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FOREWORD

The study reported herein was conducted by personncl of the
Mobility Research Branch (MRE), Mobility and Environmental (M&E)
Division, U. S. Army Engineer Waterways Experiment Station (WES). The
study was sponsored by the Lun;r Exploration Office, National Aeronautics
and Space Administration, Washington, D. C., and it was under the techni-
cal cognizance of Dr. N. C. Costes of the Space Sciences Laéoratory,
Ceorge C. Marsh... Space Flight Center (MSFC), Huntsville, Ala. The
work was performed um NASA - Defense Purchase Request No. H-65050A,
dated 16 December 1969.

The tests were conducted under the general supervision of
Messrs. W. C. Shockley énd S. J. Knight, Chief and Asgistant Chief,
respectively, of the MAE Division; and under the direct supervision of
Mr. A. J. Creen and Dr. K.-J. Melzer of the Research Projects Group,

MRB. This report was prepared by Mr. Green and Dr. Melzer.

Thz whecls used in this study were furnished by the A. C. Elcctronics
Division of Ceneral Motors Corporation in coopecration with the Boeing
Company (Huntsville, Ala.) and MSFC. ‘

Acknowledgmont is made to Dr. D. R. Freitag, Assistant Technical
Director, WES, for his advice and assistance during this study.

COL Levi A. Brown, CE, and COL Ermest D, Peixotto, CE, were Directors
of WFS during thc conduct of this study and preparation of this report,

Hr‘ F. R. Brown was Technical Director.
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(“Cpf)dﬂc‘d from WES Techuical Report M-70-2, "Pevrformance of Wheels for
Lunac Yenicles.” MMany symbols shown are aot us ed in this veport.)

A

)

2 ,,
- Shear area, cn (1n.2) : ' ‘

2
Hard-surface coatack area, cam (1n.2

. . 2 2
Active grouser area, ca (in.”)

)

Width of wheel; widih of grouser, ca (in.).
. .y 2 o
Cohesion of the soil, kN/m" (psi)

Apparent cchesion of the soil, kX/m2 (psi)

Cohesion determined f{roa sheargraph tests, «d/m (psi)

|
i

l

:

i

i

. | 2 |
Cohesion determined from bevameter tests, kWN/m~ (psi) '

y \

|

Cohesion determined from plate im situ shear tests, kV/mZ (psi);

Cohesion corrvespoading to tauge eat friction ang]e, xﬂ/m {psi.)
Cohesion detemined from trenching tests, kN/m (psi)

Force due to appavent conesion of the soil, N (1b)’
Coefficient of unifefmity of the soil = d60/d10

Wheel diameter, em (in.) :

Mean diameter of soil grafins, mm (in.)

Grain-size diamcter at 60 perceat finer by weight, mm {in.)
Depth, cm (in.) ' |
Coupactibility, % = 100 nax ain

e -
Relative density, % = 100 {7

" Initial void ratio -

Haxinum void ratio
Minimum void ratio
Friction force, N (1b)

Penetration resistance gradieat, xN/m3 (pci*)

Bekker soil values

Count ratio (wet density)

-Count ratio (moisture conteat)
Torque, m-N (ft-1b).

Number of grousers embedded in soil
Pull, ¥ (1b)

!
|

¥

fpcd = 1b/ta.>
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_ Cone penctration xevnstu1ge, xV/m (psi)

. Radius of shear head, ca (in.)

. %
. Slip, % ’ '

Shear stress deterained from bevameter tests, «V/m (psi)

Translational speed of a wheel, un/sec (fps)

Power nunber, M/We (l - s)

et —————

Effective wheel radius, cm (in.)

. ————

Length of torque arm, cam (in.)

Ratio of performance PZOIW (modified wheel/original wheel)

Soil potentfial ratios (nodified wheal/original wheel) for
plate in situ shear tests

Soil potential vatios (modified wa;el/or16iﬂal wheel) for
vacuum trxaxial tests

Average scttlement of the plate in the in situ shear tests

Shear stress determined from shearéraph tests, kV/m (psi)
Shear stress. determined from vane shear tesis, kV/m (psi)
Soil potential

Soil potential (plate in situ shear tests)

Soil potential (vacuun triaxial tests)

Volume

Moisture content, % (percent of dry density)
Moisture content, g/cm3 (pef) (mass per volume)
Load; weight, N (1b)

Grouser height, cm (in.)

Slope angle, deg

Wet density, g/cm3 (pci)

Dry density, g/cm; (peci)

Specific gravity

Horizontal displaccmcnt of the plate in the in situ shear tests
"* Yolume change, %

 Axial strain, %

" Efficlency = ratio of recoverable energy to total energy input

Passive earth pressure factor for Rankine case

" Stress, kJ/m (vsi)
. Major principal stress, aV/m (psi)

Minor principal strcsses, k‘{/m (psi) mﬂg I‘alﬂ ﬂallk

Normal atress, N’ (pal) Y

Xi
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Shear astress, kN/m2 (psi)

friction angle, deg

Friction angle detexmined from

Peak friction-angle determined

" Friction angle determined from

Friction angle determined from

. Energy component of total shear stress

beyaneter tests, deg
sheavgraph tests, deg'
direct shear tests, deg

from plaae strain tests, deg

Friction angle determined from plate in situ shear tests, deg

True friction angle, deg

Secant friction angle determined from triaxial tests, deg‘

Tangent friction angle determined from triaxial tests, deg

Rotational velocity of the wheel, rpm

-

-
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SUMHMARY

Ivo candidate wheels for the Boeing-GM Manned Lunar Rover Vehicle,
one fabric-covered and one constructed of open-wire mesh, were tested
for rmobility performance in a fine sand., Four levels of sand strength,
representing cohesion values ranging from zero to 0,16 psi, were used.
in the tests. The cohesional and frictional properties of the sand
spanned a range that is believed to include the probable range of lunar .
soil properties.

A dynamometer system was used to conduct programmed-slip tests
~with the wheels. The slip was varied from a negative slip of 15% to a
positive slip of 100%. The vheels were tested at the average design
load (59 1b) and at 75 and 125% of that load, so the influence of lond
imbalance ond dynemic load transfer could be assessced. The average
speed at 0 percent slip wes 3 ft/sec, '

The test results show that the covered vheel was sble to achieve
the desired tractive performance (pull/veight ratio = 0.7, equivalent
to climbing a 25-deg slope) in the two strongest soil conditions, but
not in the twvo weakest ones. The open vheel was not able to achieve this
tractive performance in any cof the soi) conditions tested., In the same
soil condition, the maxinum pull/weight ratio for the open wheel was
consistently less than that for the covered vheel,

The power required to attain a given level of trective performance
(below the maximum for & given vheel) was about the same for both wheels
in all soil conditions. The power requirenent wes greater on the wveaker
soils than on the stronger, and 4t inerecased almost linearly with in-
creasing pull/veight ratio. On level soil, each vheel reguired about

7T vhr/kn at the nominal rated lozd of 59 1b.

There was no consistent difference in the dimensicnless perform-
ance ratios (pull/veight, pover number, efficicncy) as a direct result
of any of the threc loads used. Thus, the effecls of noderate load
inbalances do not appear critical,

The soil condition designated C, was easily coupacted by passege
of the vheel., fThe results of one test with each vheel in this soil
condition showed that the covered wheel conpeeted the soil to e denser
state than the open wheel did,

xiii
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THE PERFORMANCE OF TWO BOEING-GM WHEELS (GM VfI AND GH VIII)
FOR THE MANKED LUNAR ROVER VEHICLE

PART I: INTRODUCTION
Background

l. Tests conducted in the summer of 19€3 bf the U. S. Army
Engineer Waterways Fxperiment Station (WES) to quantify the perfor-
mance of the 40-in.dian Bendix, Boeing-Gl'y, and Grumman wheels
indicated that the latter two wheelsb(as delivered te WES) did not
meet the requircments for slopa-climbing ability, i.e. 25 deg on
sandy soil. Accordingly, during the course of that test progrem
simple modificetions of these two wheels were made in an attempt to
improve their performance. In the case of the Boeing-GM wheel, it
was denonstrated that both reducing the stiffness of the wheel end
adding a fabric cover to it improved its performance. These tests
are fully reported in YES Technical Feport No, ¥-70-2.%

2. After the contract for the Manned Lunar Rover Vehicle (FLRV)
systgn was awarded to The Boeing Cempany, its subcontractor, General
Motors Corporation, fabricated twe new hWO-in,-diar wheoels, ouc with
inner and outer wire-cmesh surfzces seprrated by a layer of Jabric and
withk traction spikes attached to the outer surface:and the other cf

open wire rash and with chevran ratal treads (sea fig, 1). At the

—~ r— B e L L Ty

Freiter, D. R., Groen, A. J., and Yelzer, K.-J., "Perfornince hNvolucs-
ticn ¢f ¥hozls for Lvu“v Vn‘ic]cs," Technical Report lio, V-70-2,
aoy Waterways Szperivant Statien, ¢
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request of the Ceorge C. Mershall Space Flight Center (NSFC), WES

conducted tests to evaluate the performance of these two wheels,

-

The results are reported herein.

Purpose and Scope

b

3. The purpose of this test progran was to deternine the
quantitative berformance of the fabric-covered wheel (G!! VII) and
the open-wire-mesh wheel (GIl VIII). The test prograr consisted of
a series of single-vheel progranmed-slip tests in the same sand uved
in the earlier tests®. As haéd been done in these earlier tests, the
consistency of the sand wes varied to cover a range of cohésic:n?
and frictional propertieés tn sirulste soil conditions assured to
exist on the roon. Four scil conditions; Sl, Co, C‘l, ané C2 (sce

table 1), were used in the test progran. Initially, tests wvere to

be conducted on cach soil condition at 53, 75, 100, 125, -and 150%

of the design load of 55-60 1b, Howéver, by rutual agreement, testing
at 50 and 150% of the design loads was deferr:d. T7The sare seil, vheel,
and wheel-performznce parcreters n2asured in earlier tests were neasured

in tliis test progran.

£Ibid., p 2.




PART II: TEST PROGRAM
SOii'

Description

8. The soil used in this study wds a fine dune sand@ from the
desert near Yuna, Arizona. It was clissified SP-SM according to the
Unified Sofl Classiffcation Systen., Oradation ané classification data,
together with deasity and voié retio values, are given in fig. 2. This
soil is primarily cohesionless, but it exhibits a snall amount of
cohesion, particularly when damp.

Preparation

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

obtained in the following manner: The test bins were filled and the
soil was ﬁloued vith a sced fork to a depth of 12 in. TFor loose
conditions, no compaction effort was necessary, so the surface of
the plowed section was screeded level; for the cdens~r coﬁditions, cone-
paction was applied at the surface with 2 vibrator before screeding,
The relation between dry density and reclative &ens!ty for the material
is showvn in fig. 3.

6. To prepare the wet sand, a batch of dry sand was spread on the
floor, water was added, and the material was tﬁoroughly nized until the
desired mofsture content was reached. The naterfal was then dunped into
the bins for further processing (i.eo, compacting and levellingz), vhich
4as the sz2me as for the ZCry sand. The nolsture level in these sections

vas held constant by covering them when not iIn use and ocezsienally




spraying the surface very lightly with water to compensate for évapo-f
ration, The wet soil was reprocessed in p;ace, béing removed from the
soil bins only when a differen; level of moisture was required. During
the testing cycles in this test program, the uniformity.of soil con-

ditions wes ensured by frequent Cetermination of moisture content and

density and by measurements with the cone penetroreter.

Test Fquipment

7. The dynamoneter systen used in these tests can accommodate
loads from approximately 15 to slightiy more than 200 1L, and wheels
ranging from 18 in. to 45 in..in diameter. Vertical load, horizontél
force (drawbar pull), torque, sinkage, carriage speed, and wheel spzed
were continuously measurel during cach test by instrunentation on the
dynanoneter carrizge. The average translatioral wheel spced 2t 0 per-

cen* slip was approxiunately 3 ft/sec; the rotational speed was constaent,

-

Test Procedures end Interpretation of Nate

8. A progranned-clip technique wzs usaed in 211 the sinple-vheel
tests. The test was started when the wheel was ir the regative slip
range, i.e. the trenslaticnal spesd of the carriage was greater than
that of the wheel. The carriage was slewed 2t & progreured, uniforn
rate (wheel speecd was “p;rcxinately comstant) to cause the vheel to pass
through the zero-torque pcint, the 0% slip joint, the s2li-preopelled

point, etc., ac slip progressively increassd tc 100%,

PUENE WHAERSGT A S R



9. Thé relation of pull and torque to slip can be shown by.two
curves, such as those in fig. 4 ti.at represent data obtaired with the
open-nesh wheel (GM VIII), Pull and torque increased at a decreasing
rate and often reached é plateau after a slip of about 20% had bLeen
achieved. Although all tests we;c not identical, pﬁll and torqgue in
nearly all of them had reached a plateau, or significantly lover rate
of increase, 2% a slip of 20%, so data for comparing perfornance of
the two wheels wecre read at 20% slip,

1¢. The general shape of the efficiency versus slip curve for
the GE VIII wheel is shown in fig. 5. This relation was generally
similar to that for the GM VII wheel, Howevcr,.in.some instances, a
peak efficiency point was ¢ffficult to deternine. For consistency
and ease of comparison, efficiency at 20% slip wes recorded for all
the tests,

11. The plot of the potrer number PN H/wre(i-szl versus the pull
coafficient P/W (sce fig. 6) is especialiy inportént, since it expresses
the energy consuried per unit of distance per unit of wheel or vehicle

weight in relation to drawbar pull/slope-climbing ability. PN at O

pull: PN on a 15-deg slope (PHIS)’ PN on a 25-leg slcpe (PH?S), and
Pl at the point on the curve where Pl ascends alnost vertically (rnn_y)

were recorded. To obtein whr/kn cenforming to a slope of 15 deg, read
the value of P g or P/¥ = 0.27 (tan 15° = 0.27), and rultiply this
value by the desired vheel locd or vehicle weight in llewions and the

fraction 1000/3600.




PART III: PRESENTATION AND AMALYSIS OF RESULTS

Soil Tests

12. The soil tests coriducted in this precgram included cone and
plate penetration resistance, moisture conteﬁt, density, plate in-situ
shear vith a rough-surfaced rectangular plate, and plate in-situ shear
data collected previously.®

13. Values of the following parareters pertinent.tc the tests
reported herein are contained ir table l: penetretion resistance
gradient, G; bevameter values, kc, kd’ ﬁ, db, and )3 cohesion from
trenching tests, Cop’ tangent friction angle from triaxizl tests,
¢,; friction angle from plate in-situ shear test, dpl;density, Y,

t

relative density, Dr; and rioisture content, w.

Performance of the Fahric-Coverad Vheel (CH VII)

Pull and tercue

14, The relations of the pull and torque coefficients te slip on

soil preparced to four different consistencies are shouwn in figs, 7-10,

The ;ollowing observations can be nade:

. The rcte of increase in pull and torque éocfficients with
slip in the 0-20% slip renge generally increased with soil
strength, and the peint at vwhich the slope of the
torque~-siip end pull-slip relations chenged rapidly

vas reached &t @ lower slip in the stronger materials,

- LREI I X SRR

£Ibid., p 1.




For example, this point was reached at about 15% slip on
the C, soil condition (G = 12.0 psi/in.), ond at slightly

greater than 20% slip on the S, soil condition

1
- (G = 2.0 psi/in.).

b. The;c vas no clear-cut tendency f-=r the wheel to perform
betier at the design lond than at the other loads (75 und
125% of design load).

¢. The pull-slip curves did not display the well-defined
plateaus that vere noted for the ¥0-in.-diam wheels tested

in the carlier progres.® Instead, they showed a gradual

increase in pull coefficient with slip in the 20-80% range.

Powver number versus puvll coef-
ficient /slope~clirbing ability

15. Plots of pover number versus pull coefficicent/slope angle for the

test loads on each of the four soil conditions are shown in figs. 11-1k,

The following observations can be nade:

a. Pover mumber increased directly with pull coefficient (or
slope angle) to & maximun, or near maXimum, valuc of the
latter dual parameter and ther rose almost vertically.

b. No significant or consistent effect of lozd per se was

J evident.

c. The power nuuber between zero and the maxinun pull coeffi-~
cient (or slopc angle) generally vas higher for the tw
lover soil sérengths (Co,sl) than Tor the two higher
strengths (Cl,Cz).

16. The curves in figs. 11-)k can be used to conpute the pover

N B S A P T TS Tt e @ g4 A . 5 SO o et . o

% JIbid., p 1.
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consunption rate on level and sloping surfaces by the fcitula
. . - Ty . 1000
Power consumption rate = PH x 300 - lond (N)
in units of whr/km/vheel

For example, from fig. 11, the power number for a 59-1h {260-N) load on

a 15-deg slope is read to be 0.k6. Thus the power consumption rete
(per wheel) is | A ‘
0.L6 x %%g%-x 260 = 33.3 vhr/km/vheel
Efficiency -
17. The relative efficiency of the vhecl is shoun in table 2, In
terns of the ratio of output vork to input work at the 20% slip point, q
efficiency ic expressed:

Pr Pr

P/N P2 YR S -
“'20 - §7ﬁ;; (1-5) = " (1-s) i 0.8

It is noted that n' does not vary noticeably with lond, bﬁt docs show
Sn increase ac soild strepgth increases. Tnis trend supports the recason-
ing that more vork is dissipated in deforming the wveaker soile,
Sinkage

18. In generel sinkages were suall. The greatest sinkege occurred
during tests in the C, soil condition. The rclation of sinkege to slip

0

for a 59-1b lozd in the Co soil condition is shown in fig. 15,

Perforrinnce of the Open-Wire-ilosh Wheed (GM VIIT)

A,

Pull end torgue s

19. Thne relations of the pull and torque ceoefficicents to elip for

the G VIII vheel tested on soil prepared ef the same consistencices es

these for the tests with the fobric..covered wheel ere shown in

figs. 16-29. %he follawing cvscrvelicna, generedly parallel to these




given for the fabric-covered wheel, are made:

8. The rate of increase in torque .coefficient with slip,
in the 0-20% slip range, tenéed to increase with soil
strength, and the point at which the slope of the torque-
8lip relation changed rapidly was reached at a lower slip
on the stronger soils,

b. Again, there was no clear-cut indication that performance
vas best at any particular lecad. The pull coefficient
increased slightly throughout the 20-80% slip range.

Power number versus pull ecoof-
ficient/slope~clinbing ability

20. The relations of power number versus pull coefficient/slope-
clinmbing ability for the four soil conditions arc presented in figs. 20-23.
The power requirement is higher in the loose, compactiblc material partic-
ularly the S1 and Co soil condition. The open~mesh wheel begins to pick
up soil at sbout 10-20% slip, particularly the loosest wet sand, and carry
it inside the wheel; more and more soil is picked up as slip increaces,

so that at 80% slip on ;he Co 501l condition, the vheel may be cerrying
" as much as 25 Ib of soll (see fig. 2k). Fig. 25 shovs the wheel at the
de?ign load operating on ahco soil conditicn and illustrates that there
ney be energy losses duz to cend transportation.

21l. The trapping and retention of sand within the vheel are tente-
tively attributed to cohesion or edhesicn of the sund particles, Scicen-
tists at the lunar receiving iaboratory found that the lvnné soi) particles
tended to adhere one to enother during siefing operatione, end so be
reteired on sieves with orcnings much lergor than the particle size. It
secns probable, thercfore, that the open-mesh wheel nny expericnce the sare

prodblent during a2 lunar traverse,




Efficiency

Saarcoency

22, The efficiency (n') of the wvheel did not'display an.definite
trends relatable to lcad, but the average values for a given soil con-
dition showved a systematic increase in'efficiency with soil stréngth.
The total increase over the range wvas 30%. This trend is in line with
the essumption that motion resistance due io soil deformation incrcases
as the soil strength decreases.
Sihkaﬁe

23. The relation of sinkage to slip for the soil condition with the

snallest penetration resistance, co , is shown in fig. 26. The loud for

this test was 59 1b,

Comparative Performance of Covered and Open Wheels

2L, Contact prcssure, vheel deformation, and tire print data meas-
urced on &n unyielding surface at loads representing 50, 75, 100, 125, and
150% of the design lozd are listed in teble b for both' wheels,

Pull end torague

25. In general, the covercd vheel developed higher pull end torque
at o given slip level and & higher maximu: pull than did the open wheel.
Lh wheels show the sane treuds toward veriotions in performance with

load erd soil strengih.

Powver number versus pull coofl-
ficient/slopa—climbirs ebility

26. The power reauircenents of the two vhesls 2t the self-propelled
peint cn a level surface were not appreciebly different. %he dntz in
tables 2 end 3 and the grephic Gispleys indicate that ihe covered vwhacld

ray be oble to negotiats slepes of 25 deg or greater in the denser solls

.10
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(with some cohesion), while the open-mesh wheel may not. Maximun slope-
élinbing ability of the open-nesh wheel is estinated at approximately
20 deg.
Efficicncx

27. On the averuage, efficiencies et the 207 slip level vere ﬁbout
the same for both wheels, and both wvheels developed the poorest efficiency
on the loose, wet sand (Co) soil condition., %aat the efficiency of the
covercd wheel may be considerably greater et higher slips is indicated
‘in a comparison of the data shoun in figs. 27 and 28; that is, the spread
between the torgue~slip end pull-slip curves for a given pass is lower
for ihe covered wheel at slips greater than ebout 35%7.
Sinkepe

28. It can be nbied in fig#. 15 and 26 that the sinkage for the open-
mesh vheel was gencrally lerger thon thet of the covered vheel; in fuct,
it wvas ebout tvice as large.

Repetitive traffic

29. ¥From visual observation, it was Judged that the covered vheel
compacts the soil nore than ‘thc open-resh wheel does, end thus leaves o
firrier naterial in the path over vhich succecding whecls travel, That
is} the covered vheel's performonce is improved.on ihe sccond end third
. pasces (the pull coefficient increcses with cech pass), as shovn in
figc. 27. The pull coefficient for the opon-tesh wheel (fig. 28) shows no
defirnite tendcney to be eltered by traffiec, %he torque coefficicnt for
the open-niesh wheel buegins to inerecne repidly ot slips prezter thu
ebout 355. This incresse is Lentztively stiribuled 1o the lurge tncunt

of send being thrown by the vhoeol and carriced within it,
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PART IV: CONCLUSIONS

30. The data collected and analyzed thus far are considered

adequate to form the following tentative conclusions:

The covered wheel had greater tractipn anc slope-
climbing ability.

Power consumption rates (whr/km) were not preatly
different for the two whecels on level surfaces and slopes
of 15 deg or less.

Present trends in the analysis indicate that power
efficiency may be much lower for the open-mesh wheel
than for the covered wheel at slips greater than

55 percent.

In general, the data indicate that the wheels did
not perform any better at one load than at another.

On the C, soil condition, the covered wheel showed

0
a tendency to improve performance on the second and

third passes in the same path, whereas the open-mesh

wheel did not.
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