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Foreword

The study reported herein was conducted during 1972 by Dr. X.-J.
Melzer of the Mobility Research Ireuch (MRB), Mobility and Environmental
Systems Laboratory (MESL), U. S. Army Engineer Waterways Experiment
Station (WES), in furtherance of DA Project 1T162112A0k6, "Trafficability
and Mobiiity Research," Task 03, "Mobility Fundamentals and Mode.
Studies,” sponsored by the Research, Development and Engineering Direc-
torate, U, S. Army Materiel Command. It was a desk study of data col-
lected in previous mobility research investigations performed at WES.

The work was performed under the general supervision of Mr. W. G.
Shockley, Chief, MESL, and under the direct supervision of Messrs. S. J.
Knight and C. J. Nuttall, Jr., former Chief and present Chief, MRB,
respectively. Dr. Melzer was assisted in the analysis of the data by ;
; Miss M. E. Smith and in the writing of the report by Mrs. M. L. Doiron,
: both of MRB.
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COL Ernest D. Peixotto, CE, was Director of WES during this study

and preparation of the report. Mr. ¥. R. Brown was Technical Director,
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Conversion Factors, Metric to British and

British to Metric Units of Measurement

Metric units of measurement used in this report can be converted to

British units as follows:

Multiply By

centimeters 0.3937
meters 3.2808
kilometers 0.6214
newtons 0.2248
kilopascals 0.1450
meter-newtons 0.7375

British uniig of measurement used in this report
metric units as follows:

Multiply By
miies {;., o. stalule] 1.6093
tons (2000 1b) 907.185

Preceding page blark
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To Obtain

inches

feet

miles (statute)
pounds (force)

pounds per square inch
foot-pounds

can be converted to

To Obtain

kilometers

kilograms
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POWER REQUIREMENTS FOR WHEELS OPERATING
%‘ IN FINE-GRAINED SOILS

[EPROE TN VP

i Introduction

1. For more than 10 years, under the sponsorship of the U. S.
Army Materiel Command, mobility researchers at the U. S. Army Engineer

o e KDL o3 5 )L ey

Waterways Experiment Station (WF5) have studied the performance of tires
on soft soils. The primary result of these studies is 2 system for

LTS O SN X AR L9
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predicting maximum drawbar pull (system output), torque {system input)

required to generate maximum pull, and towed force (zero torque) for

several running gear-soil systems, e.g. preumstic tires on fire- and

coarse-grained soils. Stimulated by recent WES investigations for the
National Aeronautics and Space Administration of the power required by

the Lunar Roving Vehicle on the Apoilo 15 and subsequent nissions ,l

T R AT PR

mobility researchers are taking a new look at power regquirements for
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terrestrial vehicles in off-road situations.

L¥ N
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2. In the study reported herein a system was developed for pre-
¢icting not only the maximum pull that can be developed by a powered
wheel oa fine-grained soils and the force required to tow it, but also

the pull and power required over its full range of operating conditions,

r
3
a%

R

i.e. from towed to maximum pull. This prediction system is based on the

i ke oshowik nt ik Ivhess et a0

results of carefully controlled laboratory tests with single wheels

™ & o d
B

operating on clay of various consistencies. fThe whesls were equipped

ey
v

IR

with tires of various sizes, and were tested under several loads. 1In
addition, an attempt was made to compare results predicted dy this sys-
tem with results from field tests with wheeled vehicles.

P

i

Basic Concept

3. Usually, the relations between certain performance parameters

and slip¥* for a single wheel equipped with a pneumatic tire are

* 3Slip is defined as (vw - Va)/vw » where v, = wheel speed , and
v, = test carriage or vehicle speed .
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determined in e series of constant-slip tests conducted at various'slip
levels, or inr one programmed-slip test. The latter type of test, which
was used in this study, is started when the wheel is in the negative
slip range, 1.e. the translational speed of the test carriage is greater
than that of the wheel, The wheel speed is held constant, and the car-
riage is slowed at a programmed, uniform rate to cause the wheel to pass
through the towed condition (torque = 0), the zero percent slip condi-
tion (carriage speed = wheel speed), the self-propelled condition (pull

= 0), etc., as slip is progressively increased to 100 percent (carriage

speed = 0).
4. Two performance parameters of interest in this study were the

pull ccefficient P/4 (pull P developed by the wheel-soil system di-
vided by the wheel lcad W) and torque coefficient M/Wra (torque M
required to develop a certain pull divided by the product of wheel load
W and active radius of the wheel ra). Relations of P/W and M/Wra s
respectively, to slip from a representative programmed-slip test on
clay ere shown in fig. 1.

0.5 l

- //
0.4
P
//
+
//

6.3 —
LU /41\‘“20/“"‘0
3 (INPUT) 1
N
= \ |
3 (ouTPUT)
Q.

Jp/w"a
i
20 40 (-]e] 80 100 !
SLIP, %

Fig. 1. Representative relations of torque and pull coefficients to
slip (TP = towed condition, SP = self-propelled condition)

2

SN ek Y e e e e T AU RSPV TR T e E s e m o




W_r — —

SLOPE ANGLE o
0 5 10 15

1.0 ‘ -t -t Y P—
4 0.8
>
2
3
5 J
y 0.8
z
a
o
@
£ 0.4
2
z §=20%
5 I
3
n 0.2
e SP
] i
-0.t 0 0.1 0.2 0.3 0.4

PULL COEFFICIENT P/W

Fig. 2. Representative relation of power number to
pull coefficient and/or slope angle

5. The two relations, M/Wra and P/W versus slip, can be
incorporated into a new relaticn by introducing the dimensionless power
number PN as g third variable resulting in PN = Mm/an (where w
= rotational velocity of the wheel = vw/ra). PN is plotted in fig. 2
versus P/W . This relation expresses the energy consumed per unit
distance per unit of wheel or vehicle weight for a certain system out-
put. The relation of PN to slope angle a , plotted on the upper
abscisse in fig. 2, reflects the assumption that P/W measured at a
given slip on a level surface with a single wheel is approximately
equivalent to the tengent of the angle of the slope that a wvehicle
equipped with similar wheels can climb.

6. The relation between PN and P/W is of particular impor-
tance to the vehicle designer or to the user who must plan the mission
of a certain vehicle in military field operatiors. Towed force and
power number for the self-propelled condition can be identified simply




(fig. 2). The pull coefficient at 20 percent slip (on/‘”’ often
referred to as "maximum pull coefficient," characterizes a limiting con-
dition, because any system output beyond this point consumes excessive
power. Also, for any given value of P/W , the power consumption rate
(PCR) in whr/km* for the interaction of a given wheel or vehicle with the
soil can be obtained by multiplying the corresponding power nunber by the
corresponding wheel or vehicle weight, expressed in newtons, and the

fraction 1/3.6 . Expressed in equation form:

_ PN
PCR - 3.6 XW

- 1000m _  hr
PCR = PN x _—EET—.X 3666"535 x newtons
PCR = PN x 1000 m-N N hr

3600 * sec . km

Since PN is dimensionless and a watt is torque per unit time,

1 w =1 m-N/sec; therefore

srp . PN - vhr _ -3 hp-hr
PCR = §T€-X W o 2.15 x 10 mile

T. Because of the importance of the relation between PN and
P/W , the development of a technique for its prediction is the main
topic of this report. In addition, the use of this technique, once
established, in predicting P/W and M/Wra versus slip will be shown.

8. The WES "clay mobility number" Nc was used in developing
‘the predicticn technique:

= Cbd (8 —_—
N, = (h) 1+ 2
24

where

C = average cone penetraiion resistence of the 0- to 15-cm soil
layer as measured with the WES standard cone penetrometer

* A table of factors for converting metric to British and Bsitish to
metric units of measurement is given on page vii.
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9.

analysis

tions.2

|

unloaded *tire section width
unloaded tire diameter
vertical load applied to the tire through the axle

tire deflection; i.e. difference between unloaded and loaded
gection heights

unloaded tire section height

The clay mobility number was developed by means of dimensional
to predict the performance of tires with circular cress sec-

It was subsequently modified to the form shown above to allow

prediction of the performance of rectargular-section tires.3 Tests were

conducted with nine different pneumatic tires under a broad range of

whecl loads and tire deflections. The soil was a fat clay (CH) prepared

to various consistencies. Relations were esteblished between the clay

mooility number and the following performance parameters: pull coef-

ficient (P/W), torque roefficient (M/Wra), sinkage coefficient (z/d), all

at 20 percent slip, and towed force coefficient (PT/W)' These relations

are displayed in fig. 3, except that between sinkage coefficient and

Pr/W,Pa0 /W, Mpn /W

¥

.4 //,4
/’/// =

.2

CLAY MOBILITY NUMBER N

Fig. 3. Performance coefficients versus clay mobility number

(adapted from reference 3)
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clagy mobility number; sinkage is not treated in thic study. These rela-
ticns allow the prediction of the performanc: parameters under consider-
ation for pneumatic tires operating st two extieme performance condi-
tions: towed and 20 percent slip., These conditioas are important from
the soft-soil mobility viewpoint because they describe the lower limit
and, for all practical purposes, the upper limit of the operaticnal
range of a wheel (fig. 1). Alsc, the two points on the PN versus

P/W curve (fig. 2) can be predicted.

10. The performance relations cannot be predicted with the system
described above, however, for the' full range of conditions between
towed and 20 percent slip. Therefore, relations betwen PN and P/W
for intermediate slip conditions (0 to 20 percent) and for different
values of the clay mobility numbers had to be established. Once estsb-
lished, they were combined to form ancther prediction technique,
vhereby not only PN versus P/W but also P/W versus slip and M/Wra

versus slip could be predicted for a given pneumatic tire-soil system.

Developmen® of Expanded Prediction System

The data used for the development of the expanded prediction
system were those used by Turnage3 in establishing the performance
prediction curves for the towed and the 20 percent slip conditions. The

following single tires were tested in the laboratory:

Approximate Stiape Width  Diameter

Tire Size  of Cross Section b , em d , cm
4.00-7, 2-PR Circular 11 36
4,00-20, 2-FR Circular 11 71
6.00-16, 2-FR Circular 17 72
9.00-1k4, 2-PR Circular 21 T2
16x6.50-8, 2-PR Rectangular 16 L1
16x11.50-6, 2-PR Rectangular 28 WL
16x15.00~6, 2-PR Rectangular 39 Ly
26x16,00~10, 4-PR Rectangular W 62
31x16,50~13, 4-PR Rectangular 38 75

12. Teat loads ranged from sbout 1000 to 5400 N , with tire deflec-

tions 6/h from 0.08 to G.3%. The average cone penetration resistance

6
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C of the test cloy ranged from 55 to 470 kPa, with corresponding rela-
tive consistencies ranging from very soft to medium siiff, These wvalues,
together with values for corresponding tire geocetry and loading congi-
tions, resulted in clay mobility numbers from 2 to 10. Thus, the sys-

tem was restricted to an area wiere the vorst performance conditions and

the most drastic chaanges in the rerformance parereters PQQN ’ M?G/"N’ra s

ard PT/W sould occur (fig. 3).
13. Power mumbers and pull ccefficients were exiracied for each

test at slips of 5, 7.5, 10, and 15 percent, and a% the gelf-propelied

cordition. Relations between PH and K. s and between P/W and 3
-

for these conditions were develcped by plotting curves of hest £i%
through the data points. &s an exampie, fig. ba shgws the relation
between Hc and PN st the self-propelisd condition ?ﬁsp .
adédition, the slip at which the self-propelled condition occurred s

n

n

b
is presented as a function of N, {(fig. 4b) for reasons that will be

explained later. P/W and PH versus Hc for 7.5 percent slip are
displgyed in figs. S5a and Sb, respectively.

1k, With the five relations mentioned above, together witn the
existing prediction relations for the towed and ths 20 percent slip <oi-
ditions (fig. 3), a nomograph was established that shows PN as a
function of Hc s P/W or slope-climoirg capability, and wheel siip
(fig. 6). From a given power number at s specific slip, the ccrrespond-

ing torque coefficient (systes input) can be 2erived as follows:

I
.
Wv Wr v
a aa

M
wra = PN{(1 - s)

R A R A A RN RS

o —
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%hen Pﬁsm cccurs ab slips smaller than 5 per:ent, i.e. IJSP/’Wra , and
the locztizn of P/W =0 on the slip axis ceniot be determined from
fig. 6, the relation between slip st the self-;ropelled point and the
clay cobility nu~ber can be determired from fiz. Ub.

15. Therefore, for emy clay robility nuxber between 2 and 10,

e

.¢. for a2 certein tire urder a giver icad or a given soil condition,
not only the reistion betweern power nuzbher or pover consurption rete
and syster ouipul ceza be estzblished, but als¢ the syster output ard
systim input as functions of siip can be deteimined by =eaus of fig. &

and, i necessary, fig. Lb.

Application of Prediction 8 -sier to
Vehicle Field Data

16. The purpose of this discussion is no to validate the pre-
diction systexz, bui to deronstrete its applicatility to vekicle test
cate. A4t present, no atterpt is made to alter he sysien to meke the
predicted data agree with the field data.

17. Tne field deta considered nere were cbtained from the "MEXZ
Pr«)gram."h Only tests that had been conducted ot clsy classified as

CH were selected; thus, the soil was sirpiier to {hat used in developing

[ET TR TETHIA

the prediction systen.
M4582 fruck

18, 'Tae first examplie is taken from one—pass drawbar-pull tests
with an M3542, 2-1/2-ton, 6x6 military truck equipped with 11.C0-29
single tires. Average corne penetration resistance C for the 0- to
15-cm soil lgyer was 7Tl kPa, which corresponds fo a stiff soil con-
sistency. This value for C , together with the corresponding tire
geometry and loading conditicn, results in 2 clay mobility number Hc
of 7.6.

19. With Hc = 7.6 , the corresponding relatio: between PN and
P/¥ was obtained from fig. 6 anc compared with the -'alues measured in
the field (fig. 7). Note that the power consurtion rate is also con-

R MR B A it e e e

sidered in fig. 7. The comparison shows a relatively good agreement

11
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given bty Turnage3 for the towed and the 20 percent slip conditions is
considered. _

20. To complete this example, P/W and M/Wra as functions of
slip wers determined (fig. 8) from fig. 4b, fig. 6, and the relation
brtweer: PN and Mi'vira , &8s derived above. The comparison shows that
the predicted P/W values are slightly larger for a given slip than
the measured values (fig. 8a), whereas an almost perfect zgreement is
echieved in the case of the measured and predicted M/Wra versus slip
reiaticns (fig. &).
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MEXA 10x10 vehicle

21. The second example is tsken fyom one-pass drawbar-pull tests
with tkhe MBXA 2-1/2-ton, 10x10 truck equipped with 42xh0-16A tires.
Four test series conducted on the same test area were cambined for this
analysis. Cone penetration resistance for the 0- to 15-cm soil layer
ranged from 110 to 159 kPa in the four series. The average value,
131 kPa, corresponds to & very soft soil consistency. The average
remolding index RI was 0.6k, with corresponding remolded cone penetra-
tion resistance RC of 83 kPa. RI represents a measure of the deform-
ability characteristics of soft soils during multipess traffic. 3ecause
of the extremely soft soil encountered during these tests,
in this example instezad of C .

RC was used

22. With RC = 83 kPa and the corresposding tire geometry and
loading condition, Nc = 2.5 was c¢btained. Tne relation between PN
and P/W derived with Nc = 3.5 from fig. 6 is shown in fig. 9, to-
gether with the measured values from the field teats. OCver the full
range of system output, the power requirements in most cases are pre-
dicted higher for a given P/W than they were measured. However, the
instrumentation for messuring torgue during the tesis was not quite
setisfactory, i.e. torque was not measured directly at the axles, which

may account for the deviation of most of the measured values from the
predicted values.

MEXA 8x8 vehicle

23. The third example is taken from one-pass drawbar-pull testis
with the MEXA 2-1/2-ton, 8x8 truck equipped with 48x31-16A tires. Re-
sults from two test series conducted in the same area were combined for
this analysis, which must be restricted to the prediction of P/W ver-
sus slip, since torque values were not reported. Cone penetration
resistance C w3z 145 and 158 kPa, respectively, for the two series
with an average of 151 kPa, which corresponds to a very soft soil con~
sistency. The average RI was 0.62 with an RC of 93 kPa. This
latter value was used in this example for the same reason stated in
paragraph 21,

2k, An RC of 93 kPa, together with the tire geometry and the
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Fig. 9. Comparison of measured and predicted
power requirements For MEXA 10x10 truck

loading condition for the vehicle, resulted in a clay mobility number
of 2.9. The relation between P/W and slip, as derived from fig. 6,
is compared in fig. 10 with the measured field dats.

Conclusions and Fecommendation

25. It is concluded that:

a. Power recquirements as a function of pull coefficient can
be predicted by the technique developed in this study

for a given wheel equipped with a pneumstic tire operating
on cley and i a range from towed to 20 percent slip.
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in this study be developed for wheels operating in coarse-grained soils.

1.

2.
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Fig. 10. Comparison of measuredAa.nd predicted
relations of pull coefficient to slip for MEXA
8x8 truck

o

Relations of pull coefficient and torgque coefficient as
- functions of slip can be predicted for the pneumatic
tire mentioned above in a.

" The prediction system devéloped herein can be used to
predict wheeled-vehicle field performa.nce with fair to
good accuracy.

e

26. It is recommended that a technique similar to that developed
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