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FOREWORD

The study reported herein was conducted by personnel of the
Mobility Research Branch (MRB), Mobility and Environmental (M&E)
Division, U. S. Army Engineer Waterways Experiment Station (WES).
The study was sponsored by the Lunar Exploration Qffice, National
Aeronautics and Space Administration, Washington, and it was
under the technical cognizance of Dr. N. C. Costes of the Space
Sciences Laboratory, George C. Marshall Space Flight Center (MSFC),
under NASA - Defense Purchase Request No. H=58504A, dated 30
April 1969.

The tests were conducted under the general supervision of
Messrs., W. G. Shockley and 8. J. Knight, Chief and Assistant
Chief, respectively, of the M&E Division, and under the direct
supervision of Dr. D. R. Freitag, Chief, Office of Technical
Programs and Plans, WES, Mr., A. J. Green, Chief, Vehicle Dynamics
Section, MRB, and Dr. K.-J. Melzer of the Mobility Fundamentals
Section, MRB. This report was prepared by Drs. Freitag and Melzer
and Mr. Green.

The Bendix, Boeing-GM, and SLRV wheels used in the study were
furnished by MSFC, and the Grumman wheel by Grumman Aircraft-Engineering
Corp., Bethpage, N. Y. The Jet Propulsion Laboratory, Pasadeana,
Calif., furnished the Surveyor Lunar Rover Vehicle, and representatives
of that laboratory participated in the testing conducted with
this vehicle. The 4x4 test vehicle was originally fabricated by
WNRE, Inc., Chestertown, Md., as a model of a marsh buggy and was
modified by WES for this test program.

Acknowledgment is made to Mr. C., J. Nuttall, Jr., of WNRE,
Inc., for his advice and assistance during the study.

COL Levi A. Brown, CE, was Director of WES during the conduct
of this study and preparation of this report, and Mr. F. R. Brown

was Technical Director.
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NOTATION

A Hard-surface contact area, cm2 (in.z)

c
b Width of wheel; width of grouser, cm (in.)

c Cohesion of the secil, kN/m2 (psi)

c, Apparent cohesion of the goil, kN/m2 (psi)
cy Cohesion determined from bevameter tests, kN/m2 (psi)
cc Cohesion determined from sheargraph tests, kN/m2 (psi)

. 2
sz Coh%sion determined from plate in situ shear tests, kN/m (psi)
Crp Cohesion determined from trenching tests, kN/m2 (psi)

Cu Coefficient of unlforq}ty of the soil = d60/d10
d Wheel diameter, cm (in.)
dm Mean diameter of soll grains, mm (in.)
le Grain-size diameter at 10 peﬁcent finer by weight, mmn (in.)
d50 Grain-size diameter at 50 percent finer by weight, mm (in.)
d60 Grain—size diameter at 60 percent finer by weight, mm (in.)
emax - emin
D' Compactibility, % = 100 (—'—”?;——"——*)
) min
€ ax = ©
D_  Relative demsity, % = 100 [ St
max min
e Initial void ratio
e Maximum void ratio
max
e . Minimum void ratio
min 3
G Penetration resistance gradient, MN/m~ (pci*)
kc,k¢,n Bekker soil values
M Torque, m-N (ft-1b)
M20 Torque at 20 percent slip, m-N (£t-1b)
M/Wre Torque coefficient

MZO/Wre Torque coefficient at 20 percent slip:

2 -8
N Sand mobility number = Eh§-(l - Zﬁ)
1 W d
3/2

N2 Sand mobility number = G/W - Al

#pel = lb/in.3
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P/W
onlw
PCR
PN

PN

sp

PNlS

PN

max

o o

e = 8 <

Contact pressures, kN/m2 (pgi)

Pull, N (1b)

Pull at 20 percent slip, N (1b)

Pull coefficient o

Pull coefficient at 20 percent silip

Power consumption rate = PN x W x 1/3.6

Power number, M/Wre(l - 5) !

Power number for self-propelled condition

Power number for 15-deg slope

Power number for maximum possible slope

Effective wheel radius, cm (in.)

Slip, % , 1 - ;j;

Translational speed of .a wheel, m/sec (fps)

Moisture content, % (percent of dry density)

Load; weight, N (1b)

Slope angle, deg

Dry density, (dry unit weight) g/cm3 (pei)

Specific gravity

Wheel deflection, cm

Axial strain, % N

Efficiency = ratio of recoverable energy to total emergy
input = Moo
Efficiency at 20 percent slip

Angle of internal friction, deg

Angle'of internal friction determined from bevameter tests, deg
Angle of internal frietion determined from sheargraph tests, deg
Angle of internal friction determined from direct shear tests, deg

Peak angle of internal friction determined from plane strain
tests, deg

Angle of internal friction determined from plate in situ
shear tests, deg

Secant angle of internal friction determined from triaxial
tests, deg

Tangent angle of Internal friction determined from triaxial
tests, deg .

Rotational velocity of the wheel, rpm



SUMMARY

One pneumatic and four metal-elastic wheels were laboratory
tested in a fine sand to determine their relative performance
and to establish a better understanding of the basic principles
of the interactdion of'lightly loaded wheels with a frictional
soil containing a small amount of cohesion. Five levels of sand
strength were used. The cohesional and frictional properties
spanned a range that included the probable range of lunar soil
properties. The following tabulation shows average properties
(angle of internal friction ¢t » cohesion Cop dry unit weight
Yq » relative density Dr , and moisture content w) for, the five

strength levels.

Soil be cgr ;d D, 4
Condition _deg kN/m ™ (psi) g/em” (pef) Z N
S; 37.1 0.0(0.0} 1.47(91.7) 32 0.5
82 43.5 0.39(0.06) 1.62(101.1) 87 0.5
Cl 37.9 0.39(0.06) 1.50(93.6) 46 1.1
C2 38.5 1.08(0.16) 1.52(94.9) 54 1.4
C3 38.1 1.75(0.25) 1.51(94.3) 48 1.8

Pull-slip tests, in which the slip of the wheel was varied
from negative to high positive values, were conducted with a single-
wheel dynamometer system. The translatiomal speed of the dynamometer
system was approximately 0.5 m/sec (®1.5 fps). Wheel loads were
varied from 67 to 670 N {15 to 150 1b).

Pull-slip tests and slope-climbing tests were conducted with
a 4x4 vehicle and a 6x6 vehicle on soils prepared to the same
consistency as that used in the single-wheel tests.

For a given soil condition, the pull coefficient did not vary
with load for wheel loads less than about 220 ¥ (50 1b); for greater

loads the pull coefficient decreased with increasing loads. In addition,



the pull coefficient appeared to be independent of the average
wheel contact pressure for pressures ranging from 0.7 to 3.5 kN/m2
(0.1 to 0.5 psi) for a given soil condition. These results are
consistent with the general shear behavior of the soil.

Contrary to expectations, increases in cohesion did not
result in a marked improjement in performance over the range of
loads and soil conditions used in this study.

Average values of pull coefficient at 20 percent slip (PZU/W)
apd power number at the self-propelled point (PNSP) and on a 15-deg

slope (PNlS) in a soil with zero cohésion (Sl) and one with a

cohesion of 1.08 kN/m2 = 0.16 psi (02) are given in the following

tabulation:
Soil Condition, S1 Soil Condition, 02

% % % % x %
Wheel Poo/¥ oo PNys Pog/™ PN PNy s
Pneumatic 0.448 © 0.150 0.422 0.548 0.040 0.372
Bendix I 0.452 0.067 0.425 0.505 0.080 0.370
Boeing-GM I 0.274 0.098 0.515 0.343 0.067 0.382
Grumman I 0.281 0.162 0.522 0.272 0.127 0.478
SLRV 0.426 - 0.080 0.386 0.602 0.165 0.482

*These data are averages for the range of loads used.

The data indicate that power requirements for the Bendix
wheel are lower thanafor the Boeing~GM and Grumman wheels with
one exception, the Boeing;GM wheel at- PNSp on the C2 soll condition.
For a single wheel operating in loose air-dry sand on a level
surface under an assumed 220-N (50-1b) load, the power consumption
rates for the Bendix, Boeing-GM, and Grumman wheels were 4, 6,
and 10 whr/km, respectively.

The results of tests with the original wheels showed- that
none could be relied on to propel a vehicle up a 35-deg slope.
There was indication that the original Bendix wheel migﬂt negotiate
slopes up to about 28 to 30 deg, and the original Boeing—GM and
Grumman wheels might negotiate slopes on the order of 15 to 20 deg.

The addition of angle iron grousers 30.5 cm (12 in.) wide and

3.2 em (1-1/4 in.) deep to the Grumman and the Bendix wheels

x1i



resultzd in a substantial increase in the respective pull coefficients
(slope-climbing abilities) with corresponding increases in the power

demands for both wheels. Reducing the stiffness and adding a cover to
the Boeing—GM wheel increased its pulling (slope-climbing) capability.

It was demonstrated that pull data from tests on level soils with
the pneumatic and SLRV wheels can be used to predict the slope-climbing
ability of a vehicle. Data trends indicate that such pﬁedictigns
tend to be conservative by about 1 to 2 deg. Torque or power requirements
for the 4x4 and 6x6 vehicle were slightly higher than predictions based
on corresponding single~wheel test results would be.

Results of testg with both the 4x4 and 6x6 vehicles indicate
that the torque coefficient at a given slip was not significantly
affected by variations in surface slope and soil strength.

Generally, when the vehicles were completely immobilized on a slope,
they could not continue climbing by backing down and starting up again as
they became jmmobilized again upon reaching the point where they had
previously spun out. When the vehicles were stopped prior to anm imminent
immobilization, they could retrace their tracks and continue to climb,
Any effort to steer the vehicles while they were negotiating a slope
tended to degrade their performance. On the basis of observations during
these tests, it is estimated that the maximum slope climbable waé reduced

by 1 to 2 deg when an effort was made to steer the vehicles.

xiid



PERFORMANCE EVALUATION OF WHEELS FOR LUNAR VEHICLES
(SUMMARY REPORT)

PART I: TINTRODUCTION

Background

i. Mobility on the lunar surface is a fundamental requirement
for lunar exploration extended beyond the initial Apollo landings.

The upper few centimeters of the lunar surface is considered to be composed
of a loose, particulate material with an average bulk density of about

1.6 g/cm3 (99.8 pcf), an angle of internal friction of about 37 deg

in the normal stress range of a few kN/m2 (psi), and a small, but noticeable,
amount of cohesion ranging between 0.34 kN/m2 (0.05 psi) and 1.38 kN/m2
(0.20 psi) (Costes, et al, 1969). 1In planned surface traverses on

the moon, a lunar roving vehicle will be required to travel on soft
deformable soils, in craters, on level ground, and on slopes ranging

up to 35 deg. Therefore, a method is needed for predicting the mobility
performance capabilities and associated energy requirements related

to various proposed lumar roving vehicle concepts. .

2. The available methods for predicting the performaﬁce of wheeled
vehicles on terrestrial solls are inadequate foy predicting-thét of lunar
roving vehicles., Thus, carefully controlled tests are necessary to
establish maximum performance of vehicles operating on level surfaces
and on slopes of loose, slightly cohesive, particulate méterials; to
quantify the amount of power consumed during these operations; and to

relate these parameters to wheel characteristics and soll conditions.

Purpose

3. The general purpose of this study was to investigate principles
that would lead to a better understanding of the soil-wheel interaction
in the lunar environment and to evaluate the relative effectiveness
of various proposed types'of lunar roving vehicle wheels as traction

and transport devices.



Scope

4. Tests were conducted on a. sand from the desert near Yuma,
Arizona. The sand was prepared to relative densities varying from
loose to very dense, and was mixed with controlled amounts of water
so as to exhibit an apparent cochesion ranging from 0 to 1.8 kN/m2
(0 to 0.26 psi).

5. Single-wheel and vehicle tests were performed in test bins
in the humidity-controlled laboratories of the Mobility Research Branch
(MRB) of the U. S. Army Engineer Waterways Experiment Station (WES)
as follows:

.E; Single~wheel tests on level air-dry and wet sand with
a pneumatic wheel and four basic types of metal-elastic
wheels and variations thereof.

bs Tests with a 4x4 vehicle and a 6x6 vehicle on level
and sloping air-dry and wet sand surfaces.

The wheel loads were varied from 67 to 670 N (15 to 150 1b). Depending

on the flexibility characteristics of each wheel, the corresponding
contact pressures ranged from 1.2 to 16.3 kN/m2 (0.2-to 2.4 psi), and
the slope angles used for slope-climbing tests ranged from 0 to 35 deg.

Extensive soil testing complemented the single-~wheel 'and vehicle tests.



PART II: TEST PROGRAM

Soil

Description
6. Gradation, classification, and other soil data for the material
selected for this study are given in fig. 1.

Preparation

7. Level surfaces. The desired soil condition in dry sand was

obtained in the following manner: One or more test bins (fig. 2) were

filled and the soil was plowed with a seed fork to a depth of 30.5 c¢m

(12 in.). TFor loose conditions, no compaction effort was necessary,

so the surface of the plowed section was screeded level. To achieve

denser conditioms, the material was compacted at the surface with a

vibrator before screeding. The required compaction effort varied, depending
on the relative density desired. To process the wet sand, the desired
volume of water was added to the soil, and the material was thoroughly

mixed and then placed in the soil bins. Further preparation {i.e. compacting
and leveling) was the same as for the dry sand.

8. Sloping surfaces. The preparation of sloping test surfaces

reqﬁired no special technique. The test bins were prepared in the
manner previously described and then lifted to the desired angle with
an overhead crane. A soil bin in peosition for a slope-climbing test is shown

in fig. 3.
Soil Tests

9, The soil tests conducted during this study can be divided
into three categories according to their purpose, as follows:

a. Tests conducted to investigate the general shear behavior
of the test soil. These tests consisted of conventional
and vacuum triaxial compression tests, plate in situ shear
tests, and trenching tests.

-

Routine tests normally conducted in all WES mobility research
programs. These included cone penetration resistance
tests, water content, and density determinations.



IHOIEIM A8 J3SEV0OD IN3T ¥3d

HYDROMETER

100

20
0.001

1

0.005

0.01
SILT OR CLAY

= 51.27%
Yo T 2.67

Dl

005

01

U.S, STANDARD SIEVE NUMBERS

4 6 8101416 20 30 40 50 70100140 200

3

Ya %

2 Va1 %

3

U.S, STANDARD SIEVE QPENING IN INCHES
4

100
%0

o o Q o o
© -t 5: - [
e W
- P S 5 [N PR
I e T
o o o [= Q
2 £ L2l -t [

LHOIEBM A8 43N INID ¥3d

4

= 0.311

FINE

e |
min

0.5
SAND
max

1

GRAIN SIZE MILLIMETERS
MEDIUM

Soil Properties

]

= 0.919

COARSE

max

FINE

10
Grain-size distribution and soil properties of Yuma sand

GRAVEL
COARSE
1.5
d50 = 0,12 mm
Fig. 1.

50

160

COBBLES

500



163 cm (64 in.)

—~
o
far
0
=
-
=)
3] o
g
O A
%) | b i
)
| |
B
i g 3
N |
/ 9 |
’\ -~
| 0o

Fig. 2. Soil bin used for single-wheel tests




Fig. 3. Soil bin in position for vehicle slope-climbing test



C. Special tests were conducted at the request of the sponsor.
These tests were Cohron sheargraph, vane shear, and bevameter
plate penetration and ring shear tests. A complete descrip-
tion of each of the tests mentioned is given in Freitag, Green,
and Melzer (1970).

Soil test results

10. One basic objective of the soil tests was to identify the
soil conditions under which the single-wheel and vehicle tests were
performed in terms that would permit an evaluation of the test data
by researchers subscribing to one of the several techniques for amalyzing
and predicting vehicle performance. A second, equally important objective
was to determine such basic engineering properties of the material as
angle of internal friction, cohesion, density, moisture content, and
penetration resistance for maintaining a close control on the soil conditions
for this test program. The maximum, minimum, and average measured values
that can be associated with soil conditions (e.g. Sl’ CZ) used throughout
the tests are presented in table 1. The table shows that parameters
normally considered basic soil properties, e.g. c¢ and ¢ , vary
with the type of test being conducted. The relation between fri:tion
angle ¢ and relative density Dr » as determined from several types
of triaxial compression tests, direct shear tests, and plate in situ
shear tests, is shown in fig. 4. The relation among cohesion €y determined
from trenching tests, moisture content w ,» and relative density Dr
is shown in fig. 5, and that among Dr » penetration resistance gradient
G , and w is shown in fig. 6. Both relations were established from
the results of very carefully conducted tests. The relative densities
evaluated from routine tests during the single-wheel test program follow
the same trend as the data in fig. 6 but show more dispersion. A more
detailed analysis is given by Freitag, Green, and Melzer (1970).
Application to mobility

11. The angle of internal friction ¢ of the sand employed
in these tests, as determined from triaxial compression tests, was
larger for low normal stresses than for relatively higher normal stresses,
at least when the relative density was greater than 50 percent. These
trends were qualitatively confirmed by plate in situ shear tests, but

the specific values of ¢ depended on the test method used. Also,
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the sand was found to have a small amount of apparent cohesion, depending

on the relative density and the moisture content. Here also the test
method appeared to influence the experimental results. This gave rise to
the question as to what numerical values for the friction angle and
cohesion should be used in connection with data analysis. This problem

is discussed in detail by Freitag, Green, and Melzer (1970).

Wheel and Vehicle Test Equipment |

Test dynamometers

12. The single-wheel test dynamometer shown in fig. 7 was one
of three of the same type used in this test program. Instrumentation
provided for continuous recording of wheel load, drawbar pull, torque,
sinkage, slip, and speed. The accuracy of pull and torque measurements
is estimated to be +3 percent. This deviation included variations
due to electronics, random wheel vibrations, nonuniformity in elastic
deformations of the wheels, etc. The wheel test speed was no greater
than 0.5 m/sec (1.5 fps) (for further details see Freitag, Green, and ;
Melzer, 1970).
Test wheels
13. The original test wheels were: the pneumatic, the Bendix I, |
the Boeing-General Motors I, the Grumman I, and the SLRV wheels shown
in fig, 8. Modifications during the program included the addition of
grousers to the Bendix and the Grumman wheels, and roughening the surface,
reducing the stiffness, and adding several different types of fabric
covers to the General Motors wheel. Characteristics of these wheels
are listed in table 2.
Vehicles
1l4. An engineering model of the 6x6 Surveyor Lunar Rover Vehicle
(SLRV) and a 4x4 vehicle were used in the test program (figs. 9 and 10).
Vehicle performance test data included torque at each wheel (or axle),
drawbar pull, wheel speed, vehicle speed, wheel slip, slope, rut depth,

and soil properties.

it
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Fig. 9. 6x6 Surveyor Lunar Rover Vehicle (SLRV)
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Lxl test vehicle
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Test Procedures and Interpretation of Data
for Single-Wheel and Vehicle Tests

Single-wheel tests

15. Tests were started in the negative slip range and progressed
uniformly to 100 percent slip. The relation of the dimensionless pull
and torque coefficients to wheel slip can be shown by two curves, such
as those in fig. 11 which are representative of data obtained with the
pneumatic, Bendix, Boeing-GM, and SLRV wheels, and in fig. 12, represent—
ative of data obtained with the Grumman wheel. Pull and torque coefficients
reach a point at about 15 percent slip beyond which the rate of change
in these parameters rapidly decreases. For this reason, data for comparing
performance of all the wheels were read at the 20 percent slip point.
A representative curve of efficiency versus slip, which was similar
for all of the wheels, is shown in fig. 13. For consistency and ease

of comparison, the efficiency at 20 percent slip was recorded

120
for all the tests and is listed in table 3.

16. The plot of the power number PN versus the pull coefficient
P/W (fig. 14) is especially important, since it expresses the energy
consumed per unit of distance per unit of wheel or vehicle weight in
relation to drawbar pull/slope-climbing ability. For example, to obtain
the power consumption rate PCR in whr/km on a slope of 10 percent, read

the value of PN at P/W = 0.10. Multiply this value by the wheel load

or vehicle weight, expressed in newtons, and the fraction 1/3.6. Expressed

in equation form:

PN
PCR = 3.6 x W
o 1000 m hr
PCR = PN x 3o X 3600 sec x N
PCR = PN x 2000 , BN ,.hr

3600 * sec . km

Since PN 1is dimensionless and a
watt is torque per unit time, i.e.

1 m—-N
1 watt = e then

PN

PCR = 3.6 X

W = whr/km

16
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Vehicle tests

17. Representative pull-slip and torque-slip relations from the
programmed-slip vehicle tests are shown in fig. 15. Although the average
rate of slip change was slightly higher for the vehicle tests (i.e. the
vehicle deceleration was slightly greater), the shape of the pull-slip

and torque-slip curves was not significantly different from those for

the single-wheel tests.

Torque

Pull and Torque Coefficients

L ' , i R} ' ) 1 v )

20 40 60 80 100
$1ip, %

Fig. 15. Representative relations of pull and torque coefficients

to slip for the bxk vehicle on wet sand; soil condition C2
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PART IIT: ANALYSIS OF SINGLE-WHEEL AND
VEHICLE PERFORMANCE

Effects of Light Loads

Pull

18. The results obtained from tests in this study with the pneumatic
and Bendix I wheels show that the pull versus load relation for air-
dry sand is a straight line through the origin for loads, between 0 and
at least 220 N (50 1b) (fig. 16). The largest P/W ratios were obtained
within this load range. TFor higher loads, the pull versus load relation
starts to curve downward, showing a tendency to follow the general trend
of the pull versué load relation for a more heavily loaded pneumatic
wheel (fig. 17). It is pointed out that the deflection of both wheels
changed as load changed, but this apparently did not influence the linearity
between P and W within the light load range. The pull versus load
relation for the wet sand (cohesion levels Cl ’ 02 , and 03 ) is practicaiiy
linear for the entire load range tested. Furthermore, there is no distinct
difference in the results for the two wheels, when the tests were conductgd
on the same soil condition. [For more information see Freitag, Green, and
Melzer (1970)].
Torque

19. The relation between torque at 20 percent slip (MZO) and
W is practically linear for the pneumatic and the Bendix I wheels (fig.. 18).
The torque requiréments for the pneumatic and Bendix I Wﬁeels are practically
equal in the range of light loads [less than 220 N (50 1b)] on the
same soil condition. [For more information see Freitag, Green, and
Melzer (1970).]
Efficiency

20.. In the case of all the wheels, except the Grumman, pull and
torque are constant for slips higher than 10-20 percent (fig. 11); thus
effiéiency in the high slip range is a linear function of slip.. Based
on these data, the efficiency at 20 percent slip is given for a certain
test, and the efficiency for every slip higher than 20 percent can be

calculated.
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Fig. 16. Representative relation of pull to load for lightly loaded wheels
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Power requirement

21, TFor the lightly loaded wheels, except for the Grumman, the
pull/lead fatio P/W was constant with increasiﬁg power number PN
[M/Wre(l—s)] after P/W reached its maximum (fig. 14).

Sinkage '

22. The sinkages measured during tests at a 310-N (70-1b) load
with each of the original metal-elastic wheels on the softest soil
condition (Sl) are plotted in fig. 19. The sinkages for most other
soil-load combinations are smaller. Because the sinkage values obtained

in this study were relatively small, they were not evaluated quantitatively.

Effect of Soil Strength (Cohesion)

23, Two soil parameters, relative density and cohesion, are
used herein to represent soil strength. Relative den51ty is a measure
of the frlctlonal component of s0il strength while cohesion is a direct
measure of the cohesive component. Relative density is used instead
of angle of internal friction, because the numerical values of the
range of relative density are greater than the corresponding numerical
values of the range of angle of internal friction., The twoc may be
correlated, however. Pull at 20 percent slip, representing performance,
for the test series with the pneumatic whegl was plotted versus relative
density (fig. 20). The data are distinguishable by load. The following
relations can be shown, based on an evaluation of these and similar
data for other wheels (Fréitag, Green, and Melzer, 1970):

a. Pull and P/W ratio increase with relative density,
but the rate of increase of P/W decreases with increasing
relative density.

o

There seems to be no influence of cohesion at light loads
flighter than 130 N (30 1b)], but at heavier loads its
influence can be seen, -

Effect of Deflection

24. Since the static deflection of a given metal-elastic wheel

can be changed only by changing the lcad, but that of a pneumatic
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Fig. 19. Relation of sinkage to slip for basic metal-elastic wheels
on air-dry Yuma sand (soil condition 81) at 310-8 (70-1b) load
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wheel can be changed by changing the inflation pressure, a special
series of tests was run with the pneumatic wheel on scil condition

S1 and under 2 load of 310 N (70 1b), but with deflections ranging
from 0.100 to 0.225 (10.0 to 22.5 percent). For the entire deflection
range tested, pull or PZO/W was constant. This is confirmed quali-
tatively by the fact that for the same soil condition S. , the pull
versus load relation was linear for loads lighter than or equal to

310 N (70 1b), regardless of the deflection and the wheel type (see

fig. 16).

Effect of Contact Pressure

25. Contact pressure is more or less closely related to the
wheel load/deflection characteristics, wheel slip, speed, wheel geometry,
and soil conditions. To illustrate its influence on performance,
results of tests with all the original wheels plus the two modified

Boeing—GM versions on soil condition S, were plotted versus contact

1
pressure in fig. 21. The following general trends can be observed:

a. Performance of the pneumatic and the Bendix I wheels was
independent of contact pressure P when p, was low.

Tor p. > 4.0 kN/mz (0.57 psi), the PZO/W ratio started
to decrease. Both wheels showed practically the same
performance for pressures up to 4.0 kN/m2 {0.57 psi).

The data from tests with the Grumman I wheel showed a
decreasge in P2O/W with increasing contact pressure,

[~

but the contact pressures were not as low as those reached
by the pneumatic and Bendix I wheels. A similar trend

can be seen from the results with the GM I, GM IV, and

GM VI wheels.

Generally, it must be concluded, from the trends observed, that the
PZO/W ratie is iInfluenced not only by load, contact pressure, deflection,
and the shear behavior of the soil, but also by the construction of

the wheel, which influences contact piessure distribution. To examine
this distribution, a test series was conducted in which the Bendix I,

GM I, and Grumman I wheels were towed over a very loose sand in

which colored chalk layers were built, a trench was dug into the sand,
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and the deformatiom patterns were recorded. From these patterns,
it was concluded qualitatively that the pressure distribution under
the Bendix I wheel was more uniform than under the GM I and Grumman

I wheels (figs. 22 and 23).

Effect of Repetitive Traffic

26. 1In the construction industry, the wheel is well recognized
as a soll compaction device. It follows then that the passing of
several wheels in the same path can be expected to alter soil conditions.
Because of the light loads involved in this test program, the only
condition in which considerable alteration was noted was the Sl condition
(loose, air-dry sand). For this case, it was generally observed that
the soil strength increased with the number of‘passes, and the pull
showéq a corresponding increase of some 10-20 percent following thet

second pass.

Relative Performance of Pneumatic and Metal-Elastic Wheels

27. The relative performance of pneumatic and metal-elastic wheels
is discussed in terms of drawbar pull/slope-climbing ability, total
efficiency, and power number.

Comparative performance of original wheels

28. A summary of the performance of all the original wheels on
two s0il conditions is presented in the following tabulation, which
lists the average values for tests at various loads. The tabulation
indicates the relative-pull/slope—climbing ability PZO/W : torque
requirements-Mzo/Wre ; and power consumption at the self-propelled

point PNSP »> in operating on a 15-deg slope PI\T.5 , and at a point

1
where the slope of the power number versus P/W ratio curve changed
abruptly and rapidly approached infinity PNmax . This change in slope

usually occurred in the 15-20 percent slip range.
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b. BOEING-GM I

W= 341 N (77 1b)

Very loose sand

w=1.3%; G = 0.4 M¥/m3 (1.5 pci)
Contact width: 20.3 cm (8.0 in.)
Contact length: 32.0 em (12.6 in.)
Layer thickness: =2.5 cm (1l in.)

Tig. 22. MNeformation patterns beneath Rendix T and
Boeing-GM I wheels
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Dry Sand, Soil Condition Sl

Load Range W = 67-670 N (15-150 1b)

! P_/W M, fWr PN PN PN
20 e

Wheel " 20 20 sp 15 max
Pneumatic 0.612 0.448 0.585 0.150 0.422 0.722
Bendix I 0.632 0.452 0.568 0.067 0.425 0.620
Boeing-GM I 0.452 0.274 0.485 0.098 0.515 0.535
Grumman I 0.448 0.281 0.547 0.162 0.522 0.508
SLRV 0.590 0.426 0.581 0.080 0.386 0.643

Wet Sand, Soil Conditicmn 02

Load Range W = 67-670 N (15-150 1b)

1
Wheel. " 20 PZO/W MZo/wre PNsp PNlS PNmax
Pneumatic 0.684 0.548 0.613 0.040 0.372 0.725
Bendix I 0.602 0.505 0.609 0.080 G6.370 0.643
Boeing-GM I 0.650 0.343 0.472 0.067 0.382 0.503
Grumman I 0.455 0.272 0.507 0.127 0.478% 0.500
SLRV 0.602 0.602 0.613 0.165 0.482 0.700

* One. test showed infinity; this value was not considered in computing the
arithmetic average. -

In general,- these data indicate that none of the three originél 40-in.—diam
wheels could be relied on to propel a vehiecle up a 35-deg slope and that
the Bendix design gave the best overall traction performance. The close
agreement between the performance of the pneumatic and Bendix wheels gave
cre@ence to the use of data collected in earlier studies with standard
tires to develop a performance number (Freitag, 1965 and Green, 1967)
suitable for metal-elastic wheels. This development is given by Freitag,
Green, and Melzer (1970). This close agreement also gave dssurance to
plans to use pneumatic wheels for the slope—climbing tests.

29, - For an assumed wheel load of 222 N (50 1b), the power consumption
rate (PCR) for each of the three original metal-elasti¢ wheels operating
on a level surface of dry, loose sand (Sl) is given in the following

tab?lation:
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PN PCR

Wheel sp whr/km
Bendix I 0.067 4
Boedng-GM I 0.098 )
Grumman I 0.162 10

Computation of the PCR on a slope less than the critical one can be
accomplished as shown in the following example:

a. Assume a linear relation between the power number and
the pull coefficient (gradeability) between P/W equals

zero and PZO/W (which is a reasconably good approximation;

see fig. 14).

b. Base computations on an average slope of 25 percent and
a vehicle equipped with Bendix wheels carrying an average
load of 222 N (50 1b).

|

Use the following data from the preceding paragraph:

PN = 0.067 at P/W =0
SP

PN oy = 0.620, roughly corresponds to PZO/W = 0.452
d. Solve for PN at P/W = 0.25:

PN = (m) (P/W) + b

_ 0.620 -~ 0.067

PN = 0452 (0.25) + 0.067

PN = 0.306 + 0.067

PN = 0.373
e. Compute PCR by the‘equation:

I

PCR = PN x W x 1/3.6
0.373 x 222 x 1/3.6

23 whr/km/wheel

' Power number versus pull coefficient curves for the original Bendix,

ol

Grumman, and Boeing-GM wheels performing in air-dry (Sl) and wet (Cz)
sands aré shown in figs. 24 and 25, respectively.

Performance of the modified wheels

30. The rather large variations in the performance of the three
original metal-elastic wheels made obvious a need for modifications
of these wheels in order to increase the soft-soil performance of

each, if possible.
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31. Boeing—-GM. Observers of the tests at WES, including WES,
NASA, Boeing, and General Motors representatives, agreed that the
Boeing~GM I wheel was far too stiff (unfavorable pressure distribution),
and that it should be covered to minimize energy losses due to sand
transport. Modifications were made, including roughening the surface
of the original wheel, covering it with several types of fabric covers,
and removing part of the wire structure to reduce stiffness. The
fabric-covered, reduced—stiffness version produced the most substantial
increase in performance over that of the original version (Boeing-

GM I). Comparisons of tests in wet and dry sands show increases in
pull/slope—climbing ability of 35 and 50 percent, respectively (see
tests 27, 60, 72, and 74-76 in table 3).

32, Grumman. Angle-iron grousers 30.5'cm (12 in.) wide and 3.2 cm
. (1-1/4 in.) deep were added to the original Grumman wheel. At a vheel
|10ad,of 310 N (70 1b), the modified wheel (Grumman II) developed 60 \
to 100 percent greater pull than the Grumman I, was slightly more efficient '
and had slightly higher power consumption rates at the self-propelled
point, and this latter difference increased as the pull coefficient

P/W increased, as shown in the following tabulation:

Soil e
Wheel Symbol 20 PZO/W M20/Wre PGO/W M60lwre PNsp PNlS PNmax
Grumman I Sl 0.430 0.260 0.530 0.315 0.580 0.16 0.35 0.34

Grumman IT Sl 0.480 0.529 0.889 0.650 1.010 0.18 L1L.10 0.61

Grumman I c 0.360 0.200 0.460 0.220 0.540 0.15 0.50
Grumman IT G 0.460 0.565 0.473 0.633 1.015 0.20 0.93 0.54

33. Bendix. While the Bendix I wheel had a favorable overall
contact pressure distribution, it was felt that this wheel might perform'
somewhat better in soft soil with the addition of an aggressive grouser
(Bendix III). Several types were tried, and the grouser that resulted
in fhé greatest improvement in performance was identical to that added
to, the Grumman wheel. These grousers substantially increased the

performance of the Bendix wheel, as shown.in the following tabulation:
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Wheel
Test Soil Load '

No. Wheel Symbol N(Ib) " 20 PZO/W M20/Wré PNSE, PNlS PNmax
11 I S1 310(70) 0.645 0.465 0.576 0.10 @¢.38 0.52
89 IIT - Sl 310(70) 0.560 0.512 0.734 0.10 0.50 0.86
80 I Sl 67(15) 0.610 0.425 0.553 0.04 0.38 0,58
90 1Tt Sl 67(15) 0.530 0.697 1.052 0.16 0.43 0.97
24 I C2 310(70) 0.675 0.514 0.609 0.08 0.36 0.65
88 III C2 310(70) 0.540 0.571 0.848 6.05 0.50 1.01

34. The increase in wheel pulling performance and power demands
resulting from the addition of agressive grousers such as those described
above may be tentatively explained by considering mobilization of
. 'pa351ve earth pressures at the vertical face of the grousers (Freitag,

Green, and Melzer, 1970).

Relation of Pull Coefficient to Slope-Climbing Abdility
and Prediction of Vehicle Performance from
Single~Wheel Tests

35. There are many differences in the operations of a single wheel
on a level soil surface and a vehicle on level or sloping surfaces: The
soil conditions are different for successive wheels; the slip rate at
which a wheel of a vehicle passes a given point iz different from that of
each other wheel; wheels may not track properly; the vehicle transﬁers load
from one axle to another during ascent and descent of slope, acceleration,
and deceleration; and the failure patterns in the soil may be different for
level and sloping surfaces. The complexities involved preclude any rational
attempt to determine which factors are additive and which are not in assess-
ing the difference in performance of a single wheel and a vehlcle on level
and sloping surfaces,

36. For this reason, comparable single—wheel and vehicle tests have
been conducted and the results are shown in tables 3 and 4, respectively.

To compare these data two assumptions are made:
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The performances of a single wheel on the first, second,
third, and successive passes In the same rut are averaged
for comparison with vehicle performance, with the number
of passes used corresponding to the number of axles on
the vehicle used in the comparison,

w

The pull coefficient is algebraically equivalent to

the tangent of the angle of the slope that a vehicle

is climbing, and therefore on slopes less than critical,
the pull coefficient plus the tangent of the angle of
the slope being climbed approximately equals the tangent
of the angle of the critical slope (Rush, 1963).

P/W + tan o (4x4 vehicle)
37. The performance data of the 4x4 vehicle with a wheel load

o

of 310 N (70 1b) on level surfaces and on slopes of wet sand (C2 condition)
are shown together with corresponding single~wheel data in fig. 26. ‘
These and similar data indicate that the tangent of the maximum slope

that the vehicle climbed is slightly less than might be indicated ﬂy‘

the’ summation of the pull coefficient and the tangent of the slope climbed!

It is of interest to note that these summations for the various slopes
are uniquely related to slip for the vehicle operating on slopes less
than critical. Comparable single-wheel data indicate slightly less
slope~climbing ability than does a vehicle test. Thus it may be said
that the single-wheel tests may give a counservative estimate of slope-
climbing ability. This trend is evident for the entire range of loads
and soil conditions considered in this program (tables 3 and 4).

Torque (4x4)

38. The curve in fig. 27 is representative of the coefficient
versus slip relation for a given load and soil condition regardless
of the slope climbed. In addition, this relation is not significantly
affected by soil strength at the light load shown [310 N (70 1b}].

Comparable single-wheel data show a similar trend as cbserved in the

‘comparison of the P/W ratios for the 4x4 vehicle and single-wheel

tests, i.e. torque coefficients for the 4x4 are slightly less than those
for the vehicle at equivalent slips after a slip of approximately
20 percent is reached. ‘

Toad transfer (4x4)

39, The total load transfer from the front to the rear axle was

Lo
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computed for each of the 4x4 vehicle tests. On a level surface and

with the vehicle towing a load, 6 to 8 percent of the load was transferred
to the rear axle at slips higher than about 20 percent. On a 25~

deg slope, approximately 20 percent of the load was transferred to

the rear axle.

P/W + tan o (6x6)

40. Single-wheel performance data are compared to those for the
6x6 SLRV in fig. 28 for tests in a wet sand. The maximum slope actually
climbed by the vehicle was approximately 3 deg less steep than would
have been predicted based on drawbar pull tests with the vehicle. On the
other hand estimates of the vehicle's slope-climbing ability based
on single-wheel tests would tend to be comservative. This trend is
evident for the range of soil conditions considered in this program
(see tables 3 and 4).
Torque (6x6)

41. The curves of torque coefficient versus slip (fig. 29) illustrate
that this relation may be unique for a given lead and soil condition,
regardless of the slope climbed. TFor this light wheel load [115 N (26.1b)]
the torgue-slip relation appears to be practically independent of
soil strength as well as load. Tor comparable single-wheel data the
same trend as observed in the comparison of P/W for the vehicle and
single wheel exists. However, the differences in single-wheel and
vehicle data are not as pronounced as for comparable P/W data.

Restarting on slopes (4x4 and 6x6)

42, Generally, when the vzhicles were completely immobilized
on a slope, they could not continue climbing by backing down and starting
up again because they would become immobilized when they reached the
point where they had spun out. On the other hand, when the vehicles'
forward motion was stopped prior to immobilization, they could retrace
their tracks and continue to climb. On a highly compactible soil, the
vehicles could ascend the slopes with greater ease on each successive
trial (i.e. less slip).
Steering (4x4 and 6x6)

43, An effort to steer the vehicles while they were negotiating
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a slope tended to degrade their performance. On the basis of observations
during these tests, it is estimated that the uitimate slope-climbing
ability was reduced by 1 to 2 deg when an effort was made to steer

the vehicles.
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PART IV: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

44. Based on the data and analysis in this report, it is coneluded

that:

P

For loads less tham about 220 N (50 1b), the pull coeffi-
cient (pull/load ratio)} was constant for a given soil
condition. These results are consistent with the shear
strength behavior of the soil (paragraph 18).

b. An inerease in cohesion did not result in a marked increase
in the pull coefficient (paragraph 23).

c. The pull coefficient was independent of the average contact
pressure at the soil-wheel interface for pressures ranging

from 0.7 to 3.5 kN/m2 (0.1 to 0.5 psi) for a given soil
condition. On the soils with the larger amount of cohe-
sion, the pull coefficient was constant for a greater range
of loads and contact pressures (paragraph 25).

[« 9

None of the original wheels could be relied op to propel
a vehicle up a 35-deg slope; the Bendix wheel might be
used to climb slopes up to about 28 to 30 deg, and the
Boeing-GM and Grumman to climb slopes on the oxrder of

15 to 20 deg. The power requirements for operating in
a loose, dry sand on a level surface under an assumed
220-N (50-1b) load were 4, 6, and 10 whr/km for the
Bendix, Boeing-GM, and Grumman wheels, respectively
(paragraphs 28 and 29).

e. The performance of the pneumatic wheel approximately
parallelled that -of the Bendix wheel, thus offering cre-
dence to the use of the data collected in earllier studies
with standard tires to develop a performance number suitable
for metal-elastic wheels {see Freitag, Green, and Melzer,:
1970). This close agreement also gave assurance o
the decision to use the pneumatic wheels in the slope-
climbing tests (paragraph 28).

R

Modifications to the Bendix and Grumman wheels in the

form of the addition of aggressive grousers enhanced

their performance to the point that they might be expected

to climb slopes in excess of 30 deg. The modifiied Boeing-
GM wheel (medifications included reduction of wheel stiffness
and addition of a fabric cover) might be used on slopes

up to about 25 deg on certain soil conditions (paragraphs
31-34).
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45.

It

o

Data from single-wheel tests with the pneumatic and SLRV
wheels can be used to predict the slope-climbing ability
of a vehicle. Such predictions tend to be conservative
by about 1 to 2 deg of slope (paragraphs 37 and 40)}.

The torque coefficients for both the 4x4 and 6x6 vehicles
at a given slip were not significantly affected by variations
in surface slope and soil strength (paragraphs 38 and 41)}.

Generally, when the vehicles were completely immobilized
on a slope they could not continue climbing by backing
down and starting up again because they would become
immobilized when they reached the point where they had
spun out. When the vehicles' forward motion was stopped
prior to immobilization, they could retrace their tracks
and continue to climb (paragraph 42).

Any effort to steer the vehicles while they were negotiating
a slope tended to degrade their performance. On the basis
of observations during these tests, it is estimated that

the ultimate slope~climbing ability was reduced by 1 to

2 deg when an effort was made to steer the vehicle (pargT]]
graph 43). .

Recommendations

is recommended that:

Tests be conducted with single wheels or other traction
elements to provide information to optimize the shape,
size, deflection, and surface design (roughness; grouser
height, spacing, and type: etc.) of wheels or other running
gears planned for use as tracdtion elements for planetary

or lunar rovers. Maximum traction, slope-climbing ability,.
and energy (power) consumption rates should be examined.

A limited number of the type of test mentioned in a. above
be conducted under 1/6-g conditions (aboard KC-135 aircraft)
with cone penetrometer and density tests performed simul-
taneously to ascertain functional relations between gradient
G and wheel—vehicle performance under 1/6-g conditions.

Similitude studies be extended with (1) soils that are
better lunar seil simulants than Yuma sand insofar as
lunar soil comsistency, grain-size distribution, in situ
density, etc., and (2) observe the development of air pore
pressures in silty lunar soil simulants during triaxial
tests and tests with wheels and vehicle models.

48



(w1

In situ lunar soil trafificability data be obtained as
early as possible and from as many typical morphological
physiographic features of lunar surfaces as operationally
feasible.

49



11.

12.

13.

SELECTED BIBLIOGRAPHY

Bekker, M. G. (1960), Off-The-Road Locomotion, University of Michigan
Press, Ann Arbor.

Bekker, M. ¢. (1969), Introduction to Terrain-Vehicle Systems, University
of Michigan Press, Ann Arbor.

Bishop, A. W. (1950}, "The Measurement of Shear-Strength of Soils -
Correspondence," Géotechnique, Vol 2, p 113.

Bishop, A. W. and Henkel, D. F. (1962), The Triaxial Test, 2d Ed,
Edward and Arnold, London.

Brinch Hansen, J. (1967), "Some Empirical Formulae for the Shear
Strength of Molsand," Proceedings of the Geotechnical Conference,
Oslo, Vol I, p 175.

Cohrom, G. T. (1962), "The Soil Sheargraph,"” Agricultural Engineering,
Vol 44, No. 10, pp 554-556.

1o
Costes, N. C., et al (1969), "Apollo 11 Soil Mechanics Investlgatlons,x
NASA SP 214, National Aeronautics and Space Administration, Washington,
D. C.

Evans, T.(1950), "The Measurement of the Surface Bearing-Capacity of

Soils in the Study of Earth-Crossing Machinery," Géotechnique, Vol 2,
p 46,

Fellenius, W. (1948), Earth Structure Calculations (in German), Ernst
& Sons, Berlin.

Freitag, D. R. (1965), "A Dimensional Analysis of the Performance of .
Pneumatic Tires om Soft Soils," Technical Report No. 3-688, U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

Freitag, D. R., Green, A. J., and Melzer, K.-J. (1970), "Performance

Evaluation of Wheels for Lunar Vehicles," Technical Report M-70-2,
U. §. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

Freitag, D. R., Green, A. J., and Murphy, N. R. (1964), "Normal

' Stresses at the Tire-Soil Interface in Yielding Soils," Highwa
& Lighway

Research Record, No. 94, pp 1-18.

Green, A. J. (1967), "Performance of Soils Under Tire Loads; Develop-
ment and Evaluation of Mobility Numbers for Coarse-Grained Soils,"

~ Technlcal Report No. 3-666, Report 5, U. S. Army Engineer Waterways

Experiment Station, CE, Vicksburg, Miss.

50



14.

15.

16.

i7.

18.

19.

20.

21.

22,

23.

24,

25.

Green, A. J., Smith, J. L., and Murphy, N. R. (1964), '"Measuring
Soil Properties in Vehicle Mobility Research; Strength-Density
Relations of an Air-Dry Sand," Technical Report No. 3-652, Report 1,
U. 5. Army Engineer Waterways Experiment Station,. CE, Vicksburg,
Miss. -

Hanamoto, B. and Janosi, Z (1959), 'Determination of kc , k

¢
Values by Means of Circular Footings, Modified Procedure,' Report .

No. 57, U. 8. Army Tank-Automotive Command, Warren, Michigan.

> -

Jaenke, S. (1968), "Compressibility and Shear Strength of Cohesionless
Soils. . ." (in German), Baumaschine und Bautechnik, Vol 15, p 91.

Ladd, C. C. (1969), "A Plane Strain Device for Testing Undisturbed
Samples of Clay," Proceedings of the Seventh International Conference

on Soil Mechanics and Foundation Engineering, Mexico City, Vol IIT,
p 527.

Leflaive, E. M. (1966), "Mechanics of Wheels on Soft Scils; Effect of
Width on Rigid Wheel Performance,' Technical Report No. 3-729, Report

No. 2, U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg,
Miss.

Marshall Space Flight Center (1969), "Design Criteria Guidelires for
Use in the Design of Lunar Exploration Vehicles,' Huntsville, Ala.

Melzer, K.-J. (1968), "Penetrometer Investigations in Sand” (in German),
No. 43, Mitt. Institut f. Verkehrswasserbau, Grundbau und Bodenmechanik
(VGB), Aachen, Germany.

Melzer, K.-J. (1970), "Measuring Soil Properties in Vehicle Mobility
Research; Cone Penetration Resistance and Relative Density," Technical
Report, U. S. Army Engineer Waterwavs Experiment Station, CE, Vicksburg,
Miss. (being prepared for publication).

Micklethwaif, E. W. (1947), "Soil Mechanics in Relation to Fighting
Vehicles,'" Military College of Science, Chobban Lane, Chertsey, England.

Moussa, A. (1967), "Investigations About the Shear Stress and Permea—
bility of Sands" (in German), No. 39, Mitt Institut f. Verkehrswasserbai
Grundbau und Bodenmechanik (VGB), Aachen, Germany.

National Aeronautics and Space Administration (1968, revision), "Space

Enviromment Criteria Guidelines for Use in Space Vehicle Development,"”
Washington, D. C.

Rush, E. §. (1963), "Trafficability of Soils; Tests on Coarse-Grained
Soils with Self-Propelled and Towed Vehicles, 1958-1961," Technical
Memorandum No. 3-240, Seventeenth Supplement, U. S. Army Engineer Water—
ways Experiment Station, CE, Vicksburg, Miss,.

51



26.

27.

28.

29,

30.

31.

35.

36.

37.

38.

39.

Schultze, E. (1966), "Loose and Dense Soils" (in German), No. 9,
Mitt.. Institut f£. Baumaschinen und Baubetrieb, Aachen, Germany.

Sehultze, E. (1968), "The Friction Angle of Cohesilonless Soils”
(in German), Der Bauingenieur, Vol 43, p 313.

Schultze, E. and Horn, A. (1966), "The Tension Resistance of Suspension—
Bridge Abutments" (in German), Vertraege der Baugrundtagung, Deut'sche
Gesellschaft £. Erd-und Grundbau e.V., Muenchen, p 125. :

Schultze, E. and Hormy; A (1967), '"The Base Friction for Horizontally
Loaded Footings on Sand and Gravel," Geotechnique, Vol 17, p 329.

Skempton, A. W. and Bishop, A. W. (1954), "Soils," Building Materials,
North Hall, Amsterdam, p 415.

Smith, J. L. (1964), "Strength-Moisture-Density Relations of Fine-
Crained Soils in Vehicle Mobility Research,"” Technical Report No. 3-639,
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

Taylor, D. W. (1948), Fundamentals of Soil Mechanics, J. Wiley &
Sons, New York. .

)
|

\
I i

Terzaghi, K. and Peck, R. B, (1948}, Soil Mechanics in Engineering
Practice, J. Wiley & Sons, New York.

Turnage, G. W. and Green, A. J. (1966), "Performance of Séils Under
Tire Loads; Analysis of Tests In Sand From September 1962 Through
November 1963," Technical Report No. 3-666, Report No. 4, U. S. Army
Engineer Waterways Experiment S¥ation, CE, Vicksburg, Miss.

U. S. Bureau of Reclamation (1953), "Progress Report of Research
on the Penetration Resistance Method of Subsurface Expdoration,”
Report No. EM-314, Denver, Colorado.

U. S. Department of the Army (1965), "Engineering and Design,
Laboratory Soils Testing,” EM 1110-2-1906, Washington, D. C. -

Vesic, A.5. (1965), "Ultimate lLoads and Settlements of Deep Founda=-
tions in Sand," Proceedings nf the Symposium on Bearing Capacity and
Settlements of Foundations, Durham, N.C., p 33.

Wiendieck, K. W. (1968), "Contribution to the Mechanics of Rigid Wheels
on Sand," Technieal Report No. M-68-2, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.

Wiendieck, K. W. (1969), "Improved Wheel Performance on Sand by
Controlled Circumferential Rigidity," Technical Report No. M-69-2,
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg,
Miss.

52



40.

&41.

Wiendieck, K. W. (1970), "Pull-to-Load Ratio and Slope~Climbing
Ability of Wheels," Technical Report, U. §. Army Engincer Waterways

Experiment Station, CE, Vicksburg, Miss. (being prepared for
publication).

Winterkorn, H. P. (1960), "Introduction of Engineering Soil Science”
(unpublished notes), Princeton University, Princetonm, N. J.

53



Table 1

Soil Properties and Parameters for Single~Wheel Tests; Before-Traffic Data

Soil Condition S5.#%

1
No. -
3 Tests Maximum Minimum Average
Penetration Resistance Gradient, MN/m~ (pci®#) 170 0.81 (3.0) 0.48 (1.8) 0.54 (2.0)
, 3 Gravimetric 75 1.527 (95.3) 1.446 (90.3) 1.484 (92.6)
Dry Density, g/em™ (pef) Nuclear 1 A h 1.500 (93.6)
Moisture Content, % 75 0.6 0.4 0.5
Gradient G 34 37 30 32
Relative Density, % Gravimetric 25 48 32 39
: Nuclear 1 - - 45
¢t 34 37.2 36.9 7.1
Average Friction Angle, deg ¢p£ 34 31.0 29.8 30.0
¢C 5 24.0 12,0 .17.1
¢b 30.0 20.5 27.4
ctr 34 0 0 0
2 - - - -
Average Cohesion, kN/m (psi) cp2
cc 2.1 (0.30) 0.8 (0.12)
"cb' 0 A 0]
k , (kN/m)(em ™) 6 0.08 (1.17)° ~0.08 (-1.07) ~0.01 (~0.15)
¢ . 14n,. '
Bekker Soil Values {1b/in. )
k., (kN/m?)(em™) 6 23.27 (8.03) 4.44 (1.65) 11.41 (3.88)
(1b/in. 21 ,
i n, average 5 0.96 0.84 0.91
Shear Stress Sy kN/m2 (psi) 8 0 0 0

*Sl = gir-dry, loose; S2 = air-dry, very dense; Cl, Cz, 83 = wet, medium~dense (US Bur. of Reclamation, 1953)

*%pei = 1b/in.3
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Table 1 (Continﬁéij

Soil Condition S

T 2
No.
3 Tests Maximum Minimum Average
Penepration Resistance Gradient, MN/m~ (pei) " 65 3.56° (13.1) 2.55 (9.4) 3,07 (11.3)
. 3 Gravimetric 21 1.652 (103.1) 1.612 (100.6) 1.637 (102.2)
Dry Pe“Sity’ g/em” (pef) Nuclear 2 1.553 (103.2) 1.640 (102.4) 1.647 (102.8)
Moisture Content, % 21 0.5 0.3 0.5
Gradient G 13 91 83 87
Relative Density, 7% Gravimetric 796 87 92
Nuclear 2 97 94 96
¢, 13 44.4 42.6 43.5
Average Friction Angle, deg ¢p£ 13 33.8 33.2 33.3
¢c 32.0 14.5 20.6
¢b 2 16.0 14.5 15.3
Cip 13 0.46 (0.07) 0.30 (0.04) 0.39 (0.086)
Average Cohesion, kN/m2 {psi) cpﬁ - - - 0.10 (0.015)
c. 12.7 (1.84) 4.5 (0.65) 6.8 (0.99)
ey 2 2.4 (1.84) 2.2 (0.65) 2.3 (0.99)
kc’ (kN/m)(cm_n) 4 0.16 (1.46) 0.07 (0.63) 0.10 (0.92)
' . 1in ) '
Bekker Sodll Values (1b/in. )
o k¢, (kN/m2) (em™@) 4  74.631(17.14) 58.19 (13.61) 65.07 (15.20)
(1b/in. 1M '
. n, average 4 0.51 0.49 0.51
Shear Stress s_, /m> (psi) ' '8 4.9 (0.71) 3.0 (0.44) 4.0 (0.58)
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Table 1 (Continued)-:

S0il Condition C

1
No. ’;
3 Tes s Maximum Minimum Average
Penetration Resistance Gradien;, MN/m~ (pci) 30 2.27 (8.4) 1,55 (5.7) 1.91 (7.0)
} 3 Gravimetric 18 1.491 (93.1) 1.409 (88.0) 1.453 (90.7)
Pry Demsity, g/em” (pef) Nuclear 3 1.519 (94.8) 1.463 (91,3) 1,494 (93.3)
Moisture Content, % 18 1.1 0.8 1.1
Gradient G 6 49 41 46
Relative Density, % Gravimetric 6 .34 20 26
Nuclear 3 52 33 43
¢t 6 38.0 37.6 37.9
Average Friction Angle, deg ¢p£ 6 3.2 30.5 30.3
3 6  20.5 8.0 13.2
¢ 2 22,5 11.0 16.8
Cop 6 0.44 (0.06) 0.36 (0.05) 0.39 (0.06)
Average Cohesion, kN/m2 (psi) cpﬁ - - - 6.05 (0.007)
c 6 5.0 (0.73) 2.7 (0.39) 4.1 (0.59)
cb 2 3.5 (0.51) 1.4 (0.20) 2.5 (0.36)
ks (k¥/m) (cm ) 6 0.41 (4.49) 0.16 (1.72) 0.27 (2.73)
(1b/in. 1)
Bekker Soil Values k¢, (kN/mz)(cm-n) 6 35.48 (8.98) 19.84 (5.51) 27.75 (7.28)
f (1b/in 2™
/ n, average 6 0.70 _ “ 0.61 0.64
8 2.8 {0.41) 0.9 (0.13) 2.1 (0.30)

e - ~
Shear Stress 8,2 kN/m2 (psi)
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Table 1 (Continued)

Soil, Condition C

2
No.
3 Tests Maximum Mipimum Average
Penetration Resistance Gradient, MN/m~ (pci) 150 4,00 (14.7) 2.54 (9.3) 3.2 (11.8)
3 Gravimetric. 84 1.511 (94.3) 1.421 (88.7) 1.471 (91.8)
Dry Density, g/cn” (pef) Nuclear & 1.495 (93.3) 1.465 (92.4) 1.480 (92.4)
Moisture Content, 7 87 1.9 1.0 1.4
Gradient G 30 64 . 41 54
Relative Density, % Gravimetric 28 43 19 34
Nuclear 4 4.3 33 38
) ¢t 30 39.7 38.0 38.5
Average Friction Angle, deg ¢p£ 30 32.0 30.3 3L.3
¢c 12 20.5 11.5 17.9
¢b 5 26.5 11.4 18.5
—ctr 30 1.28 (0.19) 0.94 (0.14) 1.08 (0.16)
Average Cohesion, kN/m2 (psi) cpﬁ - - - 0.10 (0.015)
o 12 4.9 (0.71) 1.8 (0.206) 3.7 (0.54)
LR 5 6.0 (0.87) 0.4 (0.06) 2.5 (0.36)
kc,(kn/m)(cm“n) 12 0.62 (6.02) 0.17 (1.70) 0.36 (3.61)
(1b/in. ),
Beldcer Soil Values x ,»(kN/mz%écmﬂn) 12 57.73 (19.97) 42.03 (10.80) 50.97 (13.37)
(@b/dn. 5™ -
n, Average 12 0.79 .50 0.59
Shear Stress s_, KN/me (psi) 22 5.1 (0.74) 7.4 (1.07)

8.5 (1.23)
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Table 1 {(Concluded)}=

Soil Condition C

3
No.
. 3 Tes s Maximum Mindlmum Average
Penetration Resistance Gradient, MN/m~ (pci) 25 4.50 (16.6) 3.61 (13.3) 3.95 (14.5)
. 3 Gravimetric 15 1.465 (91.5) 1.428 (89.2) 1.441 (90.0)
Dry Demsity, g/em” (pef) Nuclear 3 1.496 (93.4) 1,446 (90.3) 1.471 (91.8)
Moisture Content, % ' 15 2.3 1.5 1.8
Gradient G 5 51 41 48
Relative Density, % Gravimetric 5 26 17 21
Nuclear 3 43 26 34
¢t 5 38.3 37.6 38.1
Average Friction Angle, deg ¢p£ > 31.2 30.5 30.9
¢c 4 30.0 21.5 26.9
¢b 4 22.0 19.5 20.8
Ctr 5 1.98 (0.29) 1.58 (0.23) 1.75 (0.25)
Average Cohesion, kN/m2 {psi) cpi - - - 0.15 (0.022)
‘ cc 4.0 (0.58) 2.0 (0.29) 2.9 {0.42)
cb 2.4 (0.35) 1.2 (0.17) 1.8 (0.26)
k_» (kN/m) (em ©) 4 0.92 (8.33) 0.51 (4.52) 0.79 (7.08)
(1o/in. )
Bekker 801l Values k¢, (kN/m2) (cm n) 4 75.94 (16.95) 52.09 (11.96) 67.00 (15.21)
(1b/in. 270
n, Average 4 0.49 0.46 0.48
Shear Stress 842 kN/m2 (psi) 8 10.7 (1.55) 5.8 {0.84) 8.0 (1.16)
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Wheel Chayacteristics¥

Infiation Preasure - - Contact
Carcnss Section Helght Section Width Tire Print
Tire Deflection Load Unlca)aded. Lo;ﬂ.ed. Dinm:ter Unlcaded TLoaded Unlca?i:d. Loaded Contact Area Iength Width Pregsure
No. cn{in. H{3b) ki/m“(pai) KN/m™(psi) em{in.) cnfin, ) em(dn. ) em{in. ) em(in. ) sq an{sq in.)} em{in.) em{$n,) kli/m(psi)
‘ Pneumntic; Size, 27.94-50,8; Rim Diem, 54.6 em (21.50 in,); Rolling Circumference, 2,89 m (9,48 ft)

-~ W(1.87) 9.72 133(30) 2.268(0.33) 2.62(0.38) 97.k1{36.35) 21.40(8.43) 16.66(6.56) 22,01(8.67) 24.08(9.48) 508.26(76.78) 37.3k(1k.70) 16.89(6.65) 2.62{0.38)
8.00(2.15) 18,51 31(70) 2.52{0.37) 2.96{0.43) 97.14{38.36) 21.h2(8.43) 13.41(5.28) 21.97(8.65) 26.56(10.48) 808.4s{125.21) U18,26(19.00) 20,45(8.05) 3.85(0,56)
10.24{4.03) 21.04 uWEB(110) 2.76(0.40) 3.45(0.50) 97.27(38.30) 21.33(8.40) 11.09(k.37) 21.59(8.62} 28.14(11.¢8) 1057.u8(163.91) 5h.3B(21.41) 23.39(9.21) L.64(0.67)
12,00{4.73) 24,56 &67(150) 3.h5(0.50) 4.62(0.67) 97.74(38.48} 21.57(8.47) ¢.51(3.75) 21.97(8.65) 29.28(11.53) 1237.22(191.77) s59.4k(23.k0) 25.24(9.9%)  5.b2(0.79)
L.u2(i, 74 9.10  67(15) - 0.07(0.10)  97.23(38.28) 21.31(8.39) 16.89(6.65) 20.70(8.15) 23.19{9.13) 498.7L{77.30}  36.1h4(14.23) 17.50{6.89) 1.30(0.19)
10.59(4.17} 21.80 3L0(70) *e 2.07(0.30)  97.23(38.28) 21.31(8.39) 10.72(4.22) 20,70(8.15) 28.19(11.10) 1222.51(189.%9) 56.08(22.08) 26.42(10.40) 2.55(0.37)

Bendix; Size 101.6-25.4 Metal Eimstie: Width 25.4 om {10.0 in.

--  1l.65(0.65) 3.25 67(15) - - 101.60(40.00) 17.59(6.93) 15.88(6.25) 25.40(10.00) 25.50(20.00) 243,54(37.75)  9.52(3.73) 25.ho(10.00} 2.76(0.h0)
2.73(3.07)  5.38 133(30) “ - 101.60(40,00}  17.59(6.93) 14.86(5.85) 25.40(10.00} 25.b0{20.00) 5i9.35(80.58) 20.45(8,05) 25.40(10.00) =2.58(0.37)
5.27(2,07) 10.38 311(70) - - 101.60(40.00) 17.59(6.93) 12.32(4.85) 25.40(10.00) 25.40(10.00) 722,58(112.00) 2B8,45(11.20) 25.40(10.00) 3.93(0.57)
7.50(2.95) 14.75 48%(110} - - 101,60{40.00) 17.59(6.93} 10.20(3.97) 25.40(10.00) 25.40(30.00) 1041,90(161.50} h1.02(16.15) 25.40{10.00) 4.72(0.68)
9.27(3.65) 18.25 667(150) - - £101.60(40.00) 17.59(6.93) 8.32(3,28) 25,40(10.00) 25.5%0{10.00) 1287.09(199.5¢) 50.68(19.95) 25.40(10.00)} 5.17(0.75)

Boeing-GM I (Original Wheel); Size, 102.8-26.87 Wire Mesh; Rim Diem, 59.69 em (23.5C 4n.)

-~ 1.98(0.76) 3.88 133(30) - - 102.87(40.50) 21.59(8.50) 19.60(7.72)} 26.65(10.49) 27.72(10.9t) 3i2.7A(k8.57) 28,37(11.17) 1h.05(5,53) h4.24(0.62)
h.27(1.68) 8.27 370} -— - 102.87{40.50) =21.59(8.50) 17.33(6.83) 26.00{10.24) 29.36(12.56} 629.29(97.54) ¥1.02(16,15} 19.54(7.69) 4.93(0.72)
5.87(2,31) 11.41 489(1nr0) - - 102.87(40,50) 21.59(8.50) 15.73(6.13) 26.65(10.49)} 30.56{12.03) 826,97(126.18) u7.70(18.78) 22.08(8.69) 5.50{C.86)
7.12(2,80) 13.81 667{150) - - 102.87(40.50) 21.59(8.50) 1k.E9{5.7.) 26.65(10.49) 31.68(12.47) 965.07(149.64) s2.05(20.49) 23.57(9.28) 6.93(2.01}
1.23(0,%8) 2.37 67(15) - - 202.87(40,50) 21,59(8.50) 20.36(8.02) 26.65(10.49) 27.0%:(20.65) 197.32(30.58) 22.h0(8,82) 11.22(h.bka) 3.38(0.%9)

Boedng-GM IT
,{GM I covered with polyethylens; dnta same as GM I1.)
Boeing-0M 111
(GH IT coated with sand; date same as GM ;.)
Boeing-GM IV (6M I Covered with Gray Tape and Coated with Send)}; Size, 102,87-26,67 Wire Mesh; Rim Diem, 59.69 cm (23.50 im.}

—--  o.64(0.25) 1.2%  67(15) -- - 102.29(%0.27) 21.30{8.39) 20.67(8.14) 27,12(10.68) 27.40(10.78) k,16(6,38) B.2s{3.24)  6.05{2.38) 16.27(2.36)
1.50{0.59), 2.93 222(50) - -- 102.29(%0.27) 21.30(8,39) 19.80(7.80) 27.12(10.68) 27.68(10.98) 135.39(2h.08) 17.07(6.72) 11.14(}3B) 1h.Mi(2.09)
2.51{0.99) .92 311(70) — - 102.29(40.27) 21.30{8.39) 18.80(7.40) 27.12(20.68) 28.36(11.16) 234.10{36.28) 20.81(8.19) 1Y.20(5.59) 13.31(1.93)

. {Continued)
* Averaged frop & minimm of two points on tire,
%% Remove valve core: O-load; replace and load, {Page 1 of 3)



Table 2 (Continued)

Inflation Pregsure Contact
Carcass Section Hedght Seetion Width Tire Print
Tire peflection Loag ~ Wgaded - loaded  pypeger iloadsd ~ ~ Loadsd — ~Uloaded — Tooded Comtact Avee TEwgth  WIath Fressure
_lo. em(dm, N1y) k/m*(psi) XN/m(pai) cm(n.) em(dn.) co(in. ) om{in.) _om{in.} sq em{=q in.) em{in.) em(in.) N/m™{psd)
Poelng-OM ¥ -
(GM I coated with send; deta same a3 GM I.)
Boeing-GM VI (Straps and 50% of Wire Mesh Removed; Wheel Covered with Gray Tape and Coated with Sand;
Size, 102,07-26.57; Him Dien, 50,60 om (23,50 in,)

- 5,59(2,20) 11,20 311(70) . - 99.83(39.30) 20.07(7.90) 1k.48(5,70) 28.55(1r.24) 20.41{12.76) T10.19{109.76) 35.03(13.79) 23.88(9.k0) L. 42(0.6k4)

6.30(2.48) 12,57 311(70) - - 100.28(39.48) 20.30(7.99) 14.00(5.51) 2B.44{11.20) 32.h5(12.78) T¥8.77(120.71) 37.73(14.86) 24.28(9.56) h4.04(0.58)
Grumsan I {Wheel Mounted at 15-deg Off the Vertical for Tests end Static Wheel Data)

-~ 3.30(1.30) 6.10 67%(15) - - 107.95(42.50) 55.75(21.95) 52.45(20.65) e - 983,22(152.40) 38,71(15.24) 25,L0(10.60) 0.69(0.10)
L.32(2.70)  8.00 133(30) - - 107.95{42.50) 55.75(21.95) S1.44{20.25) - -- 10k6,450162.20) h2,21(16.62) 25,40(10.00) 1.2k{0.18)
5.79(2.28) 10.70 311{70) - - 107.95(42.50) 55.75(21.95) 49.86(19.63) —— - 1225.80(190.00) 50.55(19.90) 25.40(20,00) 2.55{0.37)
7.409(2.95) 13.90 489(110) - - 107.95(42.50) 55.75(21.95) 48.26(19.00) - -- 1374.19{213.00) 5k4,10(21.30} 25,k0{10.00) 3.59{0.52)
8.6L(3.40) 16.00 66T(150) - u— 107.95(42.50) 55.75(21.95) 47.12(18.55) - P 1h65,80{227.20) 57.66(22.70) 25.40{10.00) 4.55(0.66)

' Grumman IT
(Grummen I with sngle-iron grousers added.)
SLRY; Size, 45.72-20.323 Rim Dism, 7.1l cm (2.80 in.)

-  5.85(2.29) 2aL,h2 130(30) - 0,00t(0.00) 47.75(18.80) 20.32(8.00) 1k.bo(5.70) 21.47{8.45) 23.47(9.28)  495,16(76,75) 27.25(10.73) =21.84(8.60) 2.73(0.39}
2,54{1.00) 10.61 267(60) 11.72{2.70) 12.07(1.75) 47.88(18.85) 20.37(B.02) 17.84(7.02) 21.80(B.58) =22.50(8.86) 196.97(30.53) 17.92{7.05) 13.26(5.23) 13.69(1.98}
6.96(2.74) 29,13 31({70) 1.72(0.25) 1.72(0.25)} L7.88(18.85) 20.39(8.03) 13.h2(5.28) =21.143(8.43) 24.50(9.68) 537.90(B6,37) 27.96(10.85) =23.50(9.25)} 5,79(0.84)
6.60(2.60) 27,54 3n(70) 2,76(0.k0) 3.45(0.50) 47.85(18.8k) 20.39(8.03) 13.76(5.43) 21.45(8.44) 24.11(9.49) sce.o7(77.82) 27.4%0(10.78) 22.63(8.;:1) 6.21(0.50)
L72(1.86) 19.70 3170} 6.21(0.90) 6.89(1.00) U7.83(18.83) 20.37(8.08) 15.66(6.16) 21.62(B.51) 22.99(9.05) 3s51.52(5k.48) 21.31(8.39) 19.69(7.75) 8.85(1.28)
9.47(3.73) 39.60 u86(110) 2.131(0.35) 3.55{(0.50) L47.85(18.84} 20.37(8.02) 10.90(h.59) 21.48(8.45) 26.88(10,58) 629.68(97.60) = 30.48{12.00) 25,04(9.86) 7.76(1.13)
6.05(2.38) 25.24 489(110) 5.86(0.85) 6.89(1.00) 47.91(18.86) 20.40(8.03) i4.35(5.65) 21.67(8.53) 23.82(9.37) 433.7M(67.23) 25,02(9.85) 21.34(8.k0) 11.27(1.63)
3. @{1.49) 18.60 67{15) -- o.00(0.00)t 47.75(28.80) 20.32(8.00) 16.5k(6,51) 21.47(8.55) 22.20(B.7%) 293.78(43.99) 21.38(8.42) 16.0u{6.32) 2.35(0.3h)
3.62(1.43) 15.10 116(26) 6.21(0.90) 6.89(1.00) 47.88(18.85) 20.39{8.03) 16.77(6.60) =21.62(8.,5.) 21.99(8.66)} 247.75(38.40) 29.42(7.65) 15,56{6.12) L.66(0.68)
4.20{1.65) 17.60 222(50) 5.85(0.85) 6.89(1,00) %7.85(18.84) 20.37(8.02) 16.70(6.58) 21.62(8.51) 23.28(9.17) U420.81(65.23) 25.11(9.89) 20.51.(8.08) 5.28(0.77)

. bk Vehicle Wheels; Size, 27.64-50.80; Rim Diem, 54.6) cm (23.50 in.)

1 5,14{2.03) 10,5 133(30) 2,18{c.32) 2,55(0.37) 97.13(38.2h) 21.26(8.37) 16.12(6.35) =21.%a(8.43) 23.92(9.h2)  525.7L(8L.48)  38.08(1h.99) 17.54(6.91) 2.55(0.37)
7.96(3.13) 16.k2 311(70) 2.44(0.35) 3.03(0.44) 97.00(38.22) 21.22(8.36) 13.26(5.22) 2..64(B.52) 25.32(10.36) Boa.6B(12h.h1) ¥7.12(18.55) 21.03(8.28)  3.90(0.56)
9.90(3.90) 20,5 U8e(110) 2.60{c.k0) 3.h5(0.50)  97.08(38.22) 21.24(8.36) 11.32(h.46) 21.67(8,53) 26,09(11.06) 1005,35(155.83) 53.94(21.23) 23.\1#4(9,22) 4.85(0. 70}
11.60(k.57) 23.88 667(150) 3.45{0.50) 4.62(0.67) ©7.21(38.27) 21.30(8.38) 9.69(3.81) 21.69(B.54) 29,24{11.51) 1173,29(181.86) 57.u7(22.62) 24.80(9.76) . 5.69(0.82)

(Contirued)
t Valve core removed. (Fege 2 of 3)
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Table 2 (Concluded)

Tire
o,

2

[-A NN B THR VI

Inflation Pregsure

beflection Load tncaded
an{in., H{1b) e (pgi)
4.88(1.92) 10.10 133¢30) 2,07(0.30)
7.94(3.12) 1609 311{70) 2.h8(0.36)
10.66(4.19) 22.10 4B89(110) 2.69(0.39)
11.66(4.59) =2h.20 667{150) 3.48(0,50)
k.83(1.90) 9.92 133(30) 2.2{0.,32)
7.86(3.00) 16.21 311(70} 2.62(0.38)
10.18(k.00) 20.96 hWB9(110) 2,76{0.40)
13.5L(4.53) 23.80 667(250) 3.45(0.50)
5.11(2.01) 10.50 133(30) 2,18{0,3t)
8.03(3.16) 16,50 31(70) =2.48{0.36)
10.05(3.96) 20.70 48o(a10) 2.76(0.k0)
11.53(4,54) 23.80 667(150) 3.h5(0.50)
2.54(1,00) 10.70 129({29} -
2.69(1,06) 11.20 98(22) -
2,7%(1.08) 13,50 116{26) --
2.57(1.01} 10,70 1ba(32) --
2,64(1.04) 11.20 89{20) -
2.54(1.00) 10.70 116(26) -

Contact
Ip;’d""‘ niﬁiii Unloi?l:fliun He:.ig:;ea. moiiiﬁi"“ “iﬁﬁm Contact Avea Lengtgire Prin;idth P‘”e;"“
kN/m {(psi em{in.) em(in,) cai(dn, ) _cm{in) . _enfdn.) ™ _sq em(sq in.} r.:’m(in.) m(ir}.) N/m“{pai)
lixh Vehiele Wheels; Size, 87.9%-50,80; Rim Diam, 54%.61 om (21,50 in.) (Continued)
2.4(0.35) 96.,60(38.03) 21.00(B.26) 16.22(6.34) 21.54(8.48) 23.67(9.32) 193.03(76.42)  36.44(14,35) 16.82(6.62) 2.72(0.39)
2.96(0.43)  96.32{37.92) 20.85(8.21) 12.92(5,08) £1.68(8.53) 86.69(10,50} B23.61{127.66) L7765(18.76) 21.1k{8.32)  3.76(0.5k)
3.45(0.50)  96.37(37.94) 20.88(8.22) 10.22(4.02) 21.63(8.52) 28.20{11.10) 1085,00{168.17) 53.84(21.20) 2k.0u(9.48) k.52{0.65)
k.g2(0.67) 96.40(37.95) 20.89(8.22) 9.24(3.63) 22.08(8.69) 29.10(IL.46) 1293.22{184.95) 57.22(22,52) 25.30{9.95) 5.58(C.81)
2.48(0.36) 97.28(38.30) 21.34(8.40)} 16.46(6.48) 21.72(8.55) 23.88(9.40) L5T.52(70.91%  35.41(13.9%) 15.74(6.20) 2.90(0.42)
3.06(0.44)  97.13(38.24) 21.26(8.37) 13.b0{5.27) 21.77(8.57) 26.59{10.57) 770.05{119.35) 46.48(18.30) 19.96{7.86) L.o4(c.58)
3.45(0.50) 97.08(38.22) 21,23(8.36) 1L.29(4.44%) 21.80(8.58) 28.22(11.11) 1058.00{16k.01) 53.72(21.15) 23.50(9.25)} k.62(0.67)
4.62(0.67) 96.72(38.08) 21.06(8.29) 5.50(3,7%) 22.10{8.70) 29,18(11.49) 1183.36(183.b2) 57.60{22,68) 2&.51{9.65) 5.65(0.82)
2.48(0.36)  97.28(38.30) =21.44(8.5%) 16,23(6.39) 21.52(B.47) 23.71(9.33) 52b,84(81,35) 37.28(3b.67) 17.13(6.74) 2.55(0.37)
3.03(0.44)  97.16(38.25) 21.28(8.37) 13.24(5.21) 21.59(8.50) 26.48(10.%0) 837.10(129.75) U7.65{28.76) 21.54(8.48) 3.76(0.54)
3.45{(0.50)  97.13(38.24) 231,26(8.37) 11.20(k.M1) 20.80{8.58) 28.18(11.09) 1023.55{158.65) 53.58(21.09) 23.b4{9.23} k.B80(0.£9)
L, 62{0.67) 96.93(38.16) =21.16(8.33) 9.62{3.78) 21.8:{8.60) 28.90(11.38) 1197.39(185.59) 57.05(22.46) 25.15(9.90} 5.5B(0.8L)
SLRV £x6 Vehicle Wheels; Size, 45.72-20.33; Rim Diam, 7.11 em (2.80 in.)
8.89(1.29) 47.55(18.72) 20.22{7.96) 17.68(6,96) 21.50(8,50) 21.84(8.60) 280.00(43.h0) 20.19{7.95) 16.76(6.60) L4.62(0.87)
7.58(1.10)  47.96(18,88) 20.42(8.04) 17.73(6.98) 21.59(8.50) 21.B4(8.60) 201.65(11.26) 17.91{7.05)} 13.72(5.40) 4.83(0.70)
8.76(1.27)  47.85(18.84) 20,37(8.02) 17.63(6.94) 21.72(8.55) 22.10(8.70) 218.19(33.82) 18.54{7.30} 13.97(5.50) 5.31(0.77)
8.76(1.27) 47.96(18.88) 20.h2(B.0k) 17.85(7.03) 21.72(8.55) 22,05(8.68) 184.32(28.57) 17.53(6.90) 12.70(5.00) 7.72(1.12)
7.58(1.20)  47.2b(18.58) 20.02(7.88) 17.37(6.84) 21.54(8.48) 21.72(8.55) 206.39(31.99) 18.2h{7.18} 1%.02(5.52) 4.34(0.63).
8,83(1.28)  47.65(18.76) 20.27(7.98) 17.73(6.98) 21.54(8.48) 21.84(8.60) 172.00{26.66) 16.51(6.50} 12.90{5.08) 6.76(0.98)
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Table 3

Single-Wheel Test Results

Before~-Traffic
Wheal Soil i::;:;:;z:n Ferformance Parameters Dimengaonless
Test — Tl condi Gradient G Efficiency Pull/Load Torque/ioad Power Number Numeric
- : -t CWEL humver o Vet
No. Symbol _ H(1b)  tion Miy/e (pes) Mo Fa To  Higy Fhg P, Wy Ny

Pneumatic, First Pass

7 - 130(30) 5, 0.56(2.1) 0.615 0.140 0.567 0.09 0.45 0.685 1572 19.5
8 --  130(30) 5, 2.98(11.2) 0.710 0.553 0.625 0.10 0.37 0.660 8369 265.4
g - 30(10) 8 0.58(2.2) 0.612 0.k70 0.600  0.12 0.k5 0.705 1iBo k3.0
10 -- 310{70} 85 3.12(11.7) 0.680 0.518 0.609 0.08 0.38 0.665 1783k 23L.5
16 --  310{70) ¢, 1.75(6.4) 0.690 0.52k Q.606 0.07 0.3h 0.600 L2oE  127.06
17 - 130(30) ¢ 1.89(7.2} 0.675 0.515 0.608 0.04 0.38 0.680 548  10.7
18 --  hoo(10} ¢ 1.78(6.5) 0.690 0.536 0.618 0.08 0.h0 o0./20 - n2hko 122.5
19 - 130(30) ¢, 3.48(12.3) 0.700 0.521 .51k 0.0k 0.38 0.700 9623 201.0
20 - 310(70) Cy 3.39(12.2) © 0,665 0.553 0.663 0.05 0.50 0./80 843 2.9
21 -~ bso(l10} o, 3.00(10.7) o.702 0.569 0.6h3 0.01 0,33 0.700 8835 200.9
22 -~ 130(30) ¢, 3.36(11.3) 0.700 0.549 0.63L 0.06 0.38 0.720 10164 267.2
56 - 61025) 8, 0.53(2.0) 0.650 o.k88 0.585 0,10 0.33 0.700 15596 89.8 °
57 - 67¢15) 5, 3.22(12.0) 0.64%0 0.552 0.658 0.60 0.46 0.860 20174  533.5
58 -~ hgo(la0) 5 0.5%{2.0) 0.570 0.395 0.588 0.30 0.41 0.600 1563  37.8
59 --  loo{110) 5, 3.03{11.3) 0.630 0.487 0.619 040 ok2 o.7ho 8451 212.1
Bl --  310{70) ey 4.09(15.3) 0.620 0.517 0.671 0.80 o046 0.820 11542  563.4
. 85 - 67005) o 3.79(1%.2) 0.560 0.554 0.789 0.50 0.36 0.700 23745 627.0
) Pneumatic, Second Pask
7 - - -- - 0.700 0.541 . 0.618 0.09 0.2 0.750  -- -
8 - -— - - 0.620 0.kgs 0.6ko 0.13 o4 0.495 - -
9 - - -- -- 0.660 0.512 0.618 0.1% 033 0.0 - --
10 - e e . 0.690 0.524 0.609 0.08 0.41 0.720 - -
16 - - - - ‘ 0.770 0.546 0.570 0.0t 0.30 0.620 - -
i7 - - - - 0.640 0.509 0.639 0.0% 0.39 0.700 - —
8 -- - -- e 0,660 0.519 0.629 0.13 0.4 o0.7hs - -
19 - - - - 0.650 0.510 0.5% 0.0% 0.35 0.630 - -
20 - - - - 0.680 0.538 0.638 0.03 0.33 0.630 - -
21 - - - - 0.580 0.525 0.617 0.08 0.39 0.700 - -
22 - - -—- -— 0.7%0 0.590 0.627 0.02 0.29 0.620 - .
56 — - - — 0.730 0.521 0.573 0.05 0.36 0.650  -- -
57 . -- -- - 0.530 0.456 0.688 0.10 0.50 0.790  -- -
58 - - -- - 0.590 0.430 .584 0.05 0. 0.670 - -
59 - -- - - 0 600 0.k61 0.616 0.2 045 0.680 -~ -
Pneumetic, Third Pasg
7 - -- - - 0.660 0.504 0.614 0.09 0.2 0.715  -- -
8 - - - - 0.640 0.514 0.642 G.21 0.4 o.7k0 - -
9 — -- - — 0.670 0.512 0.613 0.09 0.40 0.670 -- -
10 -- - -- - 0.660 0.502 0.611 0.12 o4 0,70 - -
16 -- — -~ - 0.740 0.542 0.582 0.01 0.30 ©.590 - -
17 - - - _— 0.680 0553 0.647 “0.03 0.30 ©.600 - -
18 - - - -— 0.680 0.530 0.607 0.07 0.35 0.680 -- -~
19 - .- - -- 0.700 0.509 0.579 V.04 0.37 0.680 - -
20 - . - - 0.650 0.565 0 658 0.02 0.37 0,760  -- -
21 - - p- - 0.700 0.578 0.658 0.02 0.34 0,720 - -
22 -- - - - 0.°700 0.543 a.625 0.05 0.37 0,650 - -
56 - -- - - 0.730 0.512 0.562 0.02 0.3% 0.620  -- -
57 - - - - 0.500 0.398 0.631 0.22 0.60 0.700 - -
58 - - - - 0.560 0.415 0.596 0.11 0.b8 0.685 - -
59 - - -— - 0.590 0.470 0.632 0.11 0.k5 0,700 - -—
(Continueqd)
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Table 3 {Continued)

Test

To.

(¥

oo

3:"‘\11 4 W

FEwsuw

Before-Traffic

Penetration Performance Parameters Dimensionles-m
el Sl g““’t“"a FfTiciency Pull/Loed Torque/lond  Fower Tumber Humerlc
- radient G M b

Symbol _ N(1b) tiom Mi/m3 (pei) 20 Poo/M Mag/Wr, P, Flyg 2N, W N,
Bendix, First Pass

130(30) 8y 0.55(2.1} 0.665 0458 0.553 0.03 o.bh 0.66 1783 Lko.g

130(30} Sy 2.68(10.1) 0.740 0.568 0.586 0.03 0.38 0.76 835. 4.5

130(30)} 5y, L.67(17.6) 0.720 0.563 0.589 0.01 0.3k 0.79 14552 Loy

310(70) 8, 0.53(2.0) 0.645 0.465 0.578 0.10 0.38 o0.52 1031  33.2

3w(70) 8, 2.73(10.2) 0.725 0.535 0.596 0.06 0.37 0.69 35262 170.8

3w{) ¢ 1.79(6.7) 0.682 0.528 0.619 0.05 0.39 0.7L 3464 1iz.0

130({30) ¢, 2.12(7.9) 0.690 0.525 0.608 0.02 0.32 0.60 6710 192.4

Loo(110) c 2.13(7.8) 0.700 0.540 0.618 0.03 0.33 0.6k 4107  143.3

130(30) ¢, 3.28(12.1}) 0.650 0.489 0.602 0.06 0.35 0.61 10301 292.2

310(70) c, 3.04{12.4) 0.675 0.5 0.609 0.08 0.36 0.65 6031 207.8

4 bgo(11.0) C, 3.33(12.4) 0.670 0.512 0.615 0.10 oho 0.67 6408 £27.0

T 130(30) ¢, 3.09(11.5) 0.610 0.512 0.673 aw  e= ae 9006 27B.T

490{110) Cy 3.28(12.0) 0.620 0.528 0.685 0.02 0.36 0.68 6389 220.1

670{150) s 3.26(12.0) 0.620 0.529 0.718 0.02 0.38 o.7h 6707 208.h

310(70) ¢y 2.96(11.0) 0.600 0.516 0.689 0.03 0.35 0.65 572k - 218.1

I 310(70) 5, 0.65(2.1) Q.610 0.hbo 0.5590 0.10 0,50 072 U4 34,0

30(10) 8, 3.2k(12.0) 0.680 0.530 0.660 0.08 -- 0.97 6150 805.0

67(15)  §; 0.53(2.0) 0.610 o.hon 0.553 0.0 0.38 0.58 2713 30.0

67(15) g k,27{16.0} 0.60 0.496 0.656 0.03 ©o.kk 0.78 21857 2he.z

31e(70} Cy 3.79(14.2} 0.570 0.5k 0.6k8 0.07 0.50 0.80 7448 237.2

310(70} o 3.79(14.2) 0.620 0.523 0.678 0.03 0.41 0.78 45 237.2

IIT 67(15) €y 3.05(11.4) 0.530 0.664 1.000 0.25 0.46 0.8 1561t 173.0

67(15) o, 3.07(11.9} 0.550 0.754 1,092 0.18 0.55 1.21 15816 175.2

310(70) Cy 3.14(12.9) 0.540 0.571 0.6u8 0.05 0.50 1.01  702F 215.9

310(70) EN 0.50(1.9) 0.560 0.512 0.734 0.10 0.50 0.86 1025 31.0

3 67(15) 8y 0.49(1.9) 0.530 0.697 1.052 0.20 0.k3 0.97 2662 .29.5

Benddx, Second Pass

T -- - - 0.710 0.498 0.560 0.03 0.33 0.58 -— --

- - -— 0.700 0.497 0.567 0.03 0.33 0.66 -- -

-~ - - 0.700 0.509 0.509 0.02 0.3% 0,62 - -

-= - -— 0.700 0.519 0.597 002 0.33 .62 —— -

-- -- -- 0.680 0.k97 0.585 0.0 0.37 0.6h4 - -

-- -- - 0,700 0.528 0,604 0.03 0.33 o0.62 - -

- -- -- 0.710 0.51h 0.581 o0k 0.32 0,58 -- -

- - - 0.710 0.506 0.603 0.06 0.34% 0.59 - -

- -- - 0.750 0.541 0.577T 0.01 ©0.33 0.66 - -

- - - 0.650 0.521 0,632 0.03 0,38 0.71 - -

- -—- - 0.650 0.4g0 0.595 0.05 0.41 0.70 - -_—

1r - - - 0.580 0.499 0.686 0.08 0.k0 0.67 - -

-- - - 0.570 0.485 0.682  0.05 046 0.80  -- -

- - - 0.570 0.478 0.700 0.04 Ok 0.76 - -

jazs - - -— 0.690 0.548 0.819 0.04 044 0.85 - -
Bendix, Third Pass

1 - -- — 0.608 0.431 0.567  ©0.03 0.1 0.60 - -

-- - - 0.673 0.465 0.953 0.03 0.34 0.57 - -

-- - - 0.728 0.509 0.559 0.02 0.26 0.60 - --

-- - -— 0.701 0.1488 0.559 0.02 0.3% 0.60 — -

- - - 0.700 0.519 0.591, 0.03 0.36 0.65 - -

{Continueq)
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Teble 3 {Continued)

Bafore-Traffic
Penetration

rogy — RS Bl Besistmce e e e umerte
to, Symbol _ m(}b) tiom 109/e3_(pea) 20 Pog/¥ Mool¥re  Plgp Py Py N Tn
Bendax, Third Pess (Cont‘'d)

13 i - - — 0.652 0.496 0.609 0.05 0.35 0.61 - -
N - - - 0.68% o.4a7 0.546 0.06 0.38 0.63 -- -
5 - - -- 0.658 0.485 0.590 0.08 0.3F 0.55 -- -

23 - - — 0.665 0.534 0.602 0.07 0.4 0.73 - -
al - - - 0.688 0.535 0.622 o.oh o.3Fk 0.65% - -
a5 - -- -- 0.665 0.481 0.579 0.0t 0.34 0.59 - -
31, IT - -- - 0.580 0.5h0 0.690 0.05 0.37 0.55 -- -
32 [ -- - - , 0.580 0.510 0.70L 0.0h 0.h3 0.68 - .-
33 - . - 0.570 0.k93" 0.691 0.03 0.43 0.76 - -
a8 I -- -- -- 0.510 0.516 0.813 .10 0.51 0.88 - u—

Boeing~GM, First Pass

26 I 130(30) C, 3.01(11.1) 0.690 0.380 0.h80 0.05 047 0.65 LW4oB  127.3
27 310(70) ¢, 3.09{11.5) 0.480 0.340 0.570 - 0.32 - 3939 157.9
28 %50(110}) c, 3.17{11.8) 0.580 0.324 0.443 0.05 0.h0 0.5 3830 154.0
29 670(150) ¢, 3.12(11.6) 0.670 0.329 0.397 0.01 0.3% 041 3923 139.2
60 3e(70) B 0.52(1.9) oo 0.259 0.h32 0.08 0.51 0.50 oz 26.5
61 ' L90(110) 8, 0.52{1.9} 0.470 0.266 0.1:56 0.13 0.45 0.8 789  25.3
62 130(30) 5, 0.55(2.1) 0.410 0.26), 0.5 0.13 0.8 o7 1626 23.3
63 4 67(15) N 0.57(2.1) 0.h60 0.312 0.538 0.05 0.62 0.7% - —
&l II  510(70) 5, 0.52(1.9) 0.520 0.320 0.497 0.08 0.z 0.%8 gh2  26.5
65 11T 310(70) 8, 0.59(2.2) 0.520 0.332 0.512 0.06 0.ho 0.19 1068 30.1
66 Iv 67{15) 5y 0.52(1.9) 0.670 0167 0.559 0.0% 0.3h 0.7 2427 3.1
67 220(50) 5, 2.81{10.7) 0.520 0.371 0.570 0.00 0.3 0.7 hohh 33.6
&8 310(70) s 0.53(2.0) 0.k70 0.280 0.3 0.12 oz ok T 7ay 8.7
69 310(70) S, 3.k9(13.0) 0.590 0412 0.95% 0.03 G0 6.00 W78 57.h
70 ¥ 310(70) 8, 0.51(1.9) 0.500 0.319 0.511 0.04 0.51 0.60 gz 26.5
71 l 310(70) S, 2.89(11.1) 0.600 0.383 0.413 0.0 0.2 0.56 5234  AhT7.3
72 vE »10(70) 8, 0.55(2.1) 0.560 0.391 0.556 .09 0.6 0.09 89 k9.l
73 3w0(70) s, 3.53(13.2) 0.0ho 0.l 0.588 0.09 0.k6 0.v5 9554 315.4
7 310(70) ¢, 2.74(10.2} 0.025 0.551 0.573 0.05 0.5 0.75  ThE  2W.8
75 310(70) G, 3.08(11.5) 0.620 0.453 0.584 0.12 0.50 O.85 8335 275.2
76 .‘:210(70) 5 0.52(1.9) 0.5%0 0.377 0.55h o.12 0.52 0.69 1ho7 .5
0 Boeing-GM, Second Pass
27 I -- - - 0.610 0.362 072 0.08 0.31 0.39 - -
28 o -- s 0.510 0.292 0.455 0.09 0.6 0.49 - --
29 -- - - 0.520 " 0.277 0.h30 0.07 0.34 0.34 - --
51 -- -- - 0.510 0.285 0.451 0.11 .33 0.3 — -
62 - - - o.hao 0.258 0.488 0.0 0.8 o.ké - -
&= 11T - - - 0.530 0.3h7 0.52h 0.08 0.43 0.53 - -
&6 wo - -- — 0.590 ©.387 0.502 0.1z 0.3% o.h3 - -
Boeing-Gi4, Third Pass
27 I - e - 0.570 0.327 0058 0.09 0.41 048 — -
28 -- - -— 0.520 0.301 o7 0.06 0.39 0.4k - -
29 . - -- - 0.560 0.302 0.h2g 0.0h 0.32 0.3 -- -
60 - - -~ 0.500 0.2 0.k — - - - -
61 , - -- - 0.500 .08 RIS 0.11 ©.3h 0. — -
62 I -— -- - o.lvro 0.20h 0.hon 0.0 ady ohy - -
63 - - - [o 3 (TN 0.3F G000 008 0.52 0.0 - -
65 IFZ - - - 0.520 0.3y 0.0t 0.0h 0l 0.t . -
ga v ""'/ﬁ' -- — 0.520 0.388 0.601 0.0 0.0 048 - -
vr -

(Continued)
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Table 3 (Continued)

Before~Traffic

Penetratien Performance Parpmeters
Wheel Soil Resistance BIfi- Pull/ Torgue/ Pull/ Torque/ Dimensionless
Test —  —Iswi Comdi- Gradient G ciency Lead Load Lond Load Power Number Bumerac
“Wo. Symbol _H(ib) _tion e (pei) o PeoM Moo, PgoM MgoMr, PR TP PR, Ny K
Grurmar, First Pass
34 I 320(7¢) c, 3.33(12.5) 0.35 0.200 0.460 0.220 0.5 0,15 < 0.50 8015 -137.5
35 130{30) Cy 3.25(12.2) 0.57 0.351 o.kgl  0.390 0.650 0.15 o.k3 o0.52 14688 307.5
36 Loo(110) Cy 3.31{12.4) 0.l5 0.262 0.469 0.295 0.560 ©0.08 o.B4 0.k6 6625 89.2
37 670(150) s 3.20(12.0) 0.kk 0.277 0.507 0,290 0.550 0.13 0.50 0.52 5708 63.0
38 670(150) 8, 0.57(2.1) o.ko 0268 0.556 0.315 0.620 0.2F 0.60 0.60 1016 11.2
39 4oo{110} 51 0.55(2.1) 0.k 0.287 ¢.542  0.335 0.610 0.11 0.66 0.70 1102 1.8
Lo 310(70) 5, 0.53(2.0) c.l3  o0.260 0.530 0.315 0.580 9.16 0.35 0.3 1275 2L.9
u) ] 130(30) 5 0.51(1.9} 0.52 - 0.312 0.560 o0.410 0:685 0.1k 0.39 0.b3 230k 4.3
ba IT 310{70) s, 0.54(2.0) 0.8 0.529 0.889 0.650 1,010 0.18 0.61 }.10 1299 =22.3
k3 310{70) 8, 3.16(11.6) 0.47 0.529 0.955 0.618 1.005 0.20 0.62 1.20 7heh 128.0
LY 310(70) c, 3.52{13.2) 0.4 0.565  0.973 0.633 1.015 0.20 o.54 0.93 87k 145.3
45 3 310(70) c, 0.63(2.1) ok 0.597  L.097 0.680 1.025 0,20 0.63 1.15 1516 26.0
Grumman, Second Pass
3y I - - - 0.38 ©0.220 0.468 0.266 0.613 0.1h% < 0.36 . e
35 -- - -— o.bo  ©0.280  0.559 0.38L 0.678 0.19 0.52 0.53 -— -
36, - -- - 041 o.222 0.50L  0.299 -0.575 0.11 0.54 0.56 - -
‘37 i - - - o.42  0.258  0.493 0.315 0.585 ©0.11 0.54% 0.57 I
38 - - - 0.ka 0.289 0.552 0.28L 0.611 0.07 0.67 0.71 - -
30 . - - -- 0.57  ©0.305 0.58% 0.31% 0.617 0.18 0.56 0.60 - -
ko -- - - 0.ks5 0.269  0.4TT 0.325 0.581 0.08 0.61 0.67 - -
n 4[ - - - .38 0.283 0.600 0.238 0.58% 0.12 0.46 0.L48 - -
42 Iz -- — - 0.38  o.50k  0.895  -- - 0.21 0.49 0.7 S —
Ly -- - 7 - 0.47 0.510 0.864 0.788 1.25% "0.12 0.59 1.01 — -
uy -- -- - 0.5 0.586  1.050 - - 0.16 0.60 1.1 am o ws
Is ‘ -- -- - 0.4 0.596 1.074 - - 0.26 0.56 1.36 -- -
’ Grumman, Third Pass
34 I - -- -~ 0.37 0.151 0.k13 e - 0.11 =% 041 - -
35 - - - 0.36  0.292  0.647 0.338 0.658 o0.17 o008 0.29 -~ -
36 -- - - o.bs 0.298 0.535 ©0.360 0.628 0.15 0.66 0.73 - -
37 - - -~ .38 0.237 0.%02 0.299 0.588 0.17 0.46 0.46 _— e
38 ~— - - o.k7  0.293 0.503 0.287 0.605 0.37 o040 QN0 - -
39 -— -- -- 0.0  0.208 0.6 0.289 0.627 0.08 0.55 0.50 - -
Lo - -- - o.k2  0.298 o.572 0.345 0.580 0.15 o0.5% 0.65 - -
n K - T - - 0.39 .37  0.651 -~ -- 0.25 0.67 0.82 - -
‘b2 iI - -- - o.k1  0.543 0.877 - - 0.20 0.50 0.81 - -
b3 - -- - 0.46 6.526  0.915 - - 0.17 0.60 1.00 - --
bl -- -- -- g.4g 0.592 1028 -~ == 0.23 0.53 l.23 -- -
- -- - - 0.4k 0.605  1.09% - -- 0.16 0.61 1.10 - -

(Continued)
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Tast

Table 3 {Concluded)

Wheel

No.  Symbol

L5
Ly
L8
Lo
50
51
52
53
5k
55

us
W7
i}
kg
50
s11
52
53
5l
55

g
b7
13
Lo

.50
51

53
sk
55

“

Loed
}i’! ib)

115(26)

67(15)
220(50}
310(70)

310(70) -

220(50)
115(26)
67(15)
67(15)
115(26)

Soil,
Condi-
tion

Before-Traffic

Penetration
Resistance
Gradient G

M/ (pea !

3.31(22.4)
3.05(11.9}
3.28(12.1)
3.k2(12.8)
0.57(2.1)
0.55(2.1)
0.57(2.1)
0.51{1.9)
0.56{2.1)
0.53(2.0)

Performance Parameters

Efficiency PullfJoad Torque/ Load
Hr
0l e

20

Ponf W

SIRV, Rirst Pass

0-53
0.70
0.58
0.60
Q.6
0.68
0.43
o.48
0.756
0.55

0.392
0.538
(R
0.h35
0.439
0.501
0.303
o.h12
0.537
0.364

SIRV, Second Pass

0.53
.71
0.53
0.61
0.65
0.60
0.60
G.6h
0.75
0.50

0.kok
0.55L
0.4o5
0.hs8
0.459
0,445
0.1
0.541
0.574
0.329

S1RV, Third Pass

0.55
0.66

0.5k,

0.67
a¢.ho
0.53
.65
0.74
0.56

082
0.452
o.kh2
0.h&6
0.339
0.385
0.468
0.57h
0.378

0,588
0.650
0.619
0.576
Q.546
0.586
0.567
0.693
0.564
0.530

0.613
0.618
0.613
0.5397
0.567
Q.597
0.589
0.675
0.615
0.529

0.697
0.%52
0.656
0.557
0.553
0.578
0.581
0.624
0.54Y

Power livmber

j¥5
—SP

0.18
0.20
0.22
0.06
0.08
0.06
0.06
0.10
0.06
0.12

0.18
0,22
0.20
0.07
0.07
0.08
0.10
0.10
0.0h
0.12

0.03
0.04
0.18
0.10
0.20
0.1
0.03

Q.20
0.20

P

23

0.50
0.48
0.53
0.2
0.36
0.33
0.4
0.35
0.34
0,46

0.45
o.k5
0.5k
0.38
0.37
0,43
040
oo
0.30
o.43

0.0
0.23
0.50
0.37
0.55
0.5
0.30
o.hk
0.hg

j35
max

Dhimensionlzss
lumerac

¥

Bia

0.66
.75
0.7%
0.64
0.54
0.55
0.hg
©.hg
0.61
0.58

0.58
0.70
0.72
0.60
0.57
0.65
0.59
0.70
0.61
0.51

0.70
0.36
0.72
0.57
0.64
0.5k
0.51

o.12
0.61

5255
8819
5790
3154
920
086
910

1620

11.3
218.5
125.5
72.8
1z2.1
21.3
19.2

ko.1
17:8
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Table 4

Venicle Teat Resulis

B - : Teat
—fell SMp, % Load ave . - ¢ . Bin
Test Con- 3 Wt 2d 5 Transfer Whneol Load Total Load Torque, m-N(ft-ib) ‘ Veloecity 8lo Whir Pewsy
No. dition M¥/m-(pel} Axle Axle Axle _Avg _N(iv) N(1B) N{1b} 1st Axle 2d_Axle T ANI0 Sum Puil, N{3b) mfsec(ft/mec) L deg e _PM 1 No.
Lxl tagt Vehicle
109 5, 0.6(2.0} 6.3 7.0 < [ 52€1a§ 30(0)  12ho(28o)  L0.7(30.9) 127.8{9&.3) - 168.5(124,3)  uhi{100) - 0 0 300 0.356 1.107 0.322
12,0 1,8 -- 1Lh4 6B(15 89.5(66.0) 177.4(130 8) - 267.0(396.8)  632{1hT) - o 47l o524 0.979 0.535
5.8 13.2  -- W6 70(16) 89.5(66.0) 214.0(157.8) - 303.0(223.8)  630{153) -- 0.538 0 k5 0.865 ¢.630
110 8, 0.5{1.8) 7.8 7.8 -- 7.8  Wi{10} 4o0(130}  1p60{uho) 85.6(63,1) 127.8(gh.3) -— .213.145157.!;) 196 (4k) -- ¢ 0 0.243 0.099 0,375 0.264
13.3 2.2« U3 Bagzo; azs.aE:.ss.o) 248.8(183.5) . b7h.0(345.5) 783 115; - 0.540 0.400 0.645 0.63%
164 1%.3 ~-- 15.4  gofz0 225,2(166.0} 251,5(185.5} - L76.7(351.5) B8oL(1BO - 0.543 0.kog 0.627 0.638
bk 5, 0.5(1.8) 1.2 16.2 -- 167 B85(19)  Lgo{a10) 1960(kh0)  203.1(Lbo.8) 23L.7(170.9) - bal,B(320.7)  TH5(16T) ~— 0 0 0.6 0,381 @650 0.595
sl 254 - 29,9 106(2h4 269 8{199.0) 250,1(1B4.5} - 520.8?38&.1. 1023(230) - 0.594 0.523 0.617 0,847
65.3 52.5 = 53.9 120{27 288.7(212.9) 264.8{195.3) - 553.4¢508.7) 1203(270) - 0.631 0.61h 0.5% 1.535
B0.5 £9.2 -=  Th.B 225({28) 293.6(216.8) 295.2(217.7) - shg,1{kos,0)  2275(267) -- 0.67 0.651 0.262 2.184
12 8y 0.5(2,0) 1.7 1.7 -~ 1.7 36(8) 30(70)  1zho(280)  9e.2(68.0)  120,0(168.5) - 212.2(156.5) 236%53) - ¢ ¢ 0377 0.8 0.4i2 o.h27
- -— --  20.0 &1k 165.9(122.4 185.2%136.6; am 251 1(259.0)  s5hu(13h) -- 0.624% 0477 0.612 0.780
56,2 58.6 e 57.4 82(18 205.4(251.5) 250.4{18h.7 -— 155.8(336.2) 8392189 - 0.810 0.675 0.377 1.90L
85.6 844 --  85.0 88(20) 216.0(159.3; 268.7(158.2 - LBh. 7 357.51 g2h(208) - 0.861 Q.74 0.1% 5,740
87.7 B6.7 -- 87.2 B6(x9) 216.0(159.3} 260.5(152.% - 476.8(351,7) 891(200) - ©.847 0.715 0.121 6.617
0.6 89.5 .- 0.1 ou{e1) 221.3(163.2) 281.7(207 8) - 503,0(371.0)  596(22) - ©.854 o 800 0.075 9,030
113 = 0.5(3.7) 5.3 3.8 -- 4.5  25(8) 310{70})  12%0{280}  65.9(h8.6)  91.1{67.2) -- 157.0(115.8; Bvsao -- 0 0 0.279 0.070 0.229 0,242
13.2 13,2 -- 132 so(ll) 142.2{104.9)  155.5¢114.7 - 297.7(219.6) U1i(92 - 0.529 0,330 0,542 0.609
- == e= 20,0 66(15 - 1681.8(23h.1) 190.3(2h0.4 » - e {27h.4)  Geg{ikl - 0.661 Q.50 0.605 0.826
55.2 5346 - 544 7916 210,7{155.4) 252.0(285.9 - hea,7(3b1.3)  795{(279 - 0.822 0.640 0.355 1.803
79.6 8.2 -~ T8.9 63(19) 206.5(167.1) 262.7(193.8) - 489.2(360.8)  857{153 - 0.849 0.6%0 0.167 b, 118
gk.9 S1.3 -~ G1.6 83{20) 229.1(169.0) 273.5(201.7) - 502.6(370.7)  $R7(208} - 0.893 0.740 0.970 10.63L
1k g o.5(2.7) Wy 61 -- s 27(6) 310(7¢) 1240{280) 56.9(42.0)  100.6(74.2) — 157.5(116.2)  116(26) e o 0 0.280 0.993 0.3k 0.256
25,2 19.5 -- 218  71(16 178.9(131.9} 223.0(164.5) . ho2 0(296.5) 654{156) - ¢.715 0.559 0 B1L 0.914
54,86 51,3 ~- 53.0 7Bl 206.0(151.9) 252.8(186 s; - 458.9(138.5)  783(176 - - - 0.556 1.h68
£5.7 0.0 w £9.8  B0(18 203.5{150.0) 265.3(198.6 - 472 6(38.6) BaB(184 - 0.8 0.657 0.236 2.785
82.0 79.7 -~ B80.8 B3(19 200.7(18.0) 266.4(2%.5) - 467.1{34h.5)  858(193 -- 0.83L 0.629 0.145 %.328
93.8 93.0 - 93.4  91{20) 225.0(166.2) 201,8(222.6) - 52l ,2(386.6) 961(215) - 0.9%2 0.7 0.055% 1k.121
15 8, 0,5(1.7) 17.1 .2 - 15.6 W8(33) 310(70) 12ho{e60)  136.9(101.0) 166.2({122.6) - 303.1(223.6} 357 35; ~— 27 15 0539 0,136 | 0.213 0.639
18.% 17.6 -« 18,0 155(35) 94.8(70.0) 195.8(1h4.4) - 290.%, 1} 2u5(55 e 0,517 0,197 0.32 0.6%0
18,7 224 -~ 20,5 157(35) 94.8(70,0) 203.8(1%0.3) - 296, ‘. .)  27s1) m 0.531 0,218 0.326 0.668
62.2 46,1 -+ 542 170(38) 173.8(128.2) 273.5(201.7) - uh7,3(3%5.9)  455(102) - 0.796 0.367 o211 1,738
16 8, 0.5(1.8) 3.3 25.1 .- 28,7 236(53) 3wf{0) 1zko(280) {110.7) (156.1} - 362,7(267.5)  26(6) - 47 25 O.645 0.020 0.022 0.505
.6 20,8 .- 3.2 237%53) s:zs.a) (11!».0; - ho'r.esa-oo\.s) 35(8) - 0.72% 0.028 0.027 1.052
wmmm e -- 25156} 116.6} {2u3.4 - 461.1{340.0) 223t50) - 0.820 0.179 - -
n7 8 ©¢.5(1.8) 25,3 16.2 -- 20,7 236{53) 315{70) 1240(260)  147.5{108.8) =222,6(16L.2) - 370,1{273.0} 26(6) - k7 25  0.658 0,021 0.025 A3
40,8 0.5 -- 356 263(53; 169.9510!;.9) 296.2%182.8) - Le6,1{287.7)  38(10) - 0.694 0.035 .03 1.078
79.9 2.5 == 6.2 233{59 w2,a{11%.6) 2h7.5(294.8) - 390,1(309.4} Lh4(B83) -- 0.7 0,297 0.095 3.234
a am e - 262(59) 155.4{125,3) 264.1(23B.5) - 419.5(343.8)  370(86) - 0.829 0.%7 - -
n 8 0.5(1.8) M3 22.5 e~ 323 250{56) 3oy}  12he(280) 133, 98.1; 231.9(171.0) | .- 26h.9(269.1)  0(0) - 50 27 Q.64 0.000 0.000 0,973
br.7 26.6 = 37.2 252(57} 133.0(58.1) 242.7(279 0) - 375.7{(277,1) 2z(5) - 0.668 0 017 0.016 1,064
0.2 B9.3 -- B89.B 261(58 135.7&100.:.) 256.1(188.9} - 391.8(289.0) 15(34) - ¢.697 0.121 Q018 6.833
2.9 84.9 -. 88,9 263(59) 147.5(108.8) 289.6(213 6) - 437.1(222.4) 178(ko) - 0.777 0,243 0.020 7.000
120, 5 0.5(1.8) 84,5 88.2.-- 865 288(65) 310(70) 1260260} 13h.L{50.1)  163.1{120.3) - 267.5(219.4) 4(1) -- 58 30 0.3%0 0.003 0001 2,889
92k g9 - 93.6 289(65) 138.3(102.0) 176.1{130.0) - 214, 4{231.9)  18(4) - 0.512 0,014 0.002 6.438
964 976w 97.0 289 65)‘ 138.3(102,0) 189.1{139.5) - © 327.{ak1.s5) 18(k) P o.hgo 0.01% 0,001 14,333
122 8, 6.5(1.8) 9.2 5.9 .- 7.5 h3(10}  6o(aso) 26Bo(6co)  BL.3(62.2)  131.7(82.k) - 196.0(244.6)  34{8) - o 0 065 0.013 0.073 0.178
17 126 - 13,3 68(35) 1&7.55108.8) 172.7(227.4) .- 320.2(236.2)  364(82) - 0.269 0.13% 0.438 0.310
- 158 21,2 -- 18,5 10722!;) + 263,4(354.3) 299.52221.1 am £63.2(%15.5)  B93 acu} an 0.%73 0.335 0.577 0.380
3,1 38.0 - 3.5 13%(30) . 331 9(24L,8) L401.3(296.0 e 733.2(540.8) 125h(282 . 0.616 0470 0.500 0.950
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Table b (Contimwed} -

s Test
Seii. glip, % Tead avg . Bin
Test Con- 3 Ist 24 34 Trenafer Wheal Load Total Load Torque , m-H{ft-1b) . Velocity SLo) M/w Power
No. dition Mi/m’(pet) Axle Axle fAxle _Avg | N(1b) H{1b) #{1b) 1at Anie 20 Axle 3d_Axdde Sun Pull, N{(2b) m/sec(ft/ses) TQ&M— Te _PM ik No
hxh Test Vehicle (Comtinued ' -
123 8, 0.5(2.8) 7.0 7.0 == 170 296566; 670{150)  2680(600)  233.7(172.h4) 253.9(187.3) - 487.7(359.7) 53(12) wa 27 15 0.%10 0020 0.040 0.l4gh
8.6 abh .- 215 308({69 275.2(203.0) 301 5(222.4) - 576.8(h25.h)  265(60) - o 485 0.099 0.160 0.618
15.3 4.8 -- 340 333%75; 296.,1(218 h; m.3§327.1) - Tho.kishs.l) 599(135) - 0 622 0,225 0.239 0 gh2
L7 Te 4 -= 57.0 337(76 301.3(222 2) 53.2(3%4.0) - 835.4{618,2}  652{1k7) - 0,702 0,24k 0.149 1.633
129 8y 0.5(2.0) 58.2 .7 -- L6 502(113) 670{r50) 26BO(6p0)  236,.0{174.0) 371.0(273.6 -- 07 .0{ kb7 .7 88(20} - 47 25 0,5:0 0.033 0,033 0 951
0.4 50,1 - £0.2 50751114) 225.0(166.0) %26,0( 314 2 a— 651,0(480,2 154(35) - 0,547 0.038 0,042 1.374
83.6 70.0, --  76.9 513(115) 2h6.0(161.4) Uh5.0(328.2 - &n.o(s05.7)  223(51) -- 0.581 0.086 0.034 2.515
130 8, 0.6(2.2) 55,9 3.3 - 4.1 500(112) 670{150) 2680(600}  230.0(269.6) 360.0(280.3 - 513,0(L50.7) 52(12) - b7 25 0,513 0.019 0,021 0.917
6.7 1.7 -- 5.2 506(11h4) 237.0{274.8) 370.0{272.9 - 607.0(4k7.7 1L0(31) - 0.510 0,052 0,050 1.045
70.8 46,8 .- 58,8 512(119) ah1.0{177.8) B13.0(304 .6 ua 651|.o§h82.u 222(59) P 0 5% 0.083 0.063 1.325
87.2 134 - Bo.3‘51h(116)_ 236.00174.2) Bha.o(326.0 e 678.0(500.1 2he(56) -- 0,570 0,093 0,032 2.893
131 8, 0.5(2.0) == - e - . 670(150)  2680(600} The maximm slopa clinbed was 27.5 deg s - -- 2 28 - -~ - -
132 ¢, 3,4011.4) 26.7 19.6 -~ 23,1 1.1225; §70(150) 26B0(500)  269,B8(199.0) 238.6(176.0 - 508.4 375.0; 95L(214) e 0 0 0427 0.356 0.6k ¢.552
28,2 23.7  «- 25.9 2c 232,8(17L.7) 175.0(129 1 - 407.8(300.8 £69(150) - 0.3%3 0.251 0.542 ¢.563
2.7 28.5 --  30.6 13.(30) 370.3(273.1) 296.9(219.0) e 767.2(565.9)  1216(273) -- 0.645 0.L55 o 489 0.929
L6.3 37.7 - k2,0 15h(35) 389.7(265.3)  365.9(265.9) - 725.6(535.2 1515(301) == a.610 0,567 0.539 1.052
65.7 53.B --  59.7 167{38 280,8(280.9) b3k B(320.7 -- £15.6(601.6)  1651(380) - 0.685 ©.63h4 0.373 1,700
an == =a 1000 170(38 uo7,.3(300.4) Wu5.4(328.5 --  Bs2.7(6eB.9) 1726(388) - 0.7T17 ©.647 0.000 o
133 ¢, 3,1{11,4) 149 13.3 -~ .1 L43(10)  490{110) 1960(kio}  BS.7(63.2} 90 2(66.5) - 175.9(129,7)  L76(40) - o 0 0.200 0.0 0,387 0.233
18,9 13,3 -- 16,1 62(1h) 155.4{114.6) 153.7(113.4) . 305.1(2268.0) L28({96) - ©.352 0.218 o 520 0 h20
23,3 19.7 ==  25.5 103(23) 257.1(289.6) 275.7(203.3) - 532.8(393.0)  987(221} -- 0.607 0.504 0,618 0.815
.9 4.3 -~ 50.6 uh(a&g 299.9(221.2) 291.6(215.1) - 591.5{436.3) 1128(253} - C.674 0.576 0,22 1,364
86,5 82.6 --  Bh.5 133(30) - 305.3(225 2) 376.5(277.7) - 691 8(502.9) 137h(309 - 0,777 0.702 0 140 5.013
- - ==  100.0 143(32} 321.3(237.0) 381.8(281.6) - 703,3(5:8.6) 1515(31) -- 0801 0.7k 0.000 =
134 C, .00 7.2 9.0 - 8.1 20(5) Mo{™)  1240{280)  60.1(kk.3)  65.6(kB.4) - 125,7(19.0) L17(4) -- ¢ 0 0.224 00Lk 0.057 o.2uk
12,9 7.2 == 10,0 51{1) 117.5(86.7) 152.1(112.2} - 269.6(198.8) L28(%5) - 0580 0.3 0.603 0.503
1B.6 12,5 -~ 15.7 73{(26) 182.9(134.9) 196.7{145.1) - 379.6(235.6)  TRT(163}) - 0.675 0.58% 0.723 0.801
T%.5 68.9 -~ TLT 89{20) 160.8(240.7)  275.4(203.1} = k&5 2(343.8)  gui(zaz) - 0,829 0.75% 0.258 2.929
g1.h B9,3 -~ 90.3  95(21) 190.8(140.7) 280 $(206.9} - 471..3(347.6)  1009(229) - 0.838 0,816 0.102 8.639
135 €5 2.8(10.3) 7.2 1.5 -- .3 58(23) 310{70) w2ho(280)  158.6(37.0) 1b5.5(107.6} - 304 5{22L.6} 525(118) - o o 0,542 o0k 0.665 0,632
25,1 20.3 -- 227 2(18) 195.6(xt4,3) 185.6(136.9) - 381.25281.2} 703(158) - 0.678 0,565 O Ehls 0.577
3h.8 29.7 -- 32.2 85(19) 222.2{161.9) 225.3(366.2) - Ih7.5(330.1)  881{193} - 0,796 0.705 0.600 1.17%
87.9 65,3 -= 66.6 85(20) 216 9(160.0) 243.9{179.%9) - 460.8(339.9)  93{210) . 0.820 0.750 0.305 2,455
82,2 T3 - 83,7 9L(20) 224 ,8(165.8) 241.3{178.0} -— Lué6,1(343.8) 95G(216) - 0.826 0,771 0.179 4,295
- == == 00,0 96(22) 238.1(175.6} 251.9(185.8) - 490.,0(361.4)  1032(232) - 0.872 0.828 0.000 w
138 €y 2.9{10 8) 22.% 15.8 -- 19 1 237(53) 210(7¢) 12ho(280)  127.0(93.7} 1B7.2(238.1) - 315.2(232.5) 36(8) = k7 25 0.587 0,028 0.04L 0.689
20.0 133 == 16.5 237(53) 127.0(93.7) 188,2(138 2) - 315,2(232,5) hu{10) - 0,957 0.033 0.052 0.668
27,0 14,5 = 20,7 246(55) 124 ,6(31.9) 233.3(172.1% - 357.9(264.0) 156(35) -- 0 633 0.126 0,158 0.758
2tk W5 -~ a7.9 2356(33) . 127.0(93.7)  182.9(13.9 -- 309.9(226.6) 36(8) -- 0.548 0.028 0.042 0.668
139 c, 2.1(11.6) 32.7 1.7 -- 222 237(53) 310{70) 12h0(280) 1»8.05109.2) 162.9(134.9) - 330.9(244.1) Li(10) -- 47 25 0Q.385 0.035 0.047 0.752
2.5 8.0 o  25.3 2h4(55) 1%2.8(105,3) 230,6(170.1) - 373.4(275.4) 138(31; - c.660 0112 0.127 0,883
398 27.9 ~-- 338 252(57) 145 5(107.3) 257.2(183.7) - boz.7(297.0)  2bl(53 - ©.712 ©0.189 0.176 1.076
B3.0 T8.7 -- 80.8 25758} 156 05115.1. 281.1(207.3) - h37..1.(322.h; 307(69) - 0 733 0.285 0,061 %.026
01.0 58.7 -~  B89.8 256{s58) 252.8(105.3) 283.9(213.1) -- L31.7(318.4 208(67) - 5.763 0 238 0.032 7.h85
14y <, 3.0{1L.2) - - . - - 315(70) 1240(280)  The vebicle waz able to negotiate a 33-deg slope while cperating ot about 50% alip, It Timelly spun out on a 34.5-deg slope
ke ¢y 3.1{21,8) -~ -— — - - 310{70} 12k0(280)  This test was & repeat of the previeous one. ‘Tt was deemed nesessary in view of the steep 1lops angle. The results were about
the same. The sehicle waa ourely propelling 1tself on a 3h-deg slope
3 <, 3,2(11.8) 28.2 17.7 -- 2304 (71)  &vo(150)  2680(600) 28;.2(207.&; 259,8(19L,8) - 541,0399.0)  370(63) - 27 35 0.h55 0.138 0.232 0.5%%
374 a9.h .- 284 316(75) 315 9(233 0) 334.1(2hE.4) - 450.0(179.4) 616%138) -- 0.54 0.231 0,303 0.763
B|b 2hr - 3.2 3(ET) 251,7(185.6) 220,0{162,2) - u-n.?Eslw.g) 176{li0) - , 0.365 0,066 0.115 0.576
66.1 W64 .- 56,2 301§79) 318.6(235 0) 400.5(295.3) -- 719.0(530.3) 8725196) -- 0,50, 0,387 0.237 1379
8.7 W we 61T 354(79) 334.7(246.5) M4E 1{320.5) -- 782.8(577.5)  863(1s4} -- 0.658 0,323 ¢.188 1.8
= ee == 1000 256(80) 361.6(266.7) Wh5.L(328.5) - 807.0(565.2)  90T(204) - 0678 0,340 0.000 ®
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Table & {Continund)

Soll - Teat
o s 23112, % Load hvg . ( ] " Bin
Test  Con- d EL) Transfer Wheel Load 'otal Losd orgue , m-M{ft-1b - Valocity 81 Powar
No. dition Mrl,{m3§p£1) Axie Axte Axle _avg _H(Ib) H{1b) H(1b) ist Axde 2d %e 3 Axie Bun Pull, N(Ib) m/sec(ft/see) I&dﬁﬁ ”/"fe pfd LN No.
Lxlh Teat Vahicle {Continued)
144 £, 3.{10.L) 39.9 207 -- 30.3 500(132) 670{150) 2680(fc0)  241.1{377.8) 328 8(=42.5) - 569.9(420,3) 53(12) -- 47 25 o.479 o0.020 0.028 , 0.687
563 29,1 -- k2.7 511{115) eh6.3§181.'z) 387.1%285.5) - 633.4{k67.2)  202(ks) ne 0.532  0.075 0,081 0,928
,35.9 510 - Y3l sez(irm) 251.6{185.6) 302.2(222.9) . 553.8(408.5)} 351(79) .. 0465 0,13 0,161, 0,822
é2,8 37,7 -- 50.2 512(1315) 252.8(185,7) 413.5{305.0) - 665.3(490.7)  220(49) -- ©.559 0©.082 0.013 1,122
66,5 34.9 <« 50,7 519(1r7) 246.3(181.7) 387.1{285,5) - 633.4(467 2} 317(71) -- 0.532 0,119 0.110 1,079
.7 5.9 w-  63.3 523(118) 262,5(193.6) Lak.1{312.9) - 686 7(506.5) 370(83) “a 0 577 0.138 0.083 1,572
16 Cy 3.2{12,0) - 4= . - -~ 670(150)  2680(60C) The vehicle climbed a 28.5-deg slcpe end finally stalled on a 30-deg slope due to lack of power at rear wheels as evidenced
by the very low slip en the roar wheels and high slip on the front wheels. Dynamle load transfer to the rear wheels centri-
buted to this power stall
W7 Cy 3.1(14) 48 o0 -- 2.5 22(5) 250(56) 1000{225) Torque not recorded 92(21) —— ¢ ¢ w0 Q5 - -—
3.5 2.6 - 3.3 18(%) 35(8) - --  0.035 - -
B.7T 2.0 - 5.3 3528} 273(61) - --  0.269 - -
17.7 b9 - 15,3 s5h(1d) 516(116) - = 0.509 . -
.2 254 --  27.8 T73017) TTL{173) - --  0.760 - -
60.5 58.6 -- 59,6 8.(18) a73{1%6) - -~ 0.860 . -
81,6 79.4 - 80,5  Ga(1k) £30(1h2) - we 0,621 -— -
== == we 00,0 68{15) 110(160) - - 000 - -
148 C, 3.0(13.2)  ~» - - - - 256{57} 1000(328) The vehlcle successfully climbed a Fh-deg glope but could not clixb & 35-deg slope
10 C, 3.(11.) 28 0.9 - 1.8 ;s 250(57)  2000(228) Torqus net recorded 71(16) .- ¢ 0 - 0089 “e -
72 b0 5.6 h1{9) 339(76) -- - 0.33b - an
55.3 5.3 -- 513 68(15) 697(157} .- --  0.687 - -
9.6 9.8 -- 9L2 T8 7h5(168) . .- 0.735 - -
151 Gy 3.L(11.4) 2.6 26 .- 2.6 16(h} 250(57)  1000(228) Yorque not recorded (7 -- o0 - 0.03L -- -
8.7 7.0 e 7.8  25(6) 120(29) .- - 0,127 - -
8.8 38 .- 6.3 M4{10}) 38767 - - -— 0,381 - -
7.9 2 -- 150 53(33) £65(129) - --  0.566 - -
764 73.1 = 7h T 70{16} 657(164) - - 0.5 - -
85.8 838 -- 8.8 T1i(18) T06(166) - -- 0,728 - ~u
. 9.2 5.7 -~ 959 71T . 7%9(177) -— == 0.77h - -
152 Cy 3.1{11.6) 2.6 0.7 -- 16 17(u) 250(57) 1000{228) Torque not recorded 27{6) - o 0 -~ 0,026 - -
6.6 2,0 - L8 2u(6) 116{26 -- - 0.11% -- .
7.1 2.0 ea k.5 ui(10) 384{B6 -- - 0,319 - -=
39.0 330 -~ 38,0 £5(15) 666(150) - - 0 656 . --
76.6 73.3 .- 7h.9  £8(15) &97{157) - - 0,887 - -
85.3 B3.2 .- Bn.2 EB{13) T05(159} - -~ 0.695 - -
- e e 200,0 73(26) 739(173} - e 0,758 - -
Surveyor Lunar Fover Yehlcle [6x6)
1] C, 3.0{10.0) - e ae - -- 115(26) 896(155) Inoperktive circults - 22(5) 0.30{1.00) o o - 0.030 — a
5.7 8.8 k5 B4 -- 156(35) (0.85) - 0.230 P -
5.2 159 k7 8.6 - 320(72) 0.21(0.63) == 0.%60 - -
sh.5 €0.5 497 54,9 - hLE(100) (0.31) - D.6%0 - -
7%.6 781 2.4 T5.0 .- . wo7(92) (6.4} -s 0,550 - -
2 Cy 3 0(11.0) -1.9 5.6 -0.% 1.1 - 116{26) 696(155) 6.49(4.78) 9. H6.76 3.15(2.32)  18.80(13 87) a(2) 0,33(2.08) 9 ¢ 0130 0.0 0.0 0,130
2.3 3. 31 3.0 9.51;{7.01;) 12.91;{9 ek 7.&3%5&8) 29.81§22.06! 3959) 0.3050.98; 0.200 0,080 ¢.27 0,230
6. 101 6.6 T -- 23.60(17.40) 22.67(26.72) 26 19(19.31) 72.05(53.54) 269160} 0.24{0.80 0.ko0 0,390 ¢ 74 ©.530
10.6 20,2 1.1 139 .- 29.64{21.86) 2h.04(17.73) M.06(25.32) * BT.74(EL.71)} 351(79; 0.21{0.70} 0.580 0.510 c.7% 0,580
754 784 722 5.3 - . 34.16(25.19) 26.52(19.56) b6.21.(34.08) 106.89(76.83}  L2o(g5 0.05{0.18}) 0,720 0.610 c.21 2,910
3 Cy 3.1(32.3) 0.6 19.2 9.5 13,1 - 116(26) 696(155)  17.27(12.74) 19.93{14.70) 20.55(15.h5) 58.15(k2.89) 13(3) 0.23(0.76) 27 15 0,350 0,020 0.0% 0.li50
£.1 12 L3 7.8 e 19.114{1&.12 20.13{1!;.85) 25.60(18.88} &4.87(47.85) 30(7) o.esso.aa) o.bho o0.0h0 ©.09 0.470
0.1 205 11 1385 - 26.85{19,83) 22.65(06.71) 33.57(2%.76) B3.11(61.30)  160(34} 6.21{0 88) 0.560 0.230 ©.35 0,650
46,9 53.1 bo.l 8.7 oo 29.65(21.87) 23.63(17.43) 44.L8(32.81) 97.77(72.11)  234(53) omEo.zs) 0.660 0.3h0 ©.28 1,230
%26 93.b a1x @5 - 30.51(22,50) 24 53(18,10) uhk.07(32.50) 99.11(73 10)  221(50) 0.03(0 10) 0.67¢ 0.320 0.05 8.280

{Pzge 3 of 5)



Table 4 (Continued)
e T P . g Teat -
— Slsp, 4 Load Ave Bin
Test Gon- 3 lst  2d A Trensfer YWheel Ioad Total load Torque, m-N({t~1b) Velocity 81
No. ditfon Mife*(pei} Axle Axle Adle  _Avg _N{1n} H{Ab) H(ab) Tst e 24 Axle 3d Axle Sum Pull, B{I6) mn/sec{ft/sce) T u_ﬁ)'z"

Surveyor Lunar Rover Vehicle (6x6) {Continued Al

b [ 3.2{11.b) 15.6 26.h 0.0 113 .- n6(26)  696(135)  27.64(20.30) 20.M{15.07) 36.04{26.58) h.18(62.0% 9(a 0.21{0.69) %7 25 0.570 0.000 0.02 0.680
2
7.2 27.2 10,) 124 - 2.93(38.39) 9.6014.47) 37.50(27.86) 82.05(0.52 22(5 0.22(0.73) 0.550 0.030 0.05 0.630
b2 b2 2t 3.0 - 28.62(21.10) 21.06(15.53) 33.58(24.77) B83.26(61.L1 57(13 o.16(o.5h; 0.560 0,080 0.10 - 0.860
3¢5 36.2 28.5 294 -a 29.22(2 . L0) 20.65(15.38) L2.13(31.07) o2.09(é7.92 61(1h £.17(0.56 0.620 ©.090 0,10 0.880
56.0 63.6 51.0 36,9 - 20.38(20.93) 20.68(15.25) hH3.71(32.24) 92,77({68.k2 1T 0.03(0.30) 0.620 0.11% 0.07 1.ks0
5 <, 2.9(10.8) Vehicle unable to negotiate this slope &2 32
6 €, 2.9(10.7) Vehicle was able to aegotiate a 23-deg siope, but could not develop any pull capability. Elip st O pull was moderate (40 to 60£). The 53 28
additicn ef 3 to 5 1b of dyawbar load caused the vehicle to spin out, 1.e. 200% alip
7 5 0,5(1.8) Vehicle unsble to negotiate this slope b7 25
8 8 0.5(1.9) ol %3y 3% 0.4 -— 116( 26) 696{155) 8.13(5.99) 11.75(8.67) 7.18(5.30)  27.06(19.96) a(eg 0.32(1.01‘; ¢ 0 0,18 4,010 .07 0.180
2.2 5.k 29 3,5 . 9.40{€.93} 12.18(8.53) 8.95(6.,61) 30.54%(22.53 22(5 0.31{1.02 0.21¢ 0.030 0.15 0.210
0.2 LY 0.2 16 - 12,96(9.56) 13.%5(10.24) 12.03(8.87 38.87%28.67 70{ 16 o.ao?o.gsg 0.260 0,100 0,38 ©.270
75 7.6 3.8 6.3 -- 18.74(13.82) 19.0k(3h.10) 21.66(15.97) 59.54(L3.91 179( kg 0.27(0.50 0.100 0,260 06l G.b30
20.0 24,6 111 18.6 - 25.69(18.95) 22.28(16,k3} 3%.55{25.48 82.51560.86 293( 66 0.21(0.70; 0,550 0.lgo 0.62 0,680
56,5 59.6 52.0 56,0 32.08(23.66) 24,75(18.25) U1.61(20.69) o8.L3(72.60) 335(76 0.10{0.32 0.660 0,kgo 0.32 1.500
g s 0.6(2,2) 7.9 9.7 k7 10,8 - 116{26)  696(155)  25.83(19.05) 20.27(1h.95) 30.18(22.26) 76.2%55.26) 108(5h 0.23(0.75) 27 15 0.510 0.160 0.27 0,570
1 26.5 3%.3 18.7 26,5 = 26.73{19.76 20.27(14.95) 36.47(26. } 83,53{61.61) 108(2h 0,16(0.55) 0.560 0.150 0.2l 0.760
5.3 bo.o bl ka5 - 27.27(20.13; 20.65(15.26) 3B.16(28.15) 85,12(63.52 10423 0.13(0.!;2; 0.58¢ ¢,15¢ 0.15 1.010
7.6 75.0 66.9 TL.2 - 29.33(21.61; 20,88(15.h0) %2.99(31.71) 93.15(68.71 113{25 ¢.05(0.18 0.630 0,150 oG8 2.170
7.3 79.9 73.7 76.9 -, 28.94{21.34) 21.4%(15.85) 43.71(32.24) ob.ak(&0.43 113(25 0.05(C,18) 0.630 0.180 0.05 2.7h0
10 g, L.5{16.4) 1.t 3.3 -1.9 0.8 - 116( 26) 696(155) 6.87(5.06; 10.79(7.96) 6.93?5.11 24.59(18.13 17(%} 0,32(.04) ¢ 0 0170 0.030 0.15 0.170
LB 59 1.1 2.9 - 10,2807.51)  13.92(10.27) 10.01{7.38} 34,10{25.15 Sa( 18 0.30(0.98; 0.230 0.070 0.32 0.240
3.7 7.5 1.8 L3 -- 17,051 12.57; 18.54(13.67) 18.24(13.45} 53.82{39.70) 160(36 0.28(0.92 0.360 0.230 0.61 0.360
9.0 13.8 3.6 8.8 -- 27.35(20.18) 22.97(16.9%) 30.19(22.27 ao.saése.sg 316(71 ©.22(0.74) 0.5L0  O.lLE0 0.77 0,550
9.6 57.7 U475 S5LE - Rb3(23.92) 23.97(17.68) h2.0B(z1.08) 98.k6(72.63 a77(85 0.20{0.34} 0.660 0.550 0.hg 2370
1n 5, 4.4{16.3) The senicle wuz wnable to negotiate thia slope %6 W
12 Cy k{16.1) 8,3 16.3 Lk 9.7 - L6(26)  606(355)  20.68(15.25) 20.18(2.67) 27.33(20,24) 63,14(50.26 26(6 0.24(0.80} 36 20.0.460 0,040 0.07 0.510
1749 20,5 10.1 36,2  ~- 20.47(15.20) 19.96{14.72) 26.83(19.79 67.265149.61 13(3 0.22{0.74) o.i50 o.000 0.03 0.540
1.2 18.1 ka2 1.2 - 22,85(16.85) 20.77(15.32) 33.61(2%.79) T7.23(56.96 56( 0.23(0.76) 0,520 0.080 0.14 0.580
W5 250 101 16,7 - 28.20(20.80) 20.76{15.33} 35.25(26.00) &%.23(E2.13) 103(23 0.21(0.70} 0.570 0.15¢ 0.22 0.680
9.5 17.0 1.2 9.5 - 30.02{22.15) 22.77(16.80) h2.60(m.49) 95.48(70.k3) 1 27 0,19{0.62) 0.640 0.170 025 0.710
hr.2 s51.3 30.0 8.8 - 27.50{20.28) 21.59(25.,92) 38.65(28,50 87.1&(61;.71; 137(31 o.&%o.bs) 0,550 0,200 .18 1.090
67.5 T1.7 63.h 67.5 - 27.53( 21.21(15.64) h2,58(31.h1) 91.31(67.35 156 34 0.08{0.25) 0.610 0,220 0.12 1.80
5.5 0.8 8.5 8.3 -- 32.42(23.17) 23.35(17.22) N6.50(34,36) 201.35(7h.75) 16337 0.02(0,08) 0.680 0.2ko 0.0 6,360
13 Cy h.3(16.0) 44 52 30 k2 - 116{26) |, é56(185) 8.L5(6.26) 12.68(9.36)  7.72(5.69) 2B.90(21,31) 26(8) ©.311.01) 0 0 0.10 0.O40 0.18 0,200
-8.8 0.6 -2 3.7 - 10.77(7.95)  13.60(10.03} B.B5(6.53)  33.22 2,50 65(15 ©.31(1.03 . 0.220 0.090 0.53 0,220
kg 6.2 48 5.3  -a 16.12{ 11 17.53(12.93) 14.94(11.02) bE.59(35.84) 1hE(33 0.29{0.95 0.330 0,210 0.61 0.340
L83 18 b2 B - 10.76(1h.57) 20.16(1k.87) 23.08(17.03) 63.00(k8.b7) 215(i9 o.esgo.s-r 0.h20 0.320 .69 0.h6o
L.3 th,al 3.8 "4k - 25.72(18.97} 2L.17(35.61) 26.61{19.62) 73.50(5%.21} a78(62 0.27 o.agg o450 0.h00 Q.75 0.530
21.6 27,5 12.8 20.6 -- . 2B.54(21.05) 23.76(17.53) 36.50{26.95) BB.B3 65,56)  357( 80 0.20{0.65 G600 0.520 0.69 0.750
.1 %9.5 35.5 b1, -- i 33.76(24.90) 23.97(17.68) h3.5h{32.11) 101.27(7h.&9)  3B7(87 0.15(0.48) 0.680 0.560 0.48 1,170
71.5 76.0 68.6 72,0 e~ 33.05(24.37) 23.38(27.25) U45.0h7(33.53) 101.85(75.15)  387(87 0.05(0.18) 0.680 0,560 0.2% 2.0

3 4,2(15.5) veblale was able to negotlate 26-27-deg slope and restart after the ctopping in ruts., On slcpe greater than 27 deg the vehicle could not restart after stopping in ruts. The ultimate.
slope-clizbing abilisy for this coadition waz 31 deg -

15 Sy 3.2(11.8) 1The wehicle barely negotiated & 28,5-deg slope while operating at on estimated slip of B0-S0F. Any effort to steer the vehicle caused it to spin cut, i.c. 100% slip. On a slope of
27 deg, the vehicle could be steercd and continued to climb at an estimated slip of Lo-7of. )

16 Co 0.3(1.1) The.ultizate alope-clinbing ability of the vehicle was 23,5 deg. It was opernting at 90-100% alip. Any effort ta asteer vohdole resulted in n decrease in witimnte alope-climbing
abliity of 1,5 to 2,5 deg. On a slope of 23 deg,” the vehilcle could negotimte the Blope after being atopped and restarted in the cr-slope position

17 5, 0.5(1.8) The ultimate slope-clinbing ebility is approximstely 21.5 deg. On o siope of 20 deg, tue vehicle cowld be steered while negotiating the alope
18 8 3.1(11.4) The ultimate slope-clinmbing ability i estimated at 2L deg .
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Table U {Concluded)

- - Test
— Slin, & Load vg Bin
Test Con- 3 Ist 24 34 Teansfer Wheel Lood Total Icad Torque, m-N(ft-1b) Velncit{ Slope A Power
Mo, ditien MN/m sncﬂ Axle Axile fxle  AVE H(1b) N{1o} m!.b! 1zt Axle 24 Axle 34 Axle Sum Pull, N(1b) seel ft/sec deg Te P@ ' No.
Surveyor Lunar Rover Vehiele (6x6) (Continued)
19 8, 0.5(1.8) .4 21,8 90 151 - 116(26)  696(155)  22.50(16.5) 19.9%(14.72 er.ao(eo.sa; 70.73(52.27)  236(53 0.22(0.7h o 0 ol oo 0.61 0.560
15.6 22.h 9.1 15,7 -- 27.17(20.04) 2L.35(15.60) 39.L6(26.15) B3.77(61.79) 2TL{61 0.22{0,72 0.560 ©.390 0.59 0.670
33.h 36.6 25.3 31.8  -- 27.83(20.92) 22.76(16.79) 37.03(27.31) Br.52{6h.62) 297(E7 0.18(0.58 0.50 0.430 0.50 0,860
L3.9 51.9 39.2 U45.0 - 31.16(22.98 22.76516.79 ~8.20(28.17) 92.12(67.9L) 284(&h 0.23{0.L2 0.620 0.410 0.37 1,130
6.0 6h.3 57.8 61.0 -- 32,09(23.67) 23.37(17.24) LO.78(30.08) 96.2L(70.98) 297{67 .10{0.32 0.650 0.430 0.26 1.660
78.1 8.6 6.1 783 - 38,32(23.84) 23.56017.38) 43.35(30.98) $9.23(73.19) 302(68) ©,05(0.16) 0.670 0.4ho 0.3h 3.07¢
- me == 1000 -- 40,12(29.59) 29.08(21.h3) 53.57(39.51) 122,75(90.54)  66(15) ¢.00(0.00) 0.820 0.7h0 6.00 0.000
20 Sy 0.5(1.8) 7.6 T 5.5 6.3 - 116(2€) £96(155) 18.3.1(13.35; R7.27(22.73) 1963024 A8) 55.00(k0.5T)  127(29 ©.28{0.91 0 0.370 0% o.h6 0400
16.3 2L4 9.0 356 @ == 24,65{18.18) 21.85(16.12) 33.12{2h.h2) 70.61(58.72) 28%(6k 0.22(0.73 Q.530 0.0 065 0.630
2%.9 32.7 225 26Mh - 29,52{21.77) 21.85(16.11) 37.19(27.43) 88.56(65.32} 275( 0.20{0.67 0.590 0.4oo 0.9 0.810
39.9 45,2 35,7 40.3 - 30.22(22.29) 23.65(17.h5) 38.64{2B.50) 92.5:(66.23) 262(59 0.15(6.50) ¢.620 0.380. 0.37 3.040
52,0 58.1 49,2 53.1  -- 29.07(21.44) 24.28(17.91) 37.38(27.57) 90.72(66.92) 275(E2) 0.22(0.ko 0,610 0.400 0.31 2.300
65.1 6% 621 6hg .- 3.08(22,92) 25.66(18.92) L0.36(29.77) 9T.09{TL.61} 297(67 .08 0,28 0,650 0.430 0.23 1,840
85.3 B85.8 83.8 8.3 - 31.63(23.53) 25.26(18.63) h2.81(31.58) 99.70{73.54 315(72 0.0h(0.12 0670 Gh60 0.10 L.560
- - = 100.0 - 33.86(2%.97) 24.85(18.33) L4.11{32.53) 102.81(75.83 35B8( 81 0,03(0,0k £.660 0.520 0,00 0,000
2 8, 3.7(13.6) -0.3 6.9 -2.2 2,3 .- 116(26)  696(155) 6.45(L,76)  8.70(6.41)  5.50(k.12) 20.71;(15.303 o{0) 0.32(1.08) 0 0 0.0 ©.000 0,00 0.10
2.1 5. -2.,2 1,8 - 10.50{7.74) 14.33(10,57) 11.04{B.15) 35.87(26.46 86(29) 0.30(1,00 0.2h0 0,120 0,51 0.250
2.8 35,1 1B.2 26,0 -~ 33.22(2%,50) 22.28(16.43) 40.61(29.95 96.11(70.89% 354( 80} 0.19{0.64 0.650 ©0.510 0,59 0.870
ké.T 52.0 b41,9 W72 - 32.50(2k.0h) 24.07(17.75) 39.68({24.26} 956.3{7L.05 3LE(76) 0.13{c.lb 0.650 0,500 0.41 1.230
73.7 4.5 G453 10,8 - 30,b1(22.43) 22.68(16.73) 39.59(2¢.20) 92.68(68.36) 326{73; 0.07(C.2h 0.620 0.h70 0,22 2,130
56.5 61,0 537 531 - 32.80(2k,19) 2%.07(17.75) 32.59(31.L1) o99.05(73.35) 357(80C 0.11{0,38 0.670 0.520 0.36 1.k20
, [ an 20G.0 - 34,77(25.64) 22.78{16.80) UW7.56(35.30) 105.41(77.7h)  LO3{9L) 0.00{3.00) 0.710 0.580 0.00 0.000
22 8, 3.5(12.7) 86 B 3.7 7.0 um 116(26)  €96(155) 8.40(6.19)  11.55(8.52)  6.5k(h.82) 26.L9{19.53) ofe) 0.30(0.99; 0 0 0.180 0.000 0.00 0.150
L6 128 05 5.9 == 11, 78(8.66)  .7h(30.87)  9.61(7.09)  36.08(26.6) 71{16; 0.23(¢.95 0.2k0 0.100 0.ho 0.260
4,3 8.8 3.8 5.6 - 18.26(13.147; 17.66513.03; 16.91(32.&53 52.83(38.97) 169{38 0.27(0.89; 0.350 ©.240 0,63 0.380
¥.2 10,1 0.8 K] -- 23.77(27.53) 21.95(16.15) 26.47(19.52) 72.20{53.25 256{58) 0.25(0.81 0.550 0,370 0.73 0.510
1.6 214 49 126 - 28.53( 21,00  21.97(16.20) 3h.69(25.ssl B5.18(62.83) 282{63) c.22(0.71) 0.57¢ 0.h10 0.62 0.653
23.6 31.3 19.3 2b.9g - 32.90{24.26) 23.37(x7.2%) 38.69(20.52) oh.ob{70.02)  3IBT(ED) 0.18(0.61 0.640  0.520 0.61 0.850
35.2 27.8 30.h 32} - b, 46025, 51)  23.38(17.24) 35.05(28.30) $6.85(71L.L4 375( 0.,15(0.50 ©.650 0.5k0 0,58 0.540
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