similar, with the diameters approximately 28 in. and
the diameter/width ratios approximately 4.2. The pneumatic tire was
tested at deflections of 15, 25, and 35 percent, but the deflection of the
solid tire did not exceed 3 percent, even for the heaviest load tested.
Performance parameters

10. The test data demonstrate that, within the range tested, as the

tire deflection is increcased, sinkage is decreased, towed force is



deﬂreased and maximum pull is 1ncreased as lorg as soil strengtH ani hori-
zontal velocxty are reaoonably conftant, ‘ '

Towed ooefflcxent e ' "i"., . , }:_< e P

ll. For the towed cond¢t10n, the curves of thL towed coeffzolent 1§'
' (PT”= pull at towed point; W = load)‘versus so;l strengyh tend tq converge 
and approach a horizontal asymptote at a high soil strength (plate 1). The
towed cbefficient‘at that point is comparable to the\averagé hard-;urfaée

‘ railihg resistance for the range of deflections CQnsidéred; The curves |
representiﬁg;sinkage at the towed pdiﬁt versus soil étréngfh exhibit trénds
Vsimilar to those of the. towed éoefficl:ntiversus~$oil strength*for‘thexsame‘»
group of tests and, in doing so,‘éuggeét that these‘twé depeﬁdent_variables

are related.

Makimumlgull coefficient »
kl?. For the meximum pull condition, the curves of the meximum pull Co I
. coefd icient 3% (PM = pull at maximam pull point) versus sqil Strength
tend to converge as they approach the imwobilizaticn point at low soil
strengths (platevE). This is attributcd, in part at least, to ‘the fact
that differences in the in-scil tire d £lections ( ) were uon51derab]y
less than differences in the hard-surface deflechions (6 ) that were used

in constructing the plots. At the higher soil strengths, the in-soil and

hard-surface deflections are of the same order of magnitude. The trends
exhipited by the sinkage at thé maximum pull point versus soil strength
'curves are somewhat ill-defined by these data but generaily agree with
data collected during the latter phase of this program which suggest that

the maximum pull cocfficient and sinkage are also related.

Effect of Tread

13. Data from tests with two 6.00-16 radial ply tires, one with a
direcvional-bar tread and the other buffed free of tread, were used to
determine the effect of tread on performance., Basic performance curves for

the two tires are shown in plates 3 and 4. Though only five tests were

e S

conducted using the tire with tread and performance curves ax»: based on not P
more than threc points, the test data appear ccnsistent. For the limited el 8
, .

range of test conditions studicd, the smooth, radlal-ply tire consistently




outperformed its bar-tread counterpart, and while the advantage is slight
in each case, it is well defined. This sureriority in performance was
maintained although the tire with tread wus tested at slightly greater de-
flections than the smooth tire in each ~ase. Early in the test program,
deflections were‘computed on the basis of :arcass section height plus tread
height. To be consistent with the method vy which deflections are oxe
rressed for smooth tires, it was ne:rssary to recalculate these deflection
values on the basis of earcass ga2ction height without tread. Computed in
this way, hard-surface deflection values for the tire with tread were 16.5
and 39.3 percent as shown in plates ¥ and 4. Since .t has been showm that
an increase in tire deflectiorn resultc in increased tire performance, the
superiority of the smooth tire iz probably greater than the margin

:ndicated,

Erfect of Speed

Inertial forces

14, wWormal (6 fps) tests. In a normal programed-slip test, wheel

o

angular velocity is held conctant while test carriage speed is intreaseas ot
a uniform rate to some predetermined value and then decreased to zero (s
tig. 1). The deceleration required introiduces an inertial forse into the
system which can be calculated from the cquation Fd =ma , i the macs

decelerated (m) and the change in wheel vclo:xity (a) at the point in ques-

tion are known. For example:

(total static weight of carriage components
acting against horizontal load cells, 1b) _ 517 1b

acceleration ol gravity 32.2 ft/becz
Ot
test car length traversei Anring deceleration _ L0 ft S
At = n - = = = 13.3 son
average spced durlng deceleration [ fps/?

—.—6—&&—: ‘/2
A = 7330 0.45 £ /ser

Fg=ma=—22030 50y rt/sec” = 7.2 1k
32.2 ft/sen
This sample n~aleulation usez tyni-al values from a 6-ps test and assumec a

fi

constant rate of vnlocity decreass and also assumes that the verticral center
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force du> to deceleration is of the order 2 5 1b, 50 that for practical
purposes it can be neglected.

15.  High-speed (18 fps) tests. To stuﬂy the influence of specé ou

tire_perfbrmance, a series of 18 spejial tests weve conducted with a ,50-
18, L-PR tirc at speeds (at zero slip) of 0.5 ard 18 “vs. Results of these
tests are listed in tables 1 and 2. In high-cpeed ﬁests (18 fps), it was
tound that the force caused by deceleration had to bﬁ_considered to accu-

rately determine the pull develioyed by the whéel. Ths testing te-hnique

carriage is acceleratsd very rapidly so that rexi
reached a censiderable distznce ahead cf the firs
maintained ai a nearly constant level untll st:ortly

; -

- 4 Fatnd JCR N 2. - . . 2 I
ent=re the first tesi car, when dsceleration I3
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srizontai forces is in the direction of travel, which is tne same direc-
tion as that of a positive pull, so that inertial forces are recorded as an
adjitional positive force. Thus, the absolute magnitude of the true maxi-
oam pdil when the wheel was assumed to be traveling at a cons-ant speed was
less than that registered by the load cells, and the absolute magnitude of
the towed force was greater than that registered by the 1oad cells. Sincs
puil at the towed point is known to be negative, the actural pull Jsvelep=i

by the wheel was determined by the fbllewing squation:
Actual wheal pull = (recorded force) - (irertial force)

All Gata developed in the high-speea (18 “cs), rrogramsd-slip tesis have

been adjusied using t'.is formila.

Effect of speed on riil

3 - - h] Ll Sy - . -3 3 - Py I aw < ~ - fy 2. e
18. Piate 5 shows plots of ©ull versus s)ir using data “rom Sour
» g
o~ Y T [ a < W oo o 2. O O A - K
tests conductbed ~ith a B.50-1%, L-IR {ire unier neariy 21ual conidlitions of
R ey g -3 3 g - =4 o~y e - A A ~ - - et -~ - P 3=~
loa2d, deliection, ani soil strength. bui at farss differsns whesl sroeds.

- ~ - - . - — g b4 -— - ~ o~ - -~ T
18 Tis, and both a towad and 2 Trogramed-slip test run =zt & frs. I s
2 s 3 Fs ERS z <13 T ., b - R - - S
ingerestiang t0 note thet the twldli-siip wvalues dsvelcorsd during the o-IUs
-— 3 - a T3 3 -7 At P A —- - ~ e e —~— -~ P S SO b -,
cOwad TLeST LinkK vne O.s--ks ¢Ow2d TOS8T WITN The Programad-3i:l UES3%S. 142
- fo} e

- . + 2 P < + ES 3 v B ~ ~ 33 Sof
curves rerresenting the 15-fps test and the 5-7rs programsd-siit fest

GTat oy ; 5 ~7 3 bt + Sy N
(ciate S) converge at about -2.5 tercant 31liv. U o the mazimue pull
TO3 the ocurs representineg the 18-7p3 ¢ rigeg more 2 v tns Lne
roint, the curve rerresenting the 13-7ps test ses more sharply than ithe

was considsrably larger in the 18-7rs test and oczurred at a slt

WS & second group oI tzsts with the same size tire,
onducted wnder the same connitions as those shown in plate 5, However.
before-traffi> O- to H-in. cone index values in these tests wers 22 or 23,
wiile those in the tests shown in plate 9 ranged from Lh to 4€. Generaliy,

tle pull-gliv curves presented in the two plates folliow the same patiern.

10
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In plate 6, the curves representing data from the 6-fps and the 13-fps
programed-slip tests appear to converge, or perhaps cross, at about O sliyg,
and the curve for the 0.5 fps towed data appears to fall on an exteasion «f
the curve representing ine 6-fps test. The curve skown for the 18-fps test
rises more sharply and again indicates 2 larger maximum pull value at a
lowsr value of slip than was attaired during the €-fps test. The pull

values s3gpear to vary in proportion to speed once both have reached the

maximum jull point.

affect of speed on other —:irameters

20. To further examine the influence of speed on tire performance in

s S MR R AT 5

2ir-dry sand, sinkage a2t the towed point and the towed coefiicient have

EH

eacn been plotted versus cone index in pvlave 7. For a tire deflected

[T

i

15 percent, three ‘urves are reguirei to describe th. sinkages for 0.5-,
5-, and 18-fps tests at egual cone index values; however, a single curve
2an be usea to represent the relation ¢f towed coefficient ic cone index at
, n, whe relation of towed
coefficiont {0 cor2 index agpears to vary with speed, while a single curve
can be used to represent the relation of sinzkazge to ccne index for tests al
both sueeds. )

€l. The sirkage at ihe meximum zull pcirt and the maximum pull coef--

'.:.

#icient are each rlotted versus cone index in plate 8. The 15 percent de-
flection data indicate thal the pull coefficient ané the sinkage vary with
sreed, i.e. the pull ccefficient increases as speed increases, wiaile sink-
age decreases as speed increases. Although the pull coefficient increased
as speed Increased in tests conducted at 35 rercent deflection. the sink-
ages for this same group of tects did not appear to vary =ith speed.

22. ‘When the maximun pull and towed force data shows in plates 7 and
& are examined with respect to sinkage rather than soil sirength, it can be
seen that the towed and pull coefticients increuze as sleed increases at
any given value of sinkage. This suggests thzi the resistance to displace-~
ment of sand increases as the rate of-displacement increases. At the towed
roint, the increase in resistance apparently results in a greater rolling
resistance, and at the maximum pull pcint, it apparentiy results in greater o
availabdble traction.

23. From the data in plates 5-8 it is concluded that the performance

11
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of pneumatic tires operating in zir-dry sand is affected by chénges in
speel. However, the extent to -vhich speed influences perfocrmance has not
been whcllykdetermined, and it is apparent that additionai tests are
needed.  | ‘

Effect of Carcass Stifiness

2k, Performance data from tests with two 9.09-1k tires with widely

different carcess stiffnesses (2- and 8-PR) are compared in piates 9 and 19
to determine the effect of carcass stifiness on per’ormance. The tires -

were tested with an B90-1b load at 15 and 35 perceri deflection. When -ot
inflated, the 2-PK tire is relatively flexidie, tu. even ai zero infiration
the 3-PR tire has considerable carcass stifiness: therefore, sicaiiizantly
different inflation pressures were reguirad 0 develop the s e rercentage
harjq-surface deflection. T¢ obtain a deflection of 1% ve cent, 32.05 13l

L. B +3 “3 R - . 2 Sy e 2.7
was reguired Tor the 2-PR tire as ovrosad 3o oniy 237.L psi for the 3-PR

no maxwimm padl

S S - = - —~ e -y -~ Py B A o = -~ 5 S =
tires are piotied versus soil sirengih In tls.e 2, and

o -3 - - - -~ . o B S - ~ - S =T 3 »
defiection, the test rerformance of tie 2.FR tire -ms sligntly beiter,

in reviormance was noted.
Ry - -~ - - L. - . > ~ P . LA aVaY
20. 3Based on thess ovservaiion.,, it Is roncluded that wide differ-

-~

ences i tire carcass stilfness resuit irn very lintle difference in tire

1"

perrformance on dry desert sand when the tires are of egual size and ar

(X

Y

orverating atl the same deflection. v is furtner concluded that Tor a given
load-s0il strength combination, deflection i1s a more useful oriterion of

tire periormance than is inflation rressure.

Tire Construction

Diagonal ply

LELIEAY

27. The yrimary dillerence between the radizl-ply tire and the

dlagonal-ply tirve most commonly uzed is in the arrangement of the cord

12




fabric. Dizgonal-vly constructicn places an even rumber of layers (er
plies) o zord fabriz one atop the other. The cords in each layer are
peralli=l and a2ke an angle of approximately 45 deg w.th the tire sidewszll.
The tire is constructed so that the cords of each successive ply are ap-
proximately coposite those of the previous ply. In this manner, a
erisscress or diagonal pattern of cords is developed with an angle of ap-
proximately 30 deg between cords in adjacent plies. :
Padial vly ,

28. 1In radiai-ply construction the inner (or body) cords are placed
radially so as to make an angle of approximately @0 deg with the tire side~
wall. Layerc of corda fabric are then placed néarly circumferentially atop
the redial plies in the crown area. The cnly direct contact between the
two separacie series of rliess is peitween the outermost radial ply and the
Innermost circumfercential ply. Recause of the slight angle at which the

erential ©i¥ cords are set, the angle between these layers is some-

D

what less than 20 deg. The radial direction of the hody plies proviges a

Pay 3

very Tlexible sidewall, and the circumferential layers provide a stiff hoop
or belt that resists circumferential compressiocn or extension.

comparison

29. 1iIn plates 11 and 12, performance data for the 6.00-16, L-PR
radial-ply tire zre compared with corresponding data obtained with the
6.00-16, 2-PR diagonal-vly tire. The dimensions of the two tires are simi~
la>, with diameters of approximately 27 in. and diawmeter-to-width ratios of
approximately L.2. Data discussed in paragraphs 25 and 26 indicated that
large variations in carcass stifiness produced very minor differences in
tire performance. Differences in constructior, compared in piates 1i and
12, show that for all comparisons, either a single line or generally paral-
lei lines describe the performance of both tires, with the diagonal-ply tire
performing as weil as, or slightly better than the radial-ply tire in each
instance. These differences in performance may be due in part to the dif-
ference in tire construction and the associgted differences in hard-surtace

contarct pressure. The average contact pressures measured for the two tires

at comparable load-deflection conditions are:

k.

.
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Average Con-
Load Deflec- tact Pressure

Tire Type - 1b tion, % psi
- Radial ply ‘ 890 15 50.9
 Diagonal rly 890 15 462
‘Radial ply = 890 35 20.3

Diagonal ply 890 35 15.5

For a given loadeeflection condivion, the diagonal-ply tire has a lower
hard-surface contact pressure. Investigations deseoribed in Repor% 2 of
this serles indicate that for a given tive the pull /load ratio (f%) devel-
opad in sand is increased as hard-surface contact pressure is decreased.

Thus, the trends shown here generally agree with those described in

- Report 2.

. Correlation of Wheel Slip with Cther Test Variables

30. It is important that any relations which may exist beiween per-

formance parameters be established becanse such knowledge will erhaace the

‘development of design criteria and performance prediction equations. Since

wheel s1ip is an indicator of the interaction that takes place at the tire-
scil interface, it follows that orderly relations should exist between this
variable and others in the tire-soil system. Therefore, investigatioas
were made to determine the relations between elip and each of several vari-
ables, including both static (wheel load, soil strength) and dynamic (puil,
sinkage) measurements, 50 that slip might be used as a common denominator
in studying the interrelations of performance parameters for a wide variety
of tire sizes and shapes. Data from these investigations are plotted in
plates 13-20.

Slip at the towed
point versus soil strength

31l. The slip at tlue towed point for each of the test tires under a
variety of test ccnditions is plctted against cone index in plates 13-18.
The plates show that for each tire operating at a given deflection, the
plotted data.separate by load. Individual <urves tend to become asymptotins

at low negative slip values in the high soil strength range (5 cone index

14




. and above). At various lower soil strength levels (the exact value depend-
ing on the test conditions), these curves reach a point at which negatiVe
wheel slips increase rapidly with very small changes in soil strength. ;AV
decrease in slip with soil strength is observed in each instance, and al-
though the spécific effects of changes in load, tire size, and tire deflec-
tion have not bteen delineated, it can be scen that each of these haa:én
effect on the relation of slip to soil strength;

Slip versus towed
torce ard versus sginkage

32. Definite correlations have been established between slip and

towed force and between slip and sinkage at the towed point'(see plates 19

i S LA S R SRR RN AN S

¢

and 20, respectively). The data represent tests’conductéd with 16 tires

(including two dual configurations). It should be noted that the 11.00-20,

2

12-PR tire data diverge considerably from the periormance curves ectablished
: 2 :

A . s . . T .

for the remaining tires. Curves represernting T and Ez (zT = sinkage

at the towed point; d = carcass diameter) values for this tire are signifi-

‘.
PR P T
!

cantly lower than tnose drawn to reprssent the average of the other tire
data. The reason for these differences is not fully understood. It ié
21s0 interesting to note that more slip was required for duals than for
corresponding single tires to produce equal sinkage. The scétter in the .
data Tor the vafious smaller single tires obscures anj size influences tﬁat
may exist. Tﬂé combined plots shown simply present the general tfends of-

.. the slip—performancé relations. In general, data plotted in plates 19 and
20 indicate that the sinkage and rolling resistance of a towed wheel are
related to slip and that at any given slip, these two parameters arz func-
tions of tire geometry. Discussions in Report 2 énd in paragraph 31 herein
indicate that they are functions of soil strength, wheel load, and deflec-
tion, as well.

Relations between slip, sink-
age, and pull at the towed point

33. To illustrate the orderly relations that exist between the de-
penient variables (slip, sinkage, and pull) at the towed point, as well as
their relation tc soil strength, & group of tests were chosen in which tire o
geometry, tire deflection, and wheel load could be considered constant. In <

plate 21, four coordinated curves depict the relation of the four variables

15
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in different combinations. The average curves shown were drawn from visual
e;nmination and are considered to fit thé rlotted data well. Any 1arti-u-
lar point on the'a#erage curves can be Drogected from one curve to the next
until it 1s returned to itc original position. While tie plotted points in
Plate 21 represent tests conducted at a single tire-loed-deflection combpi-
nation, s1m11ar relatlons can be shcwn for other comblnatAons. '

Sllp at. the maximum pgll;pulnt

34, The slip versus perfovmarce relations 1nvest1g&t ad up tc +hls
- poiﬁt have been based on towed point data. Development of corresponding
rlots at fhe‘maximum puil ﬁbint was not feasidble because the rirst-pass-
maximum pull was attained ﬁithin‘a rélatively narrow slip range (apprdxi-
ﬁately 15 to 25 percent) for all of the variocus test conditions. Sincé |
sliy of the wheel énd the straiﬁ occurring in the‘underlyingbsoil are re-
lated to some degree, the fact -that the maximum pull occurs cver a rela-
tiveiy narrow slip range is of some physical significance. However, it
mst be rerognlzed that tne eifect ive ro111ng radius of a pneumatic tire is
4 partially dependent on soil strengin; therefore, the calculated slip canibe

considered no more than an apvroximation, and the differences in the slit

at the maximum pull point way actually be less thar indicated. These ob-
g servations illustrate the need to corduct tests with wheels of a known
radius (i.e. rigid wheels) in order to ascertai.. relations among whesl

slip, soil strain, and soil strength.

-l Major Performance Csoefficients at the Towed and
Maximum Pull Points Versus Sinkage

PT 35. én.Report 2 of this series ths towed and pull coefficients
(W- and T were piotted versus cone index and it was found that the
relation developed for each tire operating at a given deflection separated
by load. Slip at the towed point is related to cone index (paragrapn 31);

therefore, it was of interest to study the relation between sinkage and

£

pull at the towed point and at the maximu% pull point. A correlation be-
z

ﬂ tween the dimens%onless ratios I and WE is shown in plate 22, and be-
z
tween EL and WM in plate 23, using test data which included 16 tire

configurations, all loads, all deflections, and all soil strengths tested

RS
- i}p O Senor iy

in Yuma sand. Test results for all tires except the 11.00-20, 12-FR appear

16




in tables included in Report 2. Pesults”of the 11.09520, 12-PR‘tire tests
are in tables 3 and & of this 1eport. )

- 36. The correlatlons shown in plates 22 and 23 are 1mporoant tecause
they indicate that any syotem that can be used to predict either of the
major performance coeff1c1ents, % or - ; , at the towed or maximum pull
roint can also be used to predict the other }erformanﬁe cowff1c1en* at the
:same p01nt. Thls indicates that both the forces on the wheel and the sink-
age are reiated'to the saﬁe,ihdependent Qariables,‘i.é.‘tife.geometry, tire
deflection, wheel load, and soil sfrength, Thé;scatter in the data shown '
in plates 22 and 23 has not béen fully explained, but to some extent it may
be due to differehces in slip. For instance, at 15 percent deflection the
negative slip of the 11.00-20 ‘tire at the toWed‘point,was higher than that

- of the other tires at a given cone index value,’aﬁd'data for this tire sepa-
rate from the other data in plate722. However, the slips associatéd Qith
the maximum pull data for the 11.00-20 tire,géneralljtfall‘within the 15 to
- 25«peréent range previously mentioned, and in plate 23 the maximum pull

data for this tire fall within the scatter band established bj the bther
tirve data. The need, for a detailed study of thé slip phenomena is 3130‘

apparent in this comparison.

A S i enin . S by T e . ‘
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37. A statistical analysis of the data in plates 22 and 23 was con-
sidered. It was decided that the resalts of such an analysis wouid not be
particularly revealing because the differences in slip values appear to

have affected the correlation.
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PART I{I: COREELATION CF SINGLE-WHEEL : ,
AND Lxk VEHICLE DATA - X : ~ .

‘ ~38f‘ Sivgle-whaeel tests provide a onyeqlent zeans for studyirg the
baS1c relations tha. govern tne movement of a pneumatic tire in soft soils.
A{wid;'variety of~tire , loeds, 4nd soil strengtbs can’ be*studleu quickiy
-_and,at~relafively small cxpense. However, it must be shown that the
'sihgle-ﬁhéel7test results are related to the performance of actual wheeled

- vehicles.,

- - Methed of Correlation

39} T yer ‘fy this relation, results of s*nglc—wueel tests were com-
paved with performanpe dzta for a lbxli vehicle. Th~ first pass of the
= fdlnglp—whecl +@ats WS ¢s>umed to represent the pw sage of the froat whéelsi
of a- VEhLCle and the second uhe pass ge of the rear wheels. The pull val-
ues d»veloped in the fwlbt and snnond passes were added and the sum.multi#\;"
fplied by two (;9 represent both sides of the vehicle) 1o produce a Jath
. comparable tc the pull developed oy a lixh vehicle under similar test condig
tions. One complicating factor whick had tc be considered was that maximum
pulT'réﬁallv occurs ab different percentages of slip forifhe,first'and
ge nd passes o7 a single wheel, while slip experienced by ths front énd‘

rear axles of a Lxl vehicle normally is abouat the same, Hence il was nec-

‘

3

§; :73 _ essary to select a common value of slip at which to read the prll for both
passes 0f the single whecl

Selection of slip values .

Lo. As a matter of utility, the constant slip value at which thé
Yxli vehicle data and single-wheel data were compared was selected to
correspond to a significant levsl of tire performance, Examination of
s large block of tabulsated tirve test results and the pull versus slip
curves for a number of tests in both Yuma and mortar sands show=2d that
20 percent slip was the value most frequéntly associated with the maximum

pull point. All of the folloring test data are compared at ZO‘pe;cent slip.

3 In the Yxb vehicle tests, slip was maintained at = constant levél for at

lrcast two lengths of the test vehicle, Performance data were taken for the




cecond lengin so that the rear wheels would be developing pull in a rut
that had becn generated by the froant wheels operating at the test slip.

Lxh test vehicle

1. Forty tesis were performed with a bxk vehicle in Yuma and mortar
sands to provide vehicle performance data for comparisons with single-wheel
results. The bxh test vehicle was a jeep station wagon (see fig. 3) which
was modified by eliminating the differential a=tion so that all wheels
would rotate at the came speed. Also, the suspension springs were blocked
0’ by welding to reduce the vertical loaa oscillaticias caucsed by the ve-
ai:le's own suspension system. Weights were 50 placed on the vehicle that
~atn wheel was equally loaded, and a hand-operated gas feed arrangement was
inctalled to improve zantrol of wheel speed. The tes? vehicle was con-
ne~ted to the dynamometer carriage by mcans of a linear ball bushing and
cw.oel Joint to élimlnace e:centric loading that might otherwise have takea
1la~>, Inctrumentation for this test system was arranged so that a contin-
uous record was made of horizontal pull, wheel distance (revolutions) trav-
oled, and horizontal ground distance traveled. The last two items of infor-
mation were recorded so that the wheel slip could be calculated at any point.
Load transfer between axles

L2, 1In order to estimate the extent of load transfer between the
front and rear axles of the lxli test vehicle when pull is developed, the
vehizle was loaded to 3560 1b gross weight and placed on a set of heavy-
duty truck scales. These scales are arranged so that front and rear axle
loads can be measured separately. The brakes were set and horizontal pulls
applied at the drawbar pin. For each change of pull, the resulting load
transfer between axles was measwred. When load transfer was plotted
against pull (plate 2L4), it was found that the load transfer on a firm,
level surface amounted to about 9 percent of the pull. These data (plate
2h) are in general agreement with the solutions ottained from a previously
develop~d iLheoretical weight transfer equation. The equation and its de-
velopment are given in Appendix A. If the pull developed by a wheel
varies directly with the load applied, the loss of pull by oﬁé axle usually
will be partially compensated for by an equal gain in pull by the other
axle because of the load transfer. Therefore, no atiempt was made to cor-

rect for load transfer in this analysis.
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Relation of Single-wheel o bxi Vehicle Data

L3. The data that were used Lo ~ompare single-wheel and byl vehicle
performance are listed in tables 4-1l. Tae relations o: adjusted single-
whecl and bxY performance data to soil strength are illustrated in plates
25-27. For a constant level of soil sireagth, the formula for adiusted
single-wheel data, 2[P‘20 (first pass) + o (serond pass)], should indi-ate
better performance thsn a four-uhenl qdrive vehicle eguippe+ with the same
tirec since four factors were known L0 ictract from the Lxh vehirle's ner-
2reance during these tests: it experieoncd dynanic loud transfer; ites
innerent friction was greater than thal o the single wneel; lhe rotational
speed of its wheels are approximately 37 percent less than that of the
single wheel, even though the slips wers equal; and obzervations mads aur-
:tng the test indicated that the rear wheels did not perfectly track tne
front wheels.

44, Data obtained from tests with the 4.50-18 tires operating in
Yuma sand are plotted in plate 25 ana display the expected patiern. Dutu
shown in plates 26 and 27 were taken from t$sts with the 9.00-1h tires
operating in Yuma and mortar sands, respectively. For the 9.00-1h t.rec
at 35 percent deflection, a reverse of the éxpected trend is seen, i.c.
the Lxl vehicle performance exceeds the adjusted data by a noticcable
margin in both sands. Although inertial fb#ces have not been considered
in the adjusted single-wheel data shown in flates 25-27, the total correc-
tibn from this source would not increase thé adjusted pull by more than 20
te 30 1b. One possible explanation of the reversals may lie in the assess-
ment of soil strength. The tires were of about equal diameters dbut of dif-
fe?ent widths. It may be that cone index averaged over the 0- to 6-in.
debth zmay be adequate for the narrow tire (4.50-18), but inudequate for the
wider tire (9.00-14). This suggests that cone index should be averaged
over a depth proportionzl to tire width. A review of_the cone index vercus
depth curves revealed that the lxh tests were conducted on test sections
whére the slopes of penetration curves were fairly constant to a depth of
at least 9 in. For the single-vheel tests, the slopes of the penetration
resistance curves were fairly constant to a depth of about 6 in. and then

21
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Fig. 4. Typical penetration resistance curves, mortar sand

began to decrease. Tyvical penetration resistance curves are shown in
fig. b.

45. The relation between single-wheel and Uxlt vehicle test data ig
examined in a different manner in piates 28 and 29, by using the smooth
curves from plates 25-27 to compare perfermances directly at different
values of cone index. Using the average cone index of the O- to 6-in.
layer, the points on esch curve progress by an interval of 5 cone index,
with the firstv and last points identified. As explained in the preceding
paragraph, the adjusted single-wheel pull data were expected to exceed the
bxl4 vehicle's pull for a cons-ant scil strength. In both plates, the
Plotted curves are generally parallel to a 1l:1 line and followrthe expected
trends, with the exception of the cwves representing data from tests with
the 9.00-1k4 tires at 35 percent deflection. While these results suggest
that the performance of a 4xl vehicle can be estimat :d from single-wheel
tests with reasonable accuracy, the need for further study is also

indicated.
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PART IV: D.FFERSNCES BETWEEN 7if4A AND MOTAR SAKRDS
46, TFor z system of predicting vehicle perfbimance w0 be =ffective,
the technique Tor measuring soil strengtilr mist account for ninor differ-

ences in generally similar soils. Comparisons of Lxl-vehicle and singie-

wheel performance data developed in Ywua and mortar sands provide a basis

faor such an evaluation oi tie G- to ©-in. cone index measurement.

Comparisons of Tire Perfcrmance in Yuma and Mortar Sands

¢k it R i, W

Moaximum pull A
"47. Pulls produced in Yuma and mortar sands are compared in plates

Y A0

30-32. These plates show that in voth sands the pll versus cone index
curves are similar in shape I6r each individuzl combination of wheel load,
tire size, and deflectior. (In plate 32, this is true for 15 percent de-
flestion only if the 1Y% CI mortar sand data point is ignored.) Pulls de-
veleped by the L4.50-18, 4-PR tire in Yuma sand were greater than those de-
veloped in mortar sand by the neariy constant amounts of 300 1b at 1% per-
cent deflection and about 230 1b at 35 percent deflection (plate 30).
Pulls developed by the 9.00-1%, 2-PR tire at 15 percent deflection were é
=~ 2also greater in Yuma sand. Data indicate thaﬁ vehicle tests with this tire ;
derlected 15 percent produced about 200 1b more pull in Yuma sand than in
mortar sand, and that adjusted single-wheel pull). was about 200 to 30U 1b
more {plates 31 and 32). Pulls developed by the same tire at 35 percent
deflection were about the same in Yuma and mortar sands of thé same cone
index.
48. 1In examining these differences in pull for the four tire size-
deflection conditions in the two sands, it was noted that the magnitude of
the differences varied approximately in proportion to the hard-surface tire
contact pressure. Hard-surface contact pressures for the 4.50-18, L-PR
tire at 15 and 35 percent deflections under 8%90-1b wheel load are 70.4 and
25.0 psi, respectively, while corresponding measurements for the §.00-1k4, -
2-PR tire are 37.0 and 12.5 psi, respectively. '
Pull-slip relations
49. The pull-slip relations for eight tests with the 9.00-1L, 2-FR ;4f
3
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tire are shcwn in plates 32 and 34. Except for the type of sand, test con-
ditions were practically identical inm every respect; a difference ol 1 cone
index (0- to 5-in. average) was the largest variaiion in a controlled test .
variable fcr each: set of curves shown. For compurable sets of Jdata, the

— . pall-slip reiation for Yuma sand is generally paréllel to the relaticn for
mortar sand but displaces toward the larger values of pull. Differences
vetween pull values are somewhat more “pronounced at 15 perceni deilection
than at 35 perceant. These resuits follow the general trends observed in
rlates 30-32, i.e. the pulls developed ia Yuma sand were usually higher
“than those in mortar sand and the magnitude of these differerces was re-
lated to the hard-surface contact pressure. Plates 33 and 34 2iso Shh#
that the differences in the pull developed are nbt unique to the maximum
pull ~ordition.

Compariscn of Physical Characteristics of Yuma and Mortar Sands

"Classification data

5G. A general description of the origin of the Yuma and mortar sands
used in the WES mobility test program is given in paragraph L of this re- -

port. Gradation and classification da‘a are given in plate 35 and show

that both sands are poorly graded to approximately the same degree, dat
mortar sana is coarser. Based upon the mechanical analysis indizated in
at2 35 and other analyses made in the fie.. for tne two sands, Yuma sand

P
was classified as SP-SM and mortar sand as 3P under the Unified 30il Clas-

sification Systam. Averags specific gravities for the two sands were de-
termined ané are almost identical at 2.67. An examination oi samples under
a microscepe revealed that the Yuma sand particles are siightly more
rounded than those of mortar sand. Minimum density valaes for the two
sancs are approximately eaual, but the max*mum density of the mortar sand
iz 106.1 1b/cu £, while that of Yunma sand is 104.0 1b/cu Tt.

Relation of ¢, to cone index

51. The data in plate 36 show the relation of Cr to 0- to 6-in.,
conc index for Yuma and mortar sands. Basically, c,. is a measure of rela-

tive effective soil strength as dastermined from penetration tests with

‘¢
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circular, flat plates.3 A1l the data in plate 36 fall within a restricted




scatter band about a singie line, indicating that the soil properties de-
scribed by c. and O- to 6-in. cone index are approximately the same for
Yuma and mortar sands.

Dry density versus cone index

52. Dry Aensity versus O~ to 6-in. cone index are compared for Yuma
and mortar sands in plate 37. The Yuma cand data are from a special series

7

of tests conducted in carefully prepared test sections.’ Mortar sznd date

are from soil sections for routine tire performance tests 548 through 558
cnd from some special s0il test sections. There is more scatter about the
curve for mortar sand data, but curves for both sands are fairly well de-

fined. A% density values in excess of about 97 lb/bu ft, the cone index of

mortar sand is slightly less than that of Yuma sand. These data lead to
the tentative conclusion that the cone index-~density relation is not the
same for the two scils, ‘

53. However, the in situ density measurements¥* used to coastruct the
rlot shown in plate 37 represenl an average of the top 2 in. of soil, while
the cone index is an average of the top 6 in. Plate 38 shows a plot of the
O0- to 2-in. cone index measurements versus density for the same group of
tests as shown in plate 37. A single line now delineates the cone index-
density relation ror both sands, although considerable scatter is evidenced.
This scatter nay be attributed to one or more of several fachtors; namely,
distwrbance cr=2ated by placing the density device (particularly at very low
or very high relative densities), the method of evaluating the shailow cone
index-depth proifiies, and the changes in strength that result from small
changes (even a fraction of a percent) in moisture content of the sand.
Thus, the cow;- rison shown in plate 38, in which the relative strength and
the density » re measured for approximately®* the same layer of soil, leads
to the conciusion that cone index and density are related in the same pro-

portion in both sands.

e

[y

¥ These should not be confused with the density measurements connected
with triaxial and direct shear tests (see table 12). ~
*¥¥ The height of the cone is 1.5 in., and therefore, the O- to 2-in. I
average reflects an average strength over a depth in excesgs of 2 in, ey




'vDirect shear and tri-
axial shear test results

sk, Carefully controlled difect shear and friaxial shear tests were
made in the 1aborat0ry with representative sahples of Yuma and mortar sands.
Test results for both are listed in order of 1ncrea81ng values of dry den-
: sity, 7d s in tanles 13 and lh In each table, the Yuma snd mortar sand
test results are grouped opp051te one another by generally corresponding -
dry dpn31t1es. ' |

’55.~ D1reét;shear tests. Data from direct shear tests are used in

"plate 39 to plot the relation of “riction angle to dry density for each of
“the téSt_sandé. The relation reveals that values for Yuma sand are con-
sistently larger than those fdr mortar sand of the same density. Friction
‘angle values for mortar sand increase with dry‘density‘f;éfer +han do those
for Yuma sand, so that the difference between friction angle values for the
two soils decreasés from about 9 deg at a dry density of 92 lb/%u ft to
only b deg at 105 1b/cu ft. | |

56. In plate LO, the two sands are compared by plotting the msximum

frictional shear stress. against dry density, again using results of the
direct shear tests. For the three normal stresses--o, = 7, 21, and 42

3

psi--the maximum frictional shear stress for Yuma sand remains practically

constant (5, 15, and 30 psi, respectively) for all values of density. For
the normal stresses, values of méximum frictional shear stress for mortar
sand are smaller than for Yuma sand. The difference in the shear strength
of the {wo s0ils increases as the rnormal stress increases when the
densities are equal.

57. Triaxial shear tests. The internal friction angle and dry den-

sity data from the triaxial shear tests for both Yuma and mcrtar sand are
used in plate 41 to show that the friction angle, Q% , increases steadily
as dry density increases. The rate of this change Is approximately the
same for both sands, and internal friction angle vaiues for Yuma sand are
consistently about 7 deg larger than those of mortar sand. Similarly, the
triaxial shear test data used in plate L2 show that maximum frictional

shear stress values for both Yuma and mortar sand increase steadily as dry

density increases. Maximum frictional shear stress is defined as one hal?l

."",Y"

¢ of the maximwn principal stress difference less the indicated cohesion,

26
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For the three differeni minor principal stressesfjgs =17, 21, and 42 psi--
plate 42 shows that the maximum frictional. shear strength of Yuma sand is
larger than that of mortar sand by nearly constant amounts throughout the
range of dry densities tested, and that shear strength increases as the
normal stress increases.

Shear stress versus contact pressiure

58, Plate U3, which includes direct shear test data and tire contact

pressure data, is included at this pqint to offer a possible explanation

for the observed differences in the ?erfdrménce data‘obtained in the two~
sands (paragraph 49). 'If contact pressure is considered as a normal ﬁres-
sure applied vo the sand, the data (plate 43) show:that the difference in
shear stress in the two sands is small for the 9,00-1k4, 2-PR at 35 per- ; %
cent deflection. Reference to plates 30-32 reveals that the difference in ‘
the pulls developed is negligibly small for this test condition. Ccn-

versely, the largest diifference in pulls is associated with the h.SO-lS,

4-PR tire operating at 15 percent deflection. This corresponds to the con-

dition (plate L3) where the largest difference in shear stress for the
two sands is noted.

59. Infcrmation gained by measuring the ﬁagnitude and distributicn
of stresses at the tire-soil interface tends %o supporf'this observation.5’6
Data presented in references 5 and 6 suggest that the contact pressures
beneath the 9.00-14, 2-PR tire were relatively uniformly distributed.

These contact pressures probably were approximately equal to fhe infiation
vressure when the deflection was relatively large (25 to 35 percent) and
greater than the inflation pressure when deflection was small (15 percent).
Pressures beneath the more rigid 4.50-18, 4-PR tire probably were less uni-
formly distributed, with peak interface pressures exceeding both the infla-
tion pressure and the hard-surface contact pressure. .

60. Based on the results of triaxiul and direct shear tests and the
relation between cone inde: and density, the conclusion is drawn that when
cone indexes are equal, a constant difference exists between the strength
of Yuma and mortar sand for a given normal pressure and that this differ-
ence in strength increases as the normal stress increases. This was re- : 3
flected by the difference in pulls which increased as the tire~-soil inter- 7

face pressures increased during tests in the two soils (plate 43). If
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laboratory tests, sach as the triaxial and direct shear tests, are 1o be
used to predict the relative ability of coarse-grained soils to provide
support and traction for pneumatic tires, more accurate in situ density

data, measured to depths of 6 in. or more, must ac:ompeny the tests.
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PART V: CONCLUSION

Summay, of Results ané Conclusions

Cl.. Based on the analysis of test results reported herein, the fol--
lowing conclusions are drawn: \ - '

a. The performance in a dry sand of a tire of given dimensions
improves sigaificantly when tire deflaction is increased or
when the tread is buffed off (paragraphs 10 and 13).

b. P11l developed in the positive slip range is increased by an
increase in wheel speed, other conditions being equal. The
effect of speed or puli in the negative slip range is less
well defined, but there appears to be a tendency for towed
force to increase as speed increases. At equal sinkages,
pull at both the towed and maximum pull point is of larger
nagnitude as wheel speed increases, suggesting that the
sand's resistance to displacement. increases as wheel speed
increases (paragraphs 20-23).

LN S

. Large variations in tire carcass stiffness aprpear tc intro-
duce only negligible differences in tire performance when
comparisons are made at equal tire deflections (paragreph
26)‘

Loy

d. A slightly better performance is realized with a diagonal-
ply 6.00-16 tire than with a radial ply 6.00-16 tire (para-

graph 29). L

e. Logical, orderly’relations exi=t between slip and each of
several indeperdent and dependent test variables at both the
towed and maximum pull points (paragraphs 33 and 234).

f. Comparisons of Lxlt vehicle performance with the results of
single-wheel tests show that gocd correlation can be at-
tained between these two sets of data (paragraph 45).

g. At the same cone index, Yuma sand has a higher angle of
internal friction and permits a given tire to develop a
higher pull than does mortar sand (paragraphs 55 and 60).

Recommendations

62, The foilowing recommendations are made based on the experience
gained in this study:

a. Additicnal tests should be conducted in Yuma sand to provide
data thet can be used to Jescribe quantitatively the efrects
on tire performance of (1) tire deflection, (2) tread. and
(3) wheel speed. Towe. tests and constant-slip tests run at

29 ’;
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 both bigh and luw speeds are .aeeded 50 that uhe -nflutnca

of spesd cun be studied more dirertly ‘_ : : . ?fjﬁ . i
b. “A.IH zram of fundsmental studies shouid be uonb"rupd to ex~
- plain the- 1nflueuce on t1re porformance of all the 1mrurtanb R
“;,variables. SR S : ‘ I

G. ﬁdhltxonal tests. shoald be condubted wmﬁ& full»scale wheeled BT
'vehlclps both’ in the laboratory and in the field to demon- ;jfﬂ o
strate the reiation to- -single-wheel, muatiple~pass data, and o

a ¢orrelation shoulid te made of- ‘single-wheel, multiple-pass EERR
data with EXIEt‘Pg full-s ceale vehicle performance data. '

d. . The appl*catlcn of laboratory tcsts, such as. tnu tr1a11al o ;
and direct shear tests, in yledlctlng the. ablTxtv of coarse~ ¢ -
grained scils to support- and pv0v1d° tiaction for pneumatlc .
tires should be further investigated =nd zn affory- mege to

- develop more precice ‘corralaticus between “lavoratory uegt
data ana n s;tu str ngth~den31ty rﬂla,*ono.uf.
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Tatcle 1

Summary of Low-3pwed (0.5 fps) Test kesulds -
Tuma Sand, Pass 1, Towsd Point

L.,50-1%, li-PR Pire

: T 0- to
De- 2?”6d Jins- s G-in.
farce : o~
(P ) age P - s AVg
T Torque (z) Slip T . 2z 7 Cone -
No. tion %4 2 b £-1b  in. % W .7 @* - Index

S RIS WOrsEe ©

W

ThEA 125 15 4S8 -165 0 k1S -31.6 -0.360 0.153 22
TuBs 99 15 hos -137 0 1.7 -19.C¢ -0.295 0.073 LS
ThyA 95 15 880 -3 O 3.95  -25.0 -0.382 cC.1h6 L
7504 121 15 888  -L13 0 6.04  -33.3 -0.466 0.223 2

O
¥ RA S AL

Lo

no

(%)
£ W\
N

] ]
[V X \V]
SNV
~N o~

-0.290 O.094
-0.3k3 0,126 24

i
J
N
n
W

-135 0
-3%0 )

=
2
=
O
O
(W Lo
A |
o
1
N

AU s

AR o AR s

* d is carcass diameter.
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Table 2
Summary of High=-Speed (18 £ps) Test Results
Yuma Sund, Pass L
4.50-18, 4-FR Tire

- to
Towed Max Z_s

JDe Force Puil  Pull Slnk- oo

) flec- Load (z.) (¢ 5 (B aege P P P Avg

Test Sta- tion (W) T sp! VW Toraue {z) Suip T sp Mz Come

No. tion _ % 2 1b b fi-lb _in. % W_oW _W d*  Indes

7524 100 15 kay -189 d 2.5 -28.2 -C.hug 0.092 22

TSWA 316 15 452 -76 0 0.62 -5.8 -0.168 6.023 5k

8 99 15 hss -28 0 0.3 -5.3 -0.0c2 ‘ 0.01% 53

762 105 15 57 -61 0 0.47  -hi2 -0033 0.017 53

T5TA 105 15 W6l -7l Co0.89 b7 -0.158 0.7353  bg

7614 12 15 k6L -70 0 0.47  -2,0 -0.152 ~ 2.017 53

T50A 108 35 hhz -1be 0 1.7% -20.5 -0.322 0356 2%

7634 110 35 ke -ko 0 0.2k -10 -C.105 0.009 2

7605 102 35 47k -6l 0 0.7 -3 -C.129 0.006 57
Self-Prop~lled Fointg

7532 107 15 k23 0 150 2. 6.1 v 0.10% 23

T1A 107 15 &b 0 9L 0.4y &.5 < 5.017 33

TSTA 111 13 b50 S g .16 L Q C.026 k5

758A° 103 13 b5s ) 22 o8 0.6 0 0.018 53

7554 109 3B 430 s 119 1.6 1.0 0 0.0sk 22

g 7604 105 3% bR 2 70 031 C.0 0 ¢.011 57
Moximw Pull Point

. 7524 11% 1% 817 35 190 .20 18.7 ¢.08k  0.118 23

T97A 117 15 k2 119 129 C.B4  16.3 0.276 .03t ks

761A 118 19 0 bhh 117 172 0,97 0.2 0.26k 0,03 53

78h 11 15 LhG 120 200 0.76 9. 0,209 0.028 93

7E5A 0 116 35 433 91 167 2.32 2.2 0,206 0.05 22

759 9733 hbd 232 23k o2 134 0.518 0.006 b5

FEOA 1% 35 B3O 185 200 .27 176 0.411 0,000 57

¥ 1 is carcass diameter.
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Teble 3
Surmary of Test Results

Yuma Sard, Pacs 1, Towed Point i
11.00-70, 12-FR Tire g
g- {o .
f‘?ch- ioad l(’;l :)L );g}; P Awlrrg: .
Sta- t.on (W) T/  Terque (=) Slip T z_  Cone o
Test No. tion % 1o 1b f£-1b in. % W d%  Index ‘
2-63-0001A 36 5 3000 -1028 0 5.18  -36.9 -C.343 0.126 3L i
2-63-00024 65 L5 3000 -1137 O 6.19 -k1.5 -0.379 0.151 21 ;
2-63-00034 3¢ .5 3000 -856 0  L4.63 -33.0 -0.29% 0.1k L7 P
2-63-0004A 53 L5 3000 -981 0 5.13 -37.0 -0.327 0.125 37 ?-
2-63-0005A 34 15 3000  -788 0 2.78  -20.8 -0.263 0.063 70 § ’
2-63-00064 60 15 3000 -0k 0 3.86  -29.2 -0.305 0.094 56 :
2-63-00124 35 15 L500 -1380 c 6£.02 -26.9 -0.307 0.1k6 66
2-63-001bA 356 15 Lso0  -1k89 0 .89 -h41.7 -0.331 0.168 58
2-63-C015A 42 15 L4500 -1505 9 7.50 -46.7 -0.334 0.180 48
2-63-0016A 52 15 4500 -1572 0 7.69 -58.3 -0.349 0.187 39
2-63-0C17A 43 15 L4500 +1591 O 8.54 -52.5 -0.35k 0.208 32
2-63-0018A 45 15 4500 -1619 0 9.06  -57.7 -0.360 0.220 23
2-63-0007A 37 35 3000  -kLOL J 2.46 -8.0 -0.137 0.06C 31
2-63-00084 58 35 3000 -48h 0 3.22 -10.8 -0.161 0.078 =22
2-63-00008 36 35 3000 -225 0 0.98 2.9 -0.075 0.02k 67
2-63-0010A 56 35 3000 -2L6 0 1.39 -3.5 -0.082 0.034 56
2-63-00114 36 35 3000 -316 v 1.57 -5.7 -0.105 0.038 L5
2-63-00124 57 35 3000 =353 0 2.0k -6.9 -0.118 0.050 36
2-63-0019A 33 35 4500  -546 0 1.43 -6.2 -0.121 0.035 65
2-63-0020A 53 35 hsoo  -681 0 2,46 -5.5 =0.151 0.060 56
2-63-0021A 32 35 hso0 681 0  2.20  -8.5 -0.i51 0.05k k9 §
2-63-0022A &5 35 4500 =898 0O 3.51  -15.3 -0.200 0.085 ko f
2-63-0023A 3 3% Lsoo  -847 0 .32 -15,1 =-0.188 0,081 33 g

3w
T
L ]
s
~—

2-63-0024A 4500 ~1095 0 ~26,9 =-0.243 0.125 25

(@3

w
o
NJ1

¥  Average carcass diameter = 41,3 in,
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Yuma Sand, Pass 1, Maximum Pull Point

Table &4
Summary of Test Resuits

11.00-20, 12-PR Tir

LR e v IO

fgg;- Load [utl Si;:- giiﬁ?
Sta- tion {W) (%l) Torque (z) Slip fﬁ zZ_ Avg
Test No. tion _ % b _1b  ft-ib _in.  _ 2 W g% _ Cone Tndex
2-63-00254 U3 15 3060 233 --¥ 3,16 18.9 0.276 0.076 53
2-63-0026A 66 15 2230 169 - 3.37  20.C 0.055 0.082 57
2-63-0027A 56 15 3100 116 - k.26  20.0 0.037 0.103 Ll
- 2-63-002%8A 56 15 3050 107 - 4.57  20.0 0.03% 0.111 36
2-62-0020A 5k 15 3025 13 - 5.12  20.0 0.0ck  C.12k 22
2-63-0041A 56 15 3028 235 1876 3.3%  20.= 0.097 C.0BL 59
2-63-00k2A 5k 15 300C 23 1777 B.00 0 20.0 G.ukl  0.097 i
2-€3-0043a 55 15 3063 12 1855 4.k 200 0.00k 0.3 22
2-63-00klka 57 15 4520 -i17 2701 b9 Z1.0 0 =0.020 9.120 59
2-62-00454 55 15 LWy 25 2865 5,03 £20.0  0.008 0.122 56
2-63-0046A 61 15 Lh6o =114 2650 5.0 21r.h -0.026 0,123 Lo
2-63-0047A 60 15 L500 -241 2735 6.05 20,0 -0.05hF  G.iub 39
2-65-00L3A 50 15 4sho  -345 2555 ©6.33  17.7 -0.0756 0.153 26
£-63-0030A 55 23 3085 728 -- 2.35 20.0 0.23¢ ©.057 62
2-63-0031A 58 23 3030 480 - 2.66 18,7 0.158 D.06L 52
2-63-00326 57 23 3050 526 -= 3.16  20.0 0.172 0.076 TS
2-65-00338 55 23 3019 5132 -- 3.35 0 19.2 0.170 0.68 9
2-6%5-00348 53 23 3040 287 “- .63 20,0 0.127 0.088 a4
2-63-00354 56 23 3070 183 - Looe 26,0 0.060  2.097 e2
2-63-00354 57 35 3020 998 -- 2.06 1.2 0.320 0©.050 62
2-65-00374 53 35 3000 38k -- 1.82  20.0 0.2.5 ©.04k -6
2-63-00388 56 35 3030 95k 1928 2.26 10,3 0,310 0,055 U7
2-63-003%4 56 35 3030 906 1928 2,07  20.0 0.295 0,050 38
2-63-0cLkoA 55 35 3050 676 1901 .86 20.5 0.222 0,093 o5
2-63-00WJA 55 35 4508 107 27 2,23 21.4 0.239 0,054 &7
2-63-0050A %6 35 4500 915 2552 .77 2L.0  0.203 0,007 55
2-63-0051A 5k 35 k500 888 PACT 3,58 20.0 0.197 0.0%7 )
2-63-0052A 55 35 Lo 753 2553 b5 20,8 0,169 0,103 36
2-03-00534 55 25 LWorg 534 2506 5,50 20,9 0,115 0.133 o5

*  Average

rarcass diameter = 4%1.3 in.
¥* Dashes denote data not valid.

* W W s
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Tatir 5
Summary 0. Yest Keoults
Yuia Sund, Single Whecl, Constant 20% S1ii Tusts
k,50-18, 4-PR Tire
0= to
6-in. :
Pull ot n .
Deflen- Load (r.) Sinkags ? Avg i
Tost Pasc Sta- tion () 20 Turgue (2) Sliyp 0, z Cona
_Ho. tm.  tion % ib 1b £t-1b in. % W a* Index
1404 1 1iz 1 Bk ~23 361 3,88 29 -0,026 U143 3
2 113 1 R0 -3 352 5.29 20 -0.010 9,195
LA 1 114 19 208 0L 1.61 20 0,068 0.059 59
2 1% iy N5 40 35C 2.7 20 0,044 3,103
6TA 1 112 15 210 & 2 2.7 20 0.0k .0yl 46
2 1i2 5 393 £ 300 3.73 20 Q.007 C.1%0
koA 1 1L 15 210 4 34 T 20 2.064 01,05 66 &
2 1it 15 lvy 55 366 RS 20 0.0%7 .09
1504 e il 15 916 e 2k 1 .;,) 20 0.057 5.073 el ‘ “
2 111 i% 910 4z 310 3.08 20 0.047 0.11L :
ki 1 113 35 835 -G -12 L,90 20 -0.0 7% 0.181 2 :
2 113 35 KT 21 233 L,20 20 0.L023 0.131 |
1225 o 111 35 853 258 359 0.30 2o c.291 0.0U 53 s
Z 111 2 ®80 138 202 1.17 o6 0.21% C.043
ic1A 1 1k 45 &6 2kg sk 007b 2) 0.27k  0.c28 sh
2 113 3¢ B 201 330 1.25 0 0.225 0.046
13154 1 1 35 oz 257 247 0.5k 20 c.e28 $.009 oL
2 117 3 g6 w7 T 1.3 20 0,133 5.045
MESTY 1 110 35 255 36k 0.39 25 0.2%¢ 0,025 €2
2 110 25 136 223 1.42 20 n.208 0.052
i5%A 1 11 38 76 330 1.0¢ 20 0.085 0.043 50
2 110 35 Ly 01 2.43 22 0.0k8 0.090
110h 1 310 35 203 152 316 1.08 22 0.158 0.040 33
2 110 25 870 2k 2% .27 20 2.103 0.084
PR i 11k 35 305 i 238 1.80 20 0.06h 33
2 115 35 S 20 ~ 3.01 20 0.111
278 1 111 35 240 35¢ Dok 20 0,020 59
2 110 35 15h 312 L.66 = 0.0581,
JOA i 110 35 112 303 1.ky 20 0.054 Yol
2 109 35 2l 290 2.0 20 0.026
3974 1 plass] 35 ) 213 2.3 2 0.107 20
2 109 35 52 03 EE) ) 0.146
h i 110 :c o1 56 323 23 0.05b 27
2 110 35 8u0 109 301 20 0.086
1094 1 il 35 212 243 352 ele $.026 58
2 111 35 19 180 BTt 20 .05l
A 1 109 35 915 T AL 2,08 20 0,053 0,084 32
) 1.09 35 Qnl sh 29k 3.4 2 0.06/1 0.12%
10k 1 111 35 Q16 W 517 2.23 20 0,103 0,082 36
2 110 35 398 H5 259 2,97 20 0,095 0,110
100A L 111 35 Gl7 T P ik 20 0,193 0,052 8
110 35 878 120 20k 2,08 20 ¢.137 0.077
1934 112 35 S9en 76 313 2.33 20 0,052 0.086 31
111 35 gs2 L& 300 3.4y 20 0,054 0.127

1004 11 3 a0 178 335 1.hbk 20 0.193  0.053 36

1 35 397 1i2 20l 2,15 20 0,125 0.079

M N

1994 1 112 36 932 83 332 2.3 20 0,089  0.087 39
2 113 A5 296 Iy 305 3.5 20 0,050 0.230

I D S U VR G ¢ 2000095 0,055 b
&} 100 35 02 120 290 1.89 20 0,132 2,070

¥ 1 ic carcass dimcter,
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Table 6

Sumary of Test Results

Yuma Sand, Single Wheel, Constant 20% Slip Tests

9.00-1k4, 2-PR Tire

0- to
. 6-in,
Deflec- Ioad f;ll) Sinkage ° Avg
Test Pass Sta- tiop (W) ‘20’ Torgque (z) Siip ‘20 z_ Cone
No. No. tion 4 b 1b ft-1b in, W d*¥ Index
539A 1 105 15 845 185 362 1.37 20 0.219 £.0% 48
2 105 15 g6 112 336 2.08 20 0.13¢  0.077
54OA 1 168 15 853 25 347 347 20 c.029 0.128 25
‘ 2 109 i5 832 31 300 4.33 20 0.037 0.160
TheA 1 108 15 864 108 353 2.2 20 0.125 0.024 32
2 108 15 862 79 320 3.11 20 0.092 C.115
7i7A 1 108 15 871 225 395 1.20 20  0.258 0.0k4 57
2 108 15 875 136 351 1.82 20 0.135 0.067
TL1A i 109 15 872 136 377 1.87 20 0.156 0.069 36
2 107 15 870 gl 223 2.70 26 0.097 0.1.0
7hlip 1 107 15 873 229 405 1.05 20 0.262 0.039 i48
2 107 15 877 126 349 1.83 20 0.1t 0,063
25ha 1 107 15 874 1656 3k3 1.43 20 0.190 0.053 L5
» 2 107 15 873 &o 316 2.11 20 0.092 0.07&
: 2468 1 107 15 876 8 231 3.20 20 0.009 0.118 23
%ﬁ 2 106 15 861 21 299 3.92 20 0.024 C.1i5
& 7434 1 108 15 880 225 407 1.17 20 0.256 0.043 51
2 108 15 852 130 333 2.03 20 0.153 0,075 '
5T9A 1 108 15 861 115 385 2.43 20 0.131 0.090 29
2 108 15 900 €5 342 L iy3 20 0.072 C.163
570A 1 1190 15 &85 209 397 1.34 20 0.236 0.048 45
2 110 15 897 115 360 2.84 20 0.128 ¢.1C5
568A 1T 105 15 368 285 439 0.85 20 ¢.321 0.021 81
2 104 15 376 179 345 1.h1 20 0.204 0.052
574 1 108 15 888 221 hol 1.2 20 c.2h9 0,051 50
2 108 15 876 110 370 2,27 20 0,126 0,084
738A 1 107 15 889y 241 e 1.10 20 0.271 0.0h1 L7
2 137 15 880 133 346 1.93 20 0.151 0.071
571A 1 112 15 891 167 113 1.89 20 0.187 0.970 39
2 110 15 878 98 358 2.65 20 0.112 0.098
576A i 110 i5 o8 270 416 1.24 20 0.301 0.046 66
2 110 15 838 165 37C 1.65 20 0.185 0.061
S804 1 109 15 899 185 393 1.79 20 0.206 0.066 4o
2 108 15 890 119 355 2.61 20 0.134 ©.09%
5814 1 107 15 203 206 450 1.46 20 0.228 0.05% k5
2 106 15 897 119 351 2.27 20 0.133 0.08k
N 5374 1 103 15 goh 223  Le6 0.45 20 0.2k 0.017 54
2 103 15 84l 121 326 1.17 20 0.143 0.043
(Continued)

‘W*’WW_WJW “'

* d is carcass diameter.
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Table 6 (Concluded)

0w to &
G‘inn
Deflec- Toad 1(’!;11 ) Sinkage P Avg
Test Pass Sta- tion (W) 20’ Torque (z) Siip  _20 z  Cone
No. _Ho. tion % 1 b ft-1b in, % W 1 Index .
5824 1 110  i5 9ok 113 392 2.71 20 0.125 0.100 27 !
2 110 15 905 70 354 3.79 20 0.077 0.1ko
5834 1 108 15 9L 223 Log 1.27 20 o.247 o.0h7 48
2 07 15 898 130 357 1.78 20 C.1LL - 0.066
5774 1 112 15 - 905 41 393 3.05 20 0.0k5 0,113 25
2 111 15 912 L 353 k.35 20 0.048 0,161
5724 1 109 15 906 93 384 1.38 29 0.103 2.051 26 g
2 109 15 gk 59 365 2.18 20  0.065 0.080
5734 1 111 15 06 106 383 2.26 20 0.117 £.083 .35 v
2 110 15 858 80 358 3.21 20 0.090 0.118
5668 1 110 15 - 901 76 374 2.0k 20 0.087 0.108 35
2 110 15 890 66 337 3.55 20 0.074 C.131
5754 1 107 15 902 248 L06 1.07 2C 0.273 0.039 57
2 108 15 901 155 361 1.12 20 0,172 0.0k1
74048 1 108 15 91k 133 390 2.15 20 0.146 .079 32
2 108 15 914 91 348 3.10 20 0.100 ¢.11k
536A 1 107 35 861 371 456 0.49 20 0.431 0.018 60
2 1c7 35 862 26k 379 0.75 20 0.306 0.028
282A 1 108 35 86k 178 339 2.00 20 C.206 0.074 27
2 107 35 888 131 304 2.03 20 0.151 C.075
538A 1 106 35 869 312 Lop 0.81 20 2.350 0.030 47
2 106 35 873 21k 365 1.33 20 Cc.245 0.0492
293A 1 105 35 . 872 306 14 6.69 20 0.351 0.025 39
2 . 104 35 877 211 359 1.16 20 0.241 0.043
2994 1 104 35 885 385 L34 0.38 20 0.426 ©.01k 46
2 105 35 876 284 380 0.57 20 .32k 0,021
5634 1 108 25 880 2u1 369 1.57 20 0.274 0.058 29
2 108 35 872 167 334 2,2k 20 0.191 0,083
5627 1 105 35 884 338 L35 0.93 20 0.382 0,034 5k
2 103 35 880 231 361 1.32 20 0.263 0.049

]




Table 7
Sumnary of Test Results
Mortar Sand, Singl: Wheel, 20% Slip Point
9.00-1k4, 2-PR Tire

Q- {0
De-~ Sirk- . b6-in.
- flee- Load 1{;31) ayge P Avg
~ Test Pass Sta- tion (W) 20" Torque (z) Slip _2C z_  Cone
No. No. tion % b 1b  ft-lb  in. % W 3%  Index
553 i 16 15 87c 1k 334 2.66 . 20 0.016 ©0.096 3,
2 117 15 868 3k 308 3.60 20 0.039 0.133
550 1 116 15 272 36 322  3.67 20 -C.0bi 0.135 26
_ 2 116 15 86l oy 293 L,26 20 0.025 0.157
557 1 106 15 876 130 314 1.32 20 0.14 o.040 52
2 105 15 & . 78 310 1.90 20 0.082 0.070
s 1 116 15 875 -k2 32h Leo 20 -0.048 0.170 1k
2 116 15 880 2L 30L 4,57 20 0.027 0.169
556 1 107 15 879 83 320 1.75 20 0,094 ©.065 1
2 106 15 874 56 207 2.55 20 o,o6h 0.094 :
2 55% 1 108 35 852 212 332 1.h2 2 0.249 0.052 33
Y 2 107 35 8¢ 178 312 1.95 20  0.208 0.072
: 58 1 18 35 84 22 209 3,21 20 -0.026 0.118 11
2 116 35 850 107 200 4.29 20 0.126 0.158
56 1 10k 35 883 305 ko8  o.kh 20 0.345 G.016 S
2 105 35 890 198 251 0.93 20 0.222 0.034
550 1 116 35 886 51 293 2.93 20 0.058 0.108 23
2 117 35 872 112 315 3.3k 20 0.128 0.123
555 1 106 35 889 257 380 1.10 20 0.23¢ ©,041 - 38
2 106 35 875 167 332 1.45 20 0.191 0.05k4

;g eI v"'é.‘

il

.‘5

¥ Jd is carcass diameter.




Table 8 | o
Summsry of Test Results , ' ' -
Yuma Sard, bxl Vehicle, Constant 20% Slip Tests

", 50-158, 4-FR Tire

0- to

- Deflec- Lo§d ?;ll) P 6-in.
Pest. tion (w) 20 Slip "20 - Avg Cone
No. B 1b 1b & _w__ - . _TIandex
324 15 : 820 - 110 20 | 0.124 53
33-4 15 890 60 20 - -0.067
36-4 15 890 -90 20 -0.101 6
33-% 15 - 890 130 20 0.14¢ 63 Yo
3=l 35 896 510 20 0.573 51
37-4 35 890 Lo 20 C. 443 37
Lo-k 35 £30 780 20 0.876 61
h1-L4 35 890 610 20 0.685 L9
Table 2
Summary of Test Regilis 7
Yuma Sand, Lxlt Vehicle, Constant 207, Slip Tests
G.00-1%, 2-PR Tire
Deflec- Load ?;ll) - g-ig?
Test. tion (W) 20 Slip 120 - Avg Cone
No. % 1b _1b h W Index
Lo-k 15 8% 720 20 0.809 63
L7-4 15 890 225 20 0.253 30
L48-1 15 890 490 20 - 0.551 L7
ho-4 15 890 65 20 0.073 17
L3-L 35 890 1170 20 1.315 50 .o
Ll 35 890 900 20 1.011 34
454 35 890 1290 20 1.449 59 -
51-L 35 590 725 20 0.815 22 "

"
N e
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Tablzs 10

: - U . ~_ Summary of Test Results

S Martax Sa.nd byl Vehicle, Couctant 20% Slip Tests
' 4.50-18, 4-PR Tire

Ll‘

. Deflfeé'- Loa ( p 6-in.
Test -~ = tion - (w) Slip 20 Avy Cone

—_N_o._ % b “ lb % o w Index

21-4 15 8%  -253 20 ~0.28L 51
- 22-h 15 890 -262 20 -0.294 Tk
2kl 15 89 -0 20 -0.360 37
-k 15 > -225 20 -C.25% 53
31-h 15 em ~340 26 -0.302 26
To20-B 35 690 120 20 0.472 51
2=y E BgC =35 20 0.287 43
061 35 4590 65 20 0,073 37

27-4 35 890 509 20 0.562 59
o8’k 35 290 -100 20 -0.,112 27
29-k 35 890 _ 172 20 0.193 b

hd
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— . Table 11
Summecv of Test Results ]
Mortar Sand, Uxh Venicle, Constant 20% Slip Tests
| 9.00-1k4, 2-PR Tire |

0~ to.

Deflec~ Load f;ll)kv , ‘ P - 6-in,
Pest "~ tion - (W) RN I 8iip 20 .~ Avg Cone . -
No. % - _ib 1b % W _Index
12-l 15 890 410 20 o615k
13-% g 590 230 20 0.258 LY
4=k 15 890 70 20 0.079 . 34
15~k 15 860 -0 20 - -0.03k4 2l
16-h 15 200 1o - 2 - 0.157 37 3
18-L 15 890 es 20 0.099 22 %
19-h 15 €90 -15 20 -0.017 26 ?g
Bl 35 8or 1200 20 1.348 L9
8-4 35 - 890 590 20 1.124 Lo :
g 35 890 800 20 0.899 29 ;
10-k4 35 890 520 20 0.584 - 20 s
11k 25 8a0 1250 20 - 1.40k 62 :

12-4 25 890 12ho 20 1.393 49
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In Situ Density Measurements

Table 12

“Yuma Sand

e Mortar Sand
. Cone Index _ Dry. _ Comne Index Dry
“Cw 0 2-in. 0O- to b-in. Density - 0= %o 2-in. O- to 6-in. Density
_Average . . _iverage lb/cu r't Average Average - 1b/7u £t
3.75 7 90.3 5.0 11 ok.6
7.0 12 94.8 6.0 13 ok.3
6.0 14 95.5 5.0 12 95,1
8.25 i7 95.1 - 8.0 19 95.3
6.0 19 6.4 6.0 1k 95.8
15.0 L5 100.2 9.0 - 97.3
18.0 55 101.5 10.0 17 97.9
-~ 16.0 6h 102.k 11.0 23 97.9
18.¢C €0 102.7 11.0 26 97.8
19.0 69 103.0 6.2 30 68.0
| 14.0 20 9.1
13.0 28 - 98.4
13.0 33 100.6
13.0 28 100.7
15.0 35 101.2
20.0 50 101.8
15.25 - 102.0
- 45 102.1
17.25 49 102.6
20.0 L 103.1
- 43 103.2
17.0 41 103.7
16.0 36 103.9
20.0 52 104,0
20.0 54 10k.6
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Tuple 13

Djrect Shear Tezt Results

Yumna Sand . - Vortdr Sand
Dry Mormnt Max Snear Friclioa Dry Hormal Max Shear Frictlion
Density  Stressz - Strese Fugle ‘chesjon Density Lress 3tress Angle fLohesion

.

(7,3) (fn) (S&) (Vd) Ta: (::d) ‘.7,1) (an) v (sa) _ ()1(1)
b/su Sy poi o pai deg L) oo b/ £t _pst psi deg
M.k 5e9 5.06 7.2 0,750 0.0 - )
: 2.8 14.91 .
Li.7 31.55
9.8 6.9 4.8 35.1 0.703 0.0 -
20,8 14.57 . .
1.7 29,16 .
.96 35.6 0, 716 0.0
1L,E7
29,776

.80 35.1  0.707 0.5 - . -

o fey)
Tan ¢d : :.Ei

f=gigt]

= O o P‘?C‘\
. .
- D
e

7o 276 _ _ .7 2267

6.0 5.9 5.6 H.L 2.737 .0 6.3 €.0 375 28,4 0.581 0.0
- 2008 1%.23 20.8 1141
2

.

51.8 .9 7
20.8 14,50 .
b7 2878 ‘ ‘ - %
9.0 6.9 & 2.6 0.1 0w ®.5 6.9 3.6 25 021 0.0 3
.8 hiE 0.5 109 : b
$
i
r

41.7 20,65 . ul,7 22.50
6.7 6.9 L. 35,1 C.70% 0.0 S
20.8 14,83
b e 22.76
1.5 5. 5.11 T2 0759 0.0
20.2 12,72
41,7 31.5k
27 €.9 L. 80 35.1 0,703 0.0
20.8 14h.62
)41-7 :','.h‘;

4,11 36.1 1.
%3k

00, 5.26 37.6 - 0.0 100.% 3.1 C.603 0.0

5,26 7.2 0.0

102,49 5.11 7.8 2.0
20,8 15,34
41.f 31,54 +
15,2 6.0 5,00 6.1 1.0 10k, 5.5 L, 58 33.2 0,634 0.0 .

o Z
20,0 1,07 20,8 13.€1 T
4. 2 0of k1.7 27,32 .
1002 G, h.1t 30,7 9,0
20,8 5.3
Y 20,61
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?APPENDIXgA‘ DYHAMIC ﬁEIxHT T?ANSFER FOR WHEELED YEHICLES

“w
IS

1. When compa-‘ng‘the performsnce of a single wheel with thai of a
'fwheeled‘ enlcle. 1+ is q@cessa:y to Bptermlne those factors inherent in the
'l"ehL”lP ﬂ51gn that may be expec ted to- nr0d1 ez ifferencn* in per;ormance.

:'One of +neae factors is aynamlc *exght transfer. Lne»transfer ol weight

Irom the ;ront to thc rear wheels (cr vxye vprsa) » , produ:t,of‘a-number;

?oz nanglca"folons. Some of these ale uczque -acce- raticn; slope of sur-
‘face, dl“”oron *al s;nkage (front to *ear), motio xesistance, ard external

‘pull \dravbar or pgnfle load) L :L“f"zi &

< B -

Tae 2. " The Lree-body diagram shown’ in f;g. Al vxl; be uved ccscrice

A

the general force nondxtLons of a four-wn =l~drxve vehl 1e on a norizontal

IR VIS ST YRS
. Lo . 4 S

‘DIRECTION OF TRAVEL R T POSITION O€ PRONT WHEEL W7
REARAVER SESFECT 79 REAR UNDER CONDI- -
TIONS OF DISFERENTIAL SINKAGE CoE

¢
{ 5 * MOMENTS

A WA MR s e T
ST iy s . '_v

jFig. Al. Ffee-bédjidiagram of Tour-wheel-drive vehicle
) - traveling on a hcrizontal surface

Surface{; This diagfamfshows 2 foﬁr-wheel-drive vehicie traveling on a hor-
izontal surface with equal~sinkagés>of front and rear wheels. Assuming
that the vehr;\,le"is traveling in a straight line such that there are no
turning forces and that the wind resistance is negligible, all ofyﬁhe,
forcas scting on the vehicle are shown (e.g. traztive forces, motion re-
sistance forces, support fo1cés, wéight of the vehicle, inertial force of
acceleration, and external pull). In addition, the attitude the vehlvle
 ussumss when differential sinkage between the front and rear wheels 1s ex-
perienced is superimposed on this diagram as dashed lines. This illustra-

‘tion will be used in a part of the derivation which foliows.




_directly underneath the axlz, therety forcing the distances, X

3. The dynamic weight transter, w§ , of 2 vehicle is defined in

\:éqpatidh_ﬂl. N i

HT = Rls - Rld (a1,
where )
S 5 - = ctati P
- 'Bls‘f §ag§f§»qg}uelof Rl
R, .. = dynamic value of R A

1q

~ The initial céndition which will be considered is a vehicle at rest, on a

firm, horizontal surface, with no external pull applied. Under these im-

,VPQSed=c9nditinh§,:xheﬂsupportifotces, R1~ anc ~Rh-’ will move tc a point

L e Ay

~ to become zero. Since the vehicle is at rest, the motion resistance

forces, R, and Eé'5~also become zerc. By summing moments about peiat 0,

' the reaction R o can te formuiated as shown in egquation AZ.

4. In order to cémple-eithe detailed weight'trénsfer equation, it ™
necessary to evaluate the reaction- Rl‘ in the dynahic state.  The dynamic
value of R, is dependent upon the following specific conditions under
which the vehicle may be operating: |

2. The vehicle is on a firm or a yielding surface,

%. The vehicle is at constant velocity or it is accelerating or
decelerating. - - ; )

|

. External puil is or is not applied.

e 10

. The vehizle is traveling on the level or on a siope.
5. The first dynamic condition to be considered is motion of the
vehicle on 2 firm, horizontal surface, at constant velocity with no external

pull applied. It has been found from tirz deflection and contact pressure

- studies that, if a pneumatic-tired vehicls i5 .n motion on a firm surface,

there is the possibility that the support reactions, R4 and Ry5 oceur
at distances Xl and Xh , respectively, in front of the axles. It is

thought that these distances are very small and perhaps insignificant.

A2




However, they will not be ignored in this derivat.on. The tractive forces,
R3 2nd Ré . Pass through the point of momcgts an? therefore do not con-
tribute to weight iransfer. Likewise. when the vehicle is trgveling on a
firm surface, the motion resistance*fbrces, 82 aﬁd Rf s are’acting at
‘ground level and consequently drop from the mcment equation. This condi-
tion leads t> equation A3. :

ZMO

]

0 =Wk - R %) - Rm(z + xi)

but

i

th Rhs * 7J'l‘

solving for y L
, Ba W - (B, + W)X,

L MaTTTEAr o (a3)

Thus, weight transfer for conditions of constant velocity, on a firm hori-

‘;ontgl surface, with no erxternal pull applied, will be as shown in egua-

tion Ab.
Since L
Wo="_ g (equations Al and A2) ?
_ , T £ T1a ; :
. ' . 1 Y )
- | LW i - (B + W)X :
T £ i+ Xl

Collecting terms

w1 - __EE__ _¥Wn W _ Ry
T £ £ + X1 £ + Xl

Rearranging terms with common denominator and mulitiplying numerator and de-

nominator by £

Wh(s + Xl) oz xR X(2+ X))
W, = - +
T £(4 +X1'Xh7 z(z+x1-xh‘, 2(2 +x1-xh)
Simplifying s
W = WX, + Ry, Xy (AL) o
T I F K - X)) , e
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If the vehicie is nox considered to travel, not oo & firm surface but in s
yi=iding medi m such that sinkage ¢f the vehicle is present, then X2 and
Xs \fill no lcnger be zero and, consequently, the motion resistance forces, .

R2 and hb , ¥ill contnbute to mugh* {ransfer. By expanding tlie woment
equatmn shown Sor equation A3 to include the two metion res1s*:,anue moments, ‘
‘?2)(2 and R5x5 , and carrying these moments through the Q‘l;eps shcwn for
equation Al, the result is found to be & simple addition of RX, and

R‘5x§ to equation Ak with the result being equation A5,

WhX, +\(R!;$xl4 +RX, + R,)_XS),Z

W, = ‘ - {a3)
4 - : <
\ T (z + Xl Xh) , o ;
Thus, equation AS is a general expression for the dyné.mi w ig'\t ransier

of a fom‘-wneel-drive vehicle, operating at constant ve}ob Y, on a yield- 1
mg medium, in a horizontal attitude, with no exterral pull applied.

6. The twe preceding consideraticns have been Tor a vehicle travel-
ing at constant velocity. Howeﬁer, if the venicle either accelerates or
decelerates, a new force and iis resuliing moment will cause an zdditional , ' .»-
changs in the weight transfer. This is snuown by inserting the term for the
inertial momexit into equation A5 and rewriting as equation AG.

.

Inertial moment = Ig{ ak

o + (B g6, ¢ R ¢ Ry e B ) s

: .

2 Yip = 27+ X, - X) (a6)
; 7. When an external pull is applied, such as tThe force a trailer
j , imparts to the vehicle pulling it, an additional unbalanced moment exists

: 3 waich must be accounted for by additional weight transfer. This new factor
* alters the previcus weight transfer equation (egquation AA) as follows:

' ﬁ Moment due to external pull' = Py'
Wh (Rx+Rx + R.X -W-aK+Py>I
B TN T 575 g ° ~ (a7)
“ | , T - £(2 + X, - Xl;)
€ , 8. All of the conditions considered thus far have been with the

Al




vehicle operating on a horizontal surface. The next and Jast condition

will be “het of a vehicle operating on a slope {fig. A2). For reasons of

DIRECTION CF THAVEL -7
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Fig. A2, Free-body diagram of four-&heél~drive vehicle
vraveling on a slope
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mathematical simplicity. the weight, W ,>of'the veaicle has been‘separated
into its components parallel and perpendicular to the>slope. Otherwise the
diagram is the same as fig. Al. The resulting weight transfer relation is

then defined in equation A8.

i B GARNS T AR Sp pen

J _'thl + z[ﬁh - W(cos a)n + W(sin a)X + R5X5 x ﬁ2X2‘+ Rhsxh +'g K+ Pil
T~ o o | (2 + Xl - Xh)

- (a8)

9. Equation AB is not precisely correct for vehicles operating in
soft soils because vehicles equipped with tracking.whéels ekperience dif-
ferential sinkage. This causes the vehicle to be inclined at an angle B
whose sine is %? , where Az is the differential sinkage (see fig. Al);
In addition, differential sinkage will cause the tractive force, R3 ,» to
contribute to the final value of weight tramsfer, since its line of action

under these conditions will not pass through the point of moments. Further-

more, the moment arm of the motion resistance torce, R2 , on the front ‘ .
wheels will become (X2 + Az). Adding thece effects to equation'AB will
result in equation A9,




SIS 4

.

- - | o ' S |
. =th1+ !,[Wh - W(cos'x)h +W(sin a)K +R5x5>+ Re(xz"'&)"'%s‘{lﬁ gaK + Py - 33&]

Y. -
T B £(2 +% ‘Xl\;) | ‘- (49)
10, This\theoreticél weight transfer equation (A9) is considered %o
be a gereral expression for the weight transfer of a four-wheel-drive ve-
hicle that will account for the effect of motioﬁ resistanée, the effect of

acceleration, the effect of torque, the effect of external pull; and the

_effects of differential sinkage and slope climbing. It is believed that

the use of this weight transfer equation will help produce a meaningful

c@mparison of singie;wheel‘performanvg data and the performance of a four-

‘wheel-drive vehicle when the factors mentioned; singularly or chlectively,

produce an appreciable amount of load transfer.
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