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FOREWORD

The study reported herein was performed by the U. S. Army Engineer
Waterways Experiment Station (WES) as a part of the overall Mobility Exer-
cise A (MEXA) program sponsored by the U. S. Army Materiel Command (AMC).
Most of the funds for the MEN program were provided under Project No.
170621094131, "Military Evaluation of Geographic Areas"; however, final
analysis and rcport preparation were funded under Project No. 1TN62103A0L6,
"Prafficability and Mobility Research," Task 02, "Surface Mobility."

This study was conducted by personnel of the Vehicle Studies Branch
under the gencral supervision of Mr. W. J. Turnbull, Techniral Assistant
for Soils and Environmental Enginecring; Mr. W. G. Shockley, Caief, Mobil-
ity and Environmental (M&E) Division; Mr. S. J. Knight, Assistant. Chief,
M&E Division; Mr. A. A. Rula, Chief, Vehicle Studies Branch, and Mr. E. S.
Rush, Chief, Soil-Vehicle Studics Section. Field tecats were conducted by
personnel of the Soil-Vehicle Studies Section und~r the direct supervision
of Mr. B. G. Schreiner. Messrs. R. P. Smith, C. E. Green, W. E. Willoughby,
and S. M. Hodge of the Soil-Vehicle Studies Section contributed to the re-
duction and analysis of test data. This report and Appendix A were pre-
pared by Mr. Ochreiner. Appendix B was written by Miss M. E. Smith and
Mr. T. R. Patin of the Mobility Fundamentals 3Section, Mobility Research
Branch, WE3. Appendix C was written by Mr. T. F. Czako of the Land Locomo-
tion Division, Mobility 3Systems Laboratory, U. S. Army Tank-Automotive
Conmand.

This is Report 2 of a series entitled "Mobility Exercise A (MEXA)
Field Yest irosram.” The others are as follows: Report 1, "Summary"; Re-
port 2, "Ferformance of M-YA and Threc Military Vehicles in Lateral Obsta-
cles": Report 4, "Performance of MEXA and Three lilitary Vehicles in

iii




. Vertical Obstacles"; and Report 5, "Performance of MEYA and Three Military

Vehicles in Selected Natural Terrains."
Directors of the WES during the conduct of this study and preparation
of this report were COL John R. Oswalt, Jr., CE, COL Levi A. Brown, CE, and

COL Ernest D. Peixotto, CE. Technical Directors were Messrs. J. B. Tiffany
and #. R. Brown.
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to metric

units as follows:

Multiply By To Obtain
inches 2.54 centimeters
feet 0.3048 meters
yards 0.9144 meters
miles (U.S. statute) 1.6093k4 kilometers
square inches 6.4516 square centimeters
square miles 2.58999 square kilometers
pounds 0.45359237 kilograms
pounds per square inch 0.070307 kilograms per square centimeter
pounds per cubic foot 16.0185 kilograms per cubic meter
miles per hour 1.60934k4 kilometers per hour
tons (2000 1b) 907.185 kilograms
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SUMMARY

In the concept phase of Mobility Exercise A (MEXA) the principal pur-
pose was to design vehicles capable of operating in remote areas of the
world where extremely soft soils predominate, and to develop a program of
tests for evaluating thesze vehicles in soft soils. As a result of the MEXA
concept phasc, two 2-1/2-ton wheeled and one 2-1/2~ton tracked vehicles
were designed. The designs of the vehicle characteristics were in part de-
rived from three existing systems that provide for predicting vehicle pes-
formance relative to soil strevgth. These systems were the U. S. Army
Engineer Waterways Experiment Station (WES) soil trafficability system, the
WES mobility numeric system, and the Land Locomotiui Laboratory (ILL) soil
value system.

After the MEXA vehicles were fabricated, a field test program was de-
signed and conducted. A total of 328 tests were conducted on level clay
soils at two sites near Vicksburg, Miss., and at eight sites near Fallon,
Nev. The purpose of the test program in soft soil was to evaluate the per-
formance of the three MEXA vehicles (MEXA 10x10, MEXA 8x8, and MEXA track)
and three military vehicles (XM41OEl, M35A2 (mod), and ML13) on a range of
soil strengths. Further purposes of this study were to compare the per-
formances of the three MEXA vehicles with those of the three militery vehi-
cles and to compare the measured and yredicted performances of the vehicles,
using the three prediction systems from which the MEXA vehicles were de-
signed. The measured and predicted performance comparisors are presented
in Appendixes A, B, and C of Volume II.

The principal results of the MEXA field test program in soft soil
vere ss follows:

a. Measured (experimental) vehicle cone indexes (VCI's) were estab-
lished for the six test vehicles. They were:

Experimental

Vehicle VCigo vel,,
¥ML1OE1 32 18
M35A2 (mod) 5¢ 27
M3 29 15
MEXA 10x10 18 7
MEXA 8x8 23 1]
MEXA track 21 7

Note: VCI5c = VCI for 50 passes.
VCIj¢ = VCI for one pass
(tentative).

ix
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The MEXA vehicles were superior to the military vehicles in terms
of VCI1t and VCIsg.

The best overall one-pass critical-layer criteria determined from
field tests for the six vehicles were: the O- to 6-in. layer was
considered to be the normal critical layer unless the rating cone
index (RCI) of the 6- to 12-in. layer was less than that of the
0- to 6-in. layer, in which case the 6- to 12-in. layer was con-
sidered to be the critical layer.

The soil strength parameter that showed best overall correlation
with drawbar pull, motion resistance, speed, and maneuver results
was the O- to 6-in. RCI.

For the soil strengths tested, MEXA vehicle performance in terms
of optimum drawbar pull coefficient was superior to that of the
military vehicles, thus indicating a greater traction capacity.

Towed motion resistance coefficient was generally less for the
MEXA wheeled vehicles than for the military vehicles. On soil
below about 4O RCI the MEXA track motion resistance coefficient
was lower than that of the military vehicles. Above about 40O RCI
the MEXA track motion resistance coefficient was generally greater
than that of the M113 and XMY1OF1l, but less than that of the
M35A2.

In terms of speed, MEXA vehicles do what they were designed to
do, i.e. perform bette: on soft soils than military vehicles.
However, on firm soil and on pavement, speed performance is less
than-that of the military vehicles. Pertormance curves indicate
that the speeds of the six test vehicles at their respective
VCI)'s appear to be about 2.5 mph.

For the range of soil strengths and speeds tested, speed appeared
to be a more influential factor than soil strength in affecting
the vehicles' ability to make a turn. The minimum soil strength
required for maneuvering appears to be the same as VCIy¢ for the
X410EL, M35A2 (mod), MEXA 8x8, MEXA 10x10, and MEXA track. As
ror the M1l3, .dditional test data are needed to determine the
minimun soil strength required for maneuvering.
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MOBILITY EXERCISE A {MEXA) FIELD TEST PROGRAM

PERFORMANCE OF MEXA AND THREE MILITARY VEHICLES IN SOFT SOIL

VOLUME I

PART I: INTRODUCTION
Background

1. In the initial effort (concept phase)l of the Mobility Exercise A
(MEXA) program, the principal specific purposes were to design a number of
vehicle test beds that could operate in remote areas of the world where ex-
tremely soft soils predominate, and to develop a program of tests for eval-
uating the performance of these vehicles in soft soil. As a result of the
MEXA concept phase, two 2-1/2-ton* wheeled and one 2-1/2-ton tracked vehi-
cles were designed.

2. The designs of the vehicle characteristics were in part derived
from three existing systems that provide for predicting vehicle performance
relative to soil strength. The U. S. Army Engineer Waterways Experiment
Station (WES) soil trafficability system was used to determinc thc design
characteristics necessary for the vehicles to make 50 successive straight-
line passes on a soft soil. The WES mobility numeric system was used to
design the characteristics required for the wheel2d vehicles to make one
pass on a soft soil. The Land Locomotion Laboratory (LLL) soil value
system was employed in determining characteristics necessary for both the
wheeled and tracked vehicles to make one pass on a soft soil.

3. After fabrication of the MEXA vehicles, shakedown tests were con-
ducted in February 1967.2 At the same time, a four-phase MEXA field test
program was structured.3 The field test program requircmcnts were as
follows, Phase I included the determination of the speed performances of
the three MEXA vehicles and three military vehicles on soils of strengths

* A tatle of factors for converting British units of measurement to metric
units is presented on page vii.
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ranging from so soft as to cause immobilization to and including a hard-
surfaced road. Phase II included the establishment of essential soil
strength-vehicle performance relations. Phase III included the updating of
some of the terrain-vehicle relations required for a cross-country speed
prediction model. Phase IV included an evaluaticn of the accuracy of the
updated cross-country speed model in predicting performance from data de-
rived from air-photo interpretation as opposed to data obtained from field
measurements. The tests reported herein were conducted under the require-
ments of Phases I and II.

Purpose

4. The general purpose of this test program was to evaluate the per-
formance of the three MEXA vehicles and the three military vehicles (the
XM410E1l, the M35A2 (mod), and the M113) on a range of soil strengths. The
specific purposes of field tests were to determine (a) the minirmum soil
strengths, in terms of vehicle cone index (VCI), on which the test vehicles
could make one pass and 50 passes, (b) drawbar pull-soil strength relations.
(c) towed motion resistance-soil strength reletions, (d) meximum speed-
scil strength relations, and (e) maneuverstility-soil strength relations.

t was also the purpoce of this stidy to compare the performances of the
three MEXA vehicles with those of the three military vehicles, and to com-
pare the measured and the predicted performances of the vehlcles, using the
WEC soil trafficability, the WES mobility numeric, and the LLL soil value
systems, The latter comparisons are presented in Appendixes A, B, and C,
respectively, Volume II.

Scoge

5. The overall soft snil test program was divided invo preliminary
and comprechensive test programs. The preliminary program consisted of some
of the tests to dctermine VCI for onec pass and 50 passes. This program was
conducted from late April to early September 1967 at two sites near Vicks-

vur:, Miss. The comprchensive program included the completion of the VCI
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tests and the rest of the tests required to satisfy the purpose of the
study. Tests were conducted at eight sites near Fallon, Nev., from early
October to early November 1967 and from mid-May to early June 1968. Tests

were also conducted at one site near Vicksburg during September 1968.

Testing was limited to sites containing clay soil with relatively smooth
' surfaces. Types of tests, vehicles tested, and number of tests conducted

are given in the following tabulation.

No. of Tests Conducted with Each Veuicle
MEXA MEXA MEXA M35A2
Type of Test 10x10 8x8 Track XM4I0El (mod) M113 Total

VeI 18 14 133 12 1L 15 86

: Drawbar pull 17 10 14 7 6 9 63
[ Towed motion

] resistance 7 6 7 2 L 5 34

Speed 8 12 7 5 6 6 Ly

Maneuver 20 16 21 20 8 16 101

Total 70 58 62 49 38 51 328

Soil measurements and vehicle performance data collected during the field
test program were tabulated and analyzed. Analyses of data presented
herein included the development of the soil-vehicle relations outlined in
the preceding paragraph.

da o s i L

Definitions

6. Certain special terms used in this report are defined below.
Soil terms

Unified Soil Classification System (USCS):M A soil classification
system based on identification of soils according to their textural and
plastic qualities and on thelr grouping with respect to engineering
behavior.

Critical ‘ayer. Thc layer of soil that is most pertinent to estabe

lishing relations betwecn soil strength and vehicle performance. For 50-

pass performance in fine-grained soils and sands with fines, poorly drained,
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it is usually the 6- to 12-in. layer; however, it may vary with weight of

vehicle and with soll stirength profile. TFor one-pass performance, it is

usually some shallower layer.

So0il strength terms

Cone index (CI).

An index of the shearing resistance of a medium ob-

tained with a cone penetrometer (shown in fig. 1). The value represents

the resistance of the medium to penetration of a 30-deg cone of 0.5-sq-in.

base or projected area. The number, although usually considered dimension-

Fi-. 1. Cone
nenetrometer

less in trafficability studies, actually denotes
pounds of force on the handle divided by the area of
the cone base in square inches.

Remolding index (RI). A ratio that expresses

the proportion of original strength of a medium that
will remain under a moving vehicle. The ratio is de-
termined from cone index measurements made before and
after remolding a 6-in.-long sample using the equip-
ment shown in fig. 2. The test sample is obtained
with a trafficability sampler (shown in fig. 3).
Rating cone index (RCI). The product of the

measurcd CI and the RI of the same layer.

Shear stress. The greatesi shear stress re-

corded when torque is applied fto the sheargraph head
during initial soil failure for a yparticular normal
stress maintained on the sheargraph handle. (The
sheargraph, shom in fig. 4, is a hand-operated in-
strument utilizing a coiled spring for measuring
torque and load.)

Vehicle terms

Immobilization. The inability of a self-

tropelled vehicle o move forward or backward.

Pass, OUne trip of the vehicle over a test
cowrse,

Maltiple passes, More than one pass of the ve-

hicle in the same path over the test course.

el
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Mobility index (MI). A dimensionless number that resvlts from a con-

sideration of certain vchicle characteristics (see Appendix A, Addendwa Al,
for formulas).

Vehicle cone index (VCTI). The minimum rating cone index (RCT) that

will permit a vehicle to complete a specified number of passes, usually one
pass and 50 passes.

VCIgo measured. An cxperimental determination of the minimum RCI of

the critical layer rcguired for a vehicle to complete 50 passes. The crit-
ical layer for most vehicles is usually the 6- to 12-in. layer below the
surface.

VCIl(SO) measured. An experimental determination-of the minimum RCI

ot the critical layer required for a vehicle to complete one pass. The

2ritical layer is the same as that for VCI usually the 6- to 12-in.

50° i.e.
layer.

VCIlt measured (tentative). An experimental determination of the min-

imum RCI ot the critical layer required for a vehicle to complete one pess.

The critical layer for most vehicles is usually the O- to 6-in. lay«r.

Maximum drawbar pull (maximum towing foree). The maximum amount of

sustuined towing force a self-propelled vehiele can produce at its drawbar
vnder given test conditions.

Optimum drawbar pull. The towing force that a vehiele produces at

its maximum work output,

Work outvut index,

drawbar pull - distanee vehicle traveled
vehicle welpit & distance wheel or track traveled

Work output index =

Towed motion resistance., The Torce required to tow a given vehicle

in neutral gear under given tecst conditions,

Aciorman steerirys wtle.  The acute angle btetween the left front

whonl cnd the longritudinal axis of the vehiecle.

Articwlated steerine angle., The acute ansle between the longitudinal

a<es of the front and rear vehidele units,
1ip.  ihie pereqntage of track or wherl movament ineffeetive in ade-

= ety

sieins novenlele forward,
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PART II: FIELD TEST PROGRAM

Test Vehicles

7. The wheeled military vehicles tested were the XM41OEl and the
M35A2 (mod) and the tracked vehicle was the MI13 (see fig. 5). The MEXA

a. XM4LIOE1

b. M3YA2 (mod)

Fig. 5. Military vehicles used in test rrorram




vehicles tested were the MEXA 10x10 and MEXA 8x8 (both wheeled) and the

MEXA track (see fig. 6). The modifications to the M35A2 consisted of
changing the tires to 11:00x20 NDCC and changing from dual rear vheels to

single rear wheels. Pertinent data for the six vehicles are given in

a. MEXA 10x10

b, MEXA 8x8

Ce.

M XA track

Fivr. o, MEXA vehicles used in test program




table 1. A more detailed list of vehicle characteristics is given in Re-
port 1 of this series.5

8. As stated previously a preliminary test program was conducted.
The purpose of this program was to shake down the MEXA vehicles and to ob-
tain a quick evaluation of their VCI's and those of the M113 and the
XMU1OEl. These preliminary tests included 29 tests at the WES reservation
and 5 tests with the XM41OEl at Chotard Lake. For these tests only, ap-
proximate cross-country payloads were placed on the XMHIOE1l and M113 and
the tires of the XMU1OEl were inflated to recommended cross-country infla-
tion pressure. After completion of the preliminary tests, adjustments were
made to certain vehicle characteristics to satisfy the requirements of the
comprehensive test program as follows. (a) The vehicles' payloads were ad-
Justed to that specified for cross-country or combat operation. The pay-
load of the XM41OEl was reduced from 7000 to 5000 1b and the payload of the
ML13 was reduced from 5600 tc 4000 1b. (b) Inflation pressure for each
tire was adjusted to vield 25 percent deflection for the XMUH1OE1l and M35A2
(mod) and 20 percent deflection for the MEXA 10x10 and 8x8. (The changes
in weight and tire pressure were taken into consideration in the analyses
of VCI tests.)

Selection, lLocation, and Description of Test Sites

9. Primary requirements in the selection of the test sites were that
the sites (a) be of the same general soil type (clay), (b) be large enough
to accommodate several tests, and (c) consist of soil having the range of
strength necessary to evaluate the performance of the test vehicles. Also,
the estimated cost of testing at a site had to be compatible with the funds
avallable. Several areas were considered. These areas were reconnoitered
and after an evaluation of the reconnaissance information, sites that best
met the test requirements were selected. It will be recalled that the
final selections were two sites at Vicksburg, Miss., and eight near Fallon,
Nev.

Vicksburg sites

10. WES Reservation. This site is adjacent to a small upland stream
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(B Stream) that flows
through the WES Reserva-
tion (figs. 7 and 8). The
site was a soft, rela-
tively level, recent hy-
draulic f£ill that varied
from 3 tc 6 £t in depth;
the material for the fill
had been pumped from the
nearby WES lake. The fill
soil classified as fat
clay (CH) in the O- to 6-
in. layer and as lean clay
(CL) in the 6~ to 18-in.
layer according to the
uscs (fig. 9). Most of
the vegetation (tall weeds)
was removed before testing.
11. Chotard lLake,
This test site is on the
south bank of Chotard Lake
approximately 18 miles
northwest of Vicksburg
(fig. 10). The water level of the lake rises and falls with that of the
Mississippl River, which fecds the lake. At the time of testing the river

was low, und a {1at cxpanse of lakeshore was exposed and accessible. The

Fic. 7. Location of WES Reservation test site

shioreline for a distance of about 400 r't from the lake was practically de-
vold of vepetation. Inland from tinis open arca was an area that extended
for ntout 00 yd on which willow trees with trunk diameters ranging from

to 10 in. were growing., Views ol the site are shown in fig. 11, Tests
wers conducted in both the open wnd wooded usreas. The soll to a depth of
13 in. was clas:sitied ao tat clay (CH), according to the USCS (fig. 12).
Falion aitos

12, Onraen 3ink, Carson Sink i1s a large, flat, barren pleye,

10




Fig. 9. Soil gradation curves
and classification data, WES
Reservation test site
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covering about 400 square miles. It is located abou” 20 miles northeast of
Fallon (see fig. 13). Carson Sink serves from time to time as a sump for
waler diverted from the Carson Lkiver to relieve flooding of adjacent farm-
lands and of nearby Fallon National Wildlife Refuge. At the time of test-
ing, most of the ground at Carson Sink was firm and free .of surface water.
Asfter a thorough investigation of the playa, four sites (see fig. 14), each
having a different soil strength, were established and tested. The soil of
sites 2, 3, and 4 classified as lean clas (CL) in the O- to 5-in. layer
and as fat clay (CH) in the 5- to 18-in. layer. The soil of site 5 clas-
sified as a fat clay (CH) in the O- to 18-in. layer. (Classifications were
in accordance with the USCS.) 3Soil gradation curves representative of the
test sites at Carson Sink are shown in fig. 15.

13. Four Mile Flat., Four Mile Flat is a barren playa about 20
square miles in area. Lt is about 20 miles southeast of Fallon (sce fig.

16)., The western half of the playa was firm and at the time of testing
was crisscrossed by numerous drainageways that were 3 to 6 ft deep. In
the western half, one site (site 9) was established on a flat hetween two
drainageways., Between the western half (alkali flat) and the eastern half
(dry lare) of the playa, a relatively sharp drop in elevation (about 8 ft)
oceurs. The nastern half serves as a sump for rainwater draining from the

3alt Wells Pasin and the surrounding mountains. Three test sites (6, 7,
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and 8), each of different soil strength, were established in the eastern
balf of the playa. At the time of testing, the sites were generally flat,
soft, and free of surface water. The soil classified as a fat clay (CH) in
the 0- to 18-in. layer. There was a hardpan composed of sand and salt at a
depth of 26 to 30 in. that was too firm to penetrate with a hand probe.,
Views of the sites are shown in fig. 17. A soil gradation curve that is

representative of the sites is shown in fig. 18.

a. Sites 6, 7,

and 8

b. Site 9

Fig. 17. Four Mile Flat test sites 6-9

17




U.S. STANDARD SIEVE NUMBERS HYDROMETER
40 50 70 100 140 200
VOO =TT PR FRL]

44 o et

0 P 10

80 20

70—+ 30

PER CENT FINER BY WEIGHT
w
L=
1
T
w
o
PER CENT COARSER BY WEIGHT

f 40 60
; - - — o e e o b —
; |
; 0+ - 70
F Rl e
: 20f+—— —s0
! |
+ * + -t -— s
-l : BMA
% s LAl

S - 1) BN 1 0 —

[0.05 IMEQE% C.&.‘. 003?0

_ GRAIN SIZE MILL
B S| nt ot ]

ELEY Of DEPTH CLASSHICATION u n "

O~ TO 18-IN. CH 56 25 3t

Tie, 1B, 891l raduation curve and classitiestion

[}

datn, [our Mile Flat site €

Test Procedures wni Dutsa Collectel

1
E- SO letoerminellon

E

1 h, wethee Levrrie begen, o 100-Tt-long test lane wns staked out and
E . e Trobew ot ke oL wne meacured prencenlly b the surtzcee and at 3-in,

] s

£

vert bond Ineeements to o depth o 17 1a., i b 24- and 30-in. depths.

e mecqeement e oo usunlly male ot L0-FL horizontal intervals nlong

2

pebine of Lhe let i oelicht whieelds or teneks ¢ the vohicle,

.

2
oty e e dmeobilization wee unticiprted on the est oy zecond

e, il e intes e dings were actanlly male in tne andisturbed

s SO b rides o vhe yohicle otter 1t Died becone iemabilized,




Twenty sets of cone index readings usually were made for each test. 1In
most tesis, remolding indexes ware measured at two locavions beside the
test lane (generally at the station where the lowest cone index was re-
corded) for the 0- to 6-in., 5- to 12-in., and 12- to 18-in. depths. At
the remolding index stations, surface shear measurements were made with the
sheargraph vane and rubber shear heads. Moisture content and density sam-
ples were taken from the surface to a depth of 18 in. at each remolding
index station. Representative bulk soil samples were obtained from the
surface to a depth of 18 in. for field and laboratory identification.
During and after traffic, cone index (at the same horizontal and vertical
intervals ac those for hefore-traffic measurements) and rut depths were
measured. Observations of the soll and vehicle behavior were recorded
during each test.

15. Self-propelled tests were conducted to determine the required
minimum soil strength for each test vehiele to complete one pass and 50
passes. In these tests, each vehicle was operated in its lowest gear at a
track or wheel speed of approximately 2 mph (except on maxirum speed
passes), and was driven back and forth in 100-ft-long straight-line test
lanes until it became immobilized or completed 50 passes.

Drawbar pull-slip and -speed tests

16. Before each drawbar pull test, a test lane large cnough to ac-
commodate the test was seleeted and staked, and a suffieient number of cone
index measurements wecre made to determine that the soil was of the desired
strength. Cone index, remolding index, and shear stress were measured, and
soil samples for fiold and laboratory identification and moisture content
and density determinations were collected in the same manner as that for
the VCI tests.

17. Drawbar pull-slip tests were performed by attaching a load 11

to a T0-ft-long cable extending from the rear of cuch test vehicle to the
front of a load vehicle. After the test vehiele {operating in its lowest
gear) had reached optimum engine rpm {approximutely 2 mph) the load vehicle
driver inerecased the load in several ctages (by applying the Lrakes of tLhe
load vehicle gradually) from "no load-no slip" to either "iirh l.wiiel Lol

slip” or "power limited" condition {test vehicle did ndt have surricient

19



power to develop 100 percent slip). At all times the test vehicle driver
maintained optimum engine rpm. Measurements were made in this mammer until
a sufficienc number of load and slip combinations were recorded to develop
a drawbar pull-slip curve.

18. Drawbar pull-speed tests were performed in the same manner as

that for drawbar pull-slip tests with one exception: tests were performed
at maximum engine rpm in each gear necessary to develop the drawbar pull-
speed performance of each vehicle,

Towed motion resistance tests

19. Towed motion resistance tests were conducted in corjunction with
drawbar pull tests. With its engine running and transmission disenguged,
each test vehicle was positioned so as to straddle one of the rut: devel-
oped during the drawbar pull-slip test. The test vehicle was then towed at
approximately 2 mph while a continuous record of motion resistance (towed
pull) was made.

Speed tests

20. Before each test, a test lane of uniform soil strength was se-
lected in the same manner as that for the drawbar pull tests. Additional
before- and after-traffic soil strength data were collected in the same
manner as that for the VCI tests.

21. Each test vehicle bepan a self-propelled, straight-line test
from a standstill (zero speed) condition in its lowest gear and at full
throttle and continued throwsh each gear until maximum speed was reached.
Then the vower train was disengogzed, and the vehicle was allowed to roll to
a stop.

Mancuver Lests

22, Pelore testing bepan, a scetion of uniform soil strensth large
cnowtt to accommodate tests at three different vehicle speeds was staked
out., Atfter the test runs were completed, the following data were collected:
2 planimetric mayp showiny: vericle pocsition markers and the path of turn
relative to the arproach lane: rut depths; cone index readings in the un-
fictwrbod ares adjacent to the path taken by the vehicle; cone index rcad-
incs in the mtc: and shonrsrarh readingegs, both at the surface and at the

degih of rut,  Remolding index and moisture content-density samples were
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collected in the same manner as that for the VCI tests.

23. A straight-line approach lane, about 300 ft long, was staked out
to establish a base line for each test. The test vehicle driver aligned
the vehicle in the approach lane and accelerated to the desired speed.

Then a ground position marker and data recorder were activated. When the
vehicle reached a predetermined spot in the approach lane, the driver
turned the vehicle as fast as he could until the maximum steering angle was
reached, and at the same time the driver attempted to keep a constant vehi-
cle speed. After maintaining the maximum steering angle and near constant
speed through an approximately 180-deg turn, the driver shifted the power
train into neutral and allowed the vehicle tc roll to a stop. In addition,
at most test sites, a test was conducted in which the vehicles were steered
into the tightest turn possible while maintaining a speed of approximately
1 mph. The vehicles continued in this manner through a 360-deg turn.

Vehicle response measurements

24k, Each test vehicle was instrumented to provide a continuous rec-
ord of the desired response measurements dufing testing. These responses
were recorded by a system that included a 36-channel, direct-print oscillo-
graph and two lt-channel amplifier units. The system, together with an al-
ternating current power supvly, was installed on the bed of each test ve-
hicle. A detailed description of the instrumentation system is given in
Report 1 of this series.5 The fnllowing tabulation shows the type of test

and the measurements used in the analysis.

Type of Test Measurements Made

Drawbar pull Drawber pull; drive-line torque; dis-
tance traveled by vehiele; distance
traveled by wiieel or track; time;
vehicle sveed

Towed motion Towed pull: distancec traveled by ve-

resistance hicle; distance traveled by wheel
or track; time

Speed Drive-~line torque; distance traveled
by vehicle: distance traveled by
wheel or track; steering ancles
vehicle cpeed; time

(Continued)
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Type of Test Measurements Made

Maneuver Drive-line torque; distance traveled
oy wheel or track; event marks co-
inciding with ground position
markers; steering angle; time; ve-
hicle speed (these measurements
were excluded on 360-deg turn test,
see paragraph 23)

i gkl




PART III: DATA ANALYSES

25, The test data were analyzed to determine the relations between
soil strength measurements and certain vehicle performance parameters. The
relations to be determined were: (a) number of passes completed by vehicle
versus soil strength, from whichi VCI's for one pass and 50 passes were de-
termined, (b) vehicle spced versus drawbar pull, (c) drawbar pull versus
slip, (d) drawbar pull versus soil strength, (e) towed motion resistance
versus soil strength, (f) vehicle speed versus time (acceleration and de-
celeratics), (g) maximum speed versus soil itrength, (h) turning radius
versus speed, (i) force versus steering angle, and (j) force versus soil
strength. The data analyses are presented in the following paragraphs, to-
gether with a discussion of the performance of the MEXA vehicles' articu-
lated steering and inching systems in soft soil.

VCI Tests

26. Eighty-six VCI tests were conducted at sites near Vicksburg,
Miss., and Fallon, Nev. A summary of soil data and test results is given
in table 2. The relations developed from these test results are discussed
in the following parasgraphs.

Determination of VCI for 50 passes

27. Previous trafficability studies in fine-grained soils have shown

hat the performance of most wheeled and tracked vehicles in terms of go-

no go for 50 passes can be related to soil strength in terms of RCI. The
RCI tnat is just adequate to support 50-pass traffic of a particular vehi-
cle is designated as the SO-pass vehicle cone index (VCISO). Furthermore,
test results have shown that there is a 6-in.-thick soil layer whose RCI
best relates to vehicle performance., This layer i1s designated as the crit-
lcal layer, The depth of the critical layer is dependent upoen vehicle
welight and the characteristics of the soil's RCI profile. If the critical
layer and the 6-in. layer below the critical layer have the same RCI or
show an increase in RCI with depth, the strength profile is considered nor-
mal, If the G-in. layer below the critical layer has an RCI less then
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that ol the normal critical layer, the RCI is considered abnormal and the
6-in. layer below the normal critical layer is used as the critical layer.
The normal 50-pass critical layer for the vehicles considered in this study
was the 6- to 12-in. layer.

28. The RCI of the critical layer is plotted versus the number of
passes completed by each vehicle in plate 1. In these plots a clear-cut
separation of immovilization and nonimmobilization was not always present.
Therefore, the final selection usually produced a measured (experimental)
VCI50 that wes slightly conservative.

29. XM41OEl. Test data are plctted in plate 1, fig. a, for this ve-
hicle., Seven tests resulted in immobilizations and five tests resulted in
the completicn of 50 passes. Fig. 19 shows test 36 (item 4*) at Chotard
Lake in progress. The ¥M41OEl completed 50 passes with ease in item 12 on
an RCI of 32. In item § on an RCI of 26 the vehicle had considerable dif-
ficwlty during the 50th to 54th passes. In item 10 on an RCI of 24 (just
2 RCI less than item 9), the vehicle became immobilized on the 17th pass.

From these tests the experimental VCI_. was determined to be a conservative

50
value of 32,

30. It should be noted that in items 1-5 (the preliminary tests de-
scribed in paragraph 8) the vehicle test weight was 18,504 1b (12.1 percent
greanter than for the other tests). Because of the weight differential the
test resudts of items 1-5 were not given as much consideration as the re-
sults of the other tests to determine VCI,).o (end one-pass VCI's, discussed
subsequently).

31. M3SA2 (mod). Fourteen tests were conducted with this vehicle.
These data are plotted in plate 1, fig. b, 1n item 13 on an RCI of 46 and
in item 15 on an RCI of 4k th: M35A2 became immobilized on the Ulst and
47th passes, resvectively. In item 14 on an RCI of 55 the vehicle com-

pleted 50 passes with some difficulty. Then in item 26 the M35A2 completed

* To facilitate the analysis of data and the presentation of data in
tables, nlates, ete., the tests were grouped according to type of test,
veniclo, and test weirht, Sequential "item" numbers were then assigned
to the tests. In the remainder of the report, a test is identified by
itz corresyonding item number.




a. After 1 pass

b. After 35 passes

c. After 50 passes

Fig. 19. VCI test in progrecs at Chotard Lake, XM41OE) (item 4)
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50 passes with ease on an RCI of 59. From these tests the experimental
VCI50 was placed at 56.

32, M13. Data from 15 tests conducted with the MI13 are plotted
in plate 1, fig. ¢. In item 39 on an RCI of 30 and in item 33 on an RCI of
27, the Ml13 made 50 passes with little difficulty. 1In item 37 on an RCI
of 22 the M113 became immohilized on the 51st pass. Then, considering also
the results of items 28 and 38, the experimental VCI50 for the ML13 was
conservatively placed at 29.

33. In items 27-32, the test weight of the M113 was 24,200 1b (7.1
percent greater than for the other tests). Because of the weight differen-
tial the test results of items 27-32 were nct given as much consideration

as the results of the other tests in determining experimental VCI_. (one-

pass VCI is discussed subsequently). %

34, MEXA 10x10. Eighteen VCI determination tests were conducted
with the MEXA 10x10. Test results are plotted in plate 1, fig. d. In
item 48 on an RCI of 15 the vehicle was considered to be immobilized on the
47th pass. In item 54 on an RCI of 19, although immobilization appeared to
be imminent on the 50th pass, the test was continued through 54 passes
without immobilization. Fig. 20 shows this test in progress at Carson Sink
site 3, In items 50 and 53, on 22 RCI, 50 passes were completed without
difficulty. From the results of these tests the experimental VCI
placed at 18.

35. In the preliminary tests conducted at Vicksburg, the tire infla-

50 was

tion pressure of the MEXA 10x10 was 3.0 psi (average overall deflection of
31.6 percent) while in the comprehensive tests in Nevada tire deflection
was set at 20 percent, ylelding an aversge inflation of 7.3 psi. Plate 1,
fig. d, indicates that this inflation pressure and deflection differential
had little effect on the test results.

30. MEXA 8x8. TFourteen VCI determination tests were conducted with
the MEXA 3x8. Test results are shown in plate 1, fig. e. Examination of
the data shows that the MEXA 8x8 became immobilized in item 61 on an RCI of
20 on the 30th pass. Fig. 21 shows this test at WES in progress. llotes
for item .« chow that the vehicle had no difficulty completing 50 passes on
an RCI of 21, whereas in item 60 it had extreme difficulty completing

26




&. After 1 pass

b, After Llth pass

¢. After Shth pass

Fig. 20. VCI test in rrogress at Carson Sink site

*

i)
—
5]
i
b3
()
2
(@)
—
[N
(-Q.
0
3
(1)
-
-




On 26th

pass

34

&3

C.

a. After 1 pass

After 36 passes




50 passes on an RCI of 22. Therefore, the separation point between go and
no go for 50 passes was placed at an RCI of 23.

37. In tests conducted at Vicksburg, the average tire inflation
pressure of the MEXA 8x8 was 5.2 psi (average overall deflection of 27.9
percent) while in the Nevada tests, tire deflection was set at 20 percent,
yielding an average inflation pressure of 9.0 psi. Plate 1, fig. e, indi-
cates that this inflation pressure and deflection differential had little
effect on results of these tests.

38. MEXA track. Data for the 13 tests conducted with this vehicle
are plotted in plate'l, fig. f. Ten tests resulted in immobilizations and
three resulted in completion of 50 passes. In item 81 on an RCI of 20, the
MEXA track was immobilized on the Llith pass. In item 83 on an RCI of 19
and in item 86 on en RCI of 20, the vehicle had considerable difficulty
completing 50 passes. However, in item 82 on an RCI of 19, 50 passes were
completed without difficulty. In item 83 the vehicle was allowed to con-
tinuve through 54 passes without becoming immobilized. Based on these tests
the experimental VCI50 was conservatively placed at 21,

39. Summery of VCIsg results. The following tabulation summarizes

the results of experimental VCI50 determination:
Experimental Experimental
Vehicle VClso Vehicle VClgy
XMU10EL 32 MEXA 10x10 18
M35A2 (mod) 56 MEXA 8x8 23
M113 29 MEXA track 21

Determination of VCI for one pass

4O. Most of the field test evidence collected to date in fine-
grained soils indicates that one-pass go vehicle performance separates
well from one-pass no-go vehicle performance on the basis of RCI. However,
critical-layer criteria based on tests of a range of vehicles and varying
RCI conditions have yet to be firmly established. There has been limited
evidence indicating that the critical-layer criteria for 50 passes can be
used in determining one-pass VCI for some vehicles with generally fair suc-

cess; a determination of one-pass VCI based on the 50-pass critical-layer
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criteria (hereafter referred to as VCIl(SO)) is discussed in the following
paragraph.

41, Measured (experimental) VCIl(SO) is shown in plate 1 in the plot
for each vehicle. The plots reveal that for the majority of the tests
there was gcnerally satisfactory separation of go tests from one-pass no-go
tests at the designated experimental VCIl(SO) for the XM4IOE1l, M35A2 (mod),

M113, and MEXA track. However, it is apparent from examination of plate 1,
figs. d and e, that experimental VCIl(SO) is a poor indicator of one-pass
performance for the MEXA 10x10 and MEXA 8x8. The test data for the MEXA
10x10 show that in five tests the vehicle completed between 1 pass and 39
passes on soils of strengths less than experimental VCIl(SO). The MEXA 8x8
test data show that on six tests thc vehicle completed between 2 and 27
passes on soils of strengths less than experimental VCIl(SO). This sug-
gests that the use of the present 50-pass critical-layer criteria in deter-
mining one-pass performance is not satisfactory for all vehicles. These
results thus led to the data analysis presented in the following paragraphs.

42, Possible one-pass critical-layer criteria for the vehicles in
the program were studied in plots (not included herein) of CI and RCI of
the 0- to 6-in., 3- to 9-in., 6- to 12-in., 9- to 15-in., 12- to 18-in.,
and O- to 12-in. layers, and of combinations of layers versus number of
passes completed. The data in these plots were analyzed to find the layer
that showed thc best separation on the basis of 40 and nr-go performence.

The best overall onc-pass critical-layer criteria for the six test vehicles

were as follows: the O- to 6-in. layer was considered to be the normal

critical layer unless the RCI of the 6- to 12-in. layer was less than that

of thc 0- to G-in., RCI, in which case the 6- to 12-in. laycr was considered |
to be the critical layer.

43. For cach test, the number of passcs completed versus the RCI
based on this tcntative critical-layer criteria was plotted by vehicle in
plate 2, (lercafter the onc-pass VCI based on the tentative critical-laycr
rriteria is designated as VCIlt') The results are discussed in the tollow- |
ing paragrapns. Figs. 22 and 22 show typical VCI test immobilizations.

4., XMUIOFEl. Test data for the XMUIOEl are plotted in plate 2,

£ir. o, In determining mecasswed (experimental) VCI¢ for the vehicle, more
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a. XM4IOE1l was immobilized on Tth pass at Chotard
Lake (item 5)
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A b. M35A2 (mod) was immobilized on 2d pass at Carson
3 Sink site 2 (item 19)
4

c. M3 was immobilized on 1st pass at Four Mile
Flat site 6 (item U41)

Fig. 22, Typical VCI test immobilizations, military vehicles
3l




a. MEXA 10x10 was immobilized on 1lst pass at Four
Mile Flat site 7 (item 55)

b, MEXA 8x8 was immobilized con 1lst pass at Four Mile
Flat site 6 (item 72)
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¢, MEVA trach was immobilized on 24 yass at Four Mile
Flat site 8 (item i5)

“loo 240 Typleal VCI test immobilizations, MEXA vehicles
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consideration was given to items 8, 7, 11, and 10 than to the other items.
The XMU1OEl was immotilized during item 8 on an RCI of 10 on the first pass
and was immobilized in item 7 on an RCI of 17 on the 14th pass. However,
because of the low immobilization pass number (fourth pass) in item 11 on
an RCI of 21, the experimental VCI,, was placed at 18.

45. M35A2 (mod). Plate 2, fig. b, shows a plot of test data for the
M35A2 (mod). In item 22 the vehicle was immobilized on the first pass on
an RCI of 22. 1In item 16 it was immobilized on an RCI of 24 on the fifth
pasc, whereas in item 19 it was immobilized on an RCI of 26 on the second
pass. Then in item 18 on an RCI of 29 and in item 21 on an RCI of 30 the
M3542 (mod) was immobilized on the ninth and fcourth passes, respectively.
Based on these test results, the experimental VCIlt was placed at 27.

46, M13. The RCI-number of passes completed relation for the M113
is shown in plate 2, fig. c. In item 40 on an RCI of 11, immobilization !
occurred on the first pass. Notes for this item indicate that had the soil
strength been slightly higher, the Ml11l3 probably would have been able to
complete one pass. Considering test results in items 30, 31, 32, 34, and
36, the experimental VCI,, was placed at 15.

L7. MEXA 10x10. Test results for the MEXA 10x10 are shown in
i plate 2, fig., 4. In items 55 and 58 on an RCI of 6 the MEXA 10x10 was im-

I mobilized on the first pass. Then in items 59 and 47 on an RCI of 8 the
vehicle was immobilizzd on the third and sixteenth passes, respectively.
: Based on these test results, the experimental VCI1t

LE., MEXA 8xB. Test results for this vehicle are shown in plate 2,
fig. e. In item 71 on an RCI of 10 the MEXA 8x8 was immobilized on the
fifth pass; however, on this same RCI the test vehicie immobilized on the
first pass in item 70. In items 63 and 72 on an RCI of 12 the MEXA 8x8
was immobilized on the third snd fourth passes, respectively. Considera-
tion was also given to item 62 in which the vehicle was immobilized on the
eleventh pass on an RCI of 13. Based on these test results, the expari-
mental VCI,, for the MEXA 8x8 was placed at 11.

49. MEXA track. The RCI-number of passes completed relation for the l
MEXA track is shown in plete 2, fig. f. Irn item T4 the vehicle was immobi-
lized on the first pass on an RCI of 5. In item 77 and item 84 the MEXA

WO

was placed at 7,
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track was immobilized on the second and sixth passes, respectively, on an
RCI of 6. Based on these results and considering the results of items 78,
75, and 76, the experimental VCI,, for the MEXA track was placed at 7.

50. Summary of VCI ¢ results. The following tabulation summarizes

the results of experimental VCIl_ determinations:

t
Experimental Experimental
_Vehicle VCIlt Vehicle VCIlt
XM410E1 18 MEXA 10x10 7
M35A2 (mod) 27 MEXA 8x8 11
MI13 15 MEXA track 7

5l. 1In review, the experimental VCIlt's shown above were determined
on the basis of the critical-layer criteria described in paragraph L2.
These criteria were best for determination of the minimum soil strength that
would permit the vehicle to make one pass. For the remaining vehicle per-
formance parameters (drawbar pull, motion resistance, etc.), where soil
1t° the O-
to 6-in. RCI correlated best with performance. Thercfore, the following

strengths were, for the most part, greater than experimental VCI

analyses are on the basis of 0- to 6-in. RCI.

Drawbar Pull Tests

52. Sixty-three drawbar pull tests were conducted, 6 on asphalt
pavement and 57 on a range of soll strengths at test sites in Nevada.
Firz. 24 shows vehicles in position for drawbar pull tests. Soil strength
and related data for each test ar~ summarized in table 3. Drawbar pull,
torque, spend, and slip data for each test are swmmarized in table 4. In
the following parwyraphs, the relations of drawbar pull to speed, slip, and
RCI of tlie O0- to €-in, layer are diccussed.

Drawbar mwlle-sind relations

53, For ecach drawbar pull-cpeoed tect, drawbar pull in terms of drawe
bVar pwll coetficiont (drawbar pull, D, in pounds divided by vehicle weight,
W, iu prounds) wacs vlotted verzus speed, and curves of best visual fit were

dreevm throwth the data points.,  The ewrves ore shown in plates 3 and 4,

5N




a. Carson Sink site 3, MEXA track (item 137)

b. Four Mile Flat site 6, MEXA 10x10 (item 119)

rig. 24. MEXA track and iOx10 in position prior to
start of drawbar pull tests

(Because of the large amount of data, the measured poinis are shown in the
M35A2 (mod) plot only.) The relations shown represent the maximum draw-
bar pull available for a given vehicle speed and a particular soil strength
in terms of 0- to (-in. RCI. The inflections in the curves indicate opti-
mum spced for gear changes.

54, These curves show that, in general, as soi. strength decreases




iia i

maximun drawbar pull at a given speed decreases. At speeds between 3 and
6 mrh on soil strengths of 52 RCI and above, the MEXA 10x10 was able to de-
velop drawbar pull values slightly higher than those developed on pavement
(see plate 4, fig. a, items 110 and 114). Higher drawbar pull tests were
not attempted with the MEXA 10x10 and MEXA 8x8 on pavement because mechan-
ical failures of the MEXA 8x8 (see paragraph 63) had occurred at high draw-
bar pulls in tests on soils (items 123 and 128). At speeds less than about
8 mph the MEXA track developed higher drawbar pull values on soil than
those developed on pavement (see plate 4, fig. c, items 133 and 139).
Drawbar pull and work
output index versus slip
5. Drawbar pull in terms of drawbar pull coefficient D/W versus

wheel or track slip for each test was plotted and curves of best visual fit
were drawn through the data points. An example of these plots is shown in
fig. 25; D/W 1is represented by the solid line.

56. Since D/W varies with slip, the maximum D/W is a performance

0.8

D L
= 0.545
. Wopy o :__c—' o—o—=2
. 0
00/,
T f 'en - SLIP)gpy ® 0.440
-,
L ~—
. o 7
- oa : *%R
oz ~
'S I ™~
° . -,
olx ~
| ~
| \‘~\ Su - sum
0.2 B,
- N
| N
| \i\
3 N
£ ¥
0.0
° @0 0 [ 100
sLIp,

Fig. 25. Drawbar pull versus slip, MEXA 8x8 (item 126)
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parameter often used in evaluating the traction capabilities of vebicles.
However, in clay soils, the meximum drawbar pull usually occurs at or near
100 percent slip. At 100 percent slip, maximum D/W. is not a meaningful
parameter because no useful work can be done when a vehicle is not moving
forward. A more meaningful performance parsmeter is the optimum D/W
value, the value of D/w when the vehicle's work output index is at maxi-
mum. Work output index is a dimensionless number that indicates the ve-
hicle's towing efficiency and is defined as follows:
distance
vehicle traveled

distance tracks or
wheels traveled

Work output index = % X = %(l - slip)

Optimum D/W values were determined from plots of D/W and work output

index versus slip. An example is shown in fig. 25. Wheel or track slip at

which the maximum work output index occurs is termed optimum slip.
57. RCI of the O- to 6-in. layer, optimum drawbar pull (D/W)

opt ?
and optimum slip for each test used in the analysis are as follows:
Ops imam Optimuem Mptim .
| Drawbar Pull opti- Druwbar Pull Optid- Dr-\"xb--.— eipets
Ds 10 s RUR O+ to =—————r— omm
Item ¢©ein, (Dl/‘d). Slip Item telin. (D/'e-'). Slip
Mo, mL Wb opr _ 1 Mo, _RCI ib opt ¢
XMLI0EL MEFA 10x10
a7 50 9,750 0.93 14 107 52 12,20 0,47 20 12 46 13,000 0.7 2k
8R 50 5,5% 0.5 17 102 35 11,720 0.:5 x 24 iR 2,550 0y »
59 v T2 0.45 13 100 35 12,420 5,7 > 130 1r 2,750 .15 20
90 36,20 %38 20 110 52 12,420 0.70 12 13l i Vel a 0.0 34
a1 24 3,300 c.%0 25 11 24 a ies 0.4+ £l
9 2 4,300 0,20 1 MEXA Traci
o3 . 9,05k 0,550 Gee 112 KT 9,738 0,54 23
113 12 12,000 0,47 19 1% a2 15,155 Ry 5
M35A2 gmtz 11k 102 12,020 0.70 b 142 82 1%,350 & T &
115 L 2,ks 2,13 Py 1k 220 RR:L 15
A 50 G ATGes 0, 52ew  Dhes 117 15 2,3k 2,010 22 Lef 213, ). 13
£ 50 WhTEee 0,528 20w b 2¢ 12,58 ook e
7 54279 20 2k e 411,00 O 1
a7 R L,55% 0.2% L] 1 1w T30 0.k 21 I de 12, 0m g4
e 172 10,570 0,54 2 11 14 Bl Y, 2 s 1s® he 2 R, ¢
145 . 11,3000 (0208 Lgwe 120 10 2,4 e 20 14 185 14,400 3,02 1.
121 11 2,52 g5 10 1%0 5% o D, > .
MiLe 120 12 2,528 ik 2L 181 Leoow2an 11
B3 CEREES Y85 ) AR P MEXA fac LR S L5 A =
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oY 4 11,24 )45 e 12, BE Py L3 D35 A let 0 g s = “
104 DX AR Yol ] 125 £ Tl Yo o
j 24w AN i
104 54 10,805 Tk 1 B Bn 1] 4e0 D%
10% s Tt .14 H
1 1 5,50 30 2
ik . 15,5 Wes O, ive ELY
* luyepont,
or Vehicle rencnel 1t: Tpower Ualt® pefire DY L ame atleve!, Wien the poucp voain o 2 harlT tete..
crough OoRce LU prtuce 10 slip betueey lez senll o element s nay s Fast i Joe gz pit cdEgpiel S8 g N2 Qials to havg
reached {te puwee Lleir,

37




(D/W)Opt versus O- to 6-in. RCI

58. (D/w)opt is plotted versus O- to 6-in. RCI in plate 5. The ex-

perimental VCI for each vehicle is also shown plotted as an x at zero

(D/W)opt . Wiza the experimental VCI,, values as guides, curves of best
visual fit were drawn through the data points. Test results are dis-
cussed in the following paragraphs.

59. XM4LOEl. Item 93 was conducted on pavement with tires of the
XM41OEL inflated to an average pressure of 35 psi. 1In this test the
XML410EL reached its power limit (the vehicle's engine stalled) developing a
maximum D/W of 0.55 at 5 percent slip. Six drawbar pull tests were con-
ducted on soil with the tires irn!lated to 12.2 psi. In itews 87 and 8t,
the XMH1OELl reached its power limit between 15 and 20 percent slip. The
D/W and work output versus slip curves for these tests indicated that
(D/w)opt values developed near the vehicle's power limit. The O- to 6-in.
RCI versus (D/W)opt for each test is plotted in plate 5, tig. a. The
curve on this plot shows a sharp increase from zero to 0.L47 (D/W)opt be- .
tween an RCI »f 17 and 50. Beyond an RCI of about 50 there was little in-
crease in (D/w)opt with increase in soil strength.

60. M35A2 Smodl; S8ix drawbar pull tests were conducted with the
M35A2 (mod). The M35A2 (mod) reached its power limit (the vehicle's engine
and wheels stalled) in the pavement test (item 145) and in scil test items
9% and 95. In the pavement test, the M35A2 (mod) developed a maximum D/MW
of 0.62 at 13 percent slip. In items 9% and 95, the M35A2 (mod) reached
its power limit between 20 and 30 percent slip. The D/W and work output
sersus slip curves for these tests indicated that the (D/W)Opt values
were azhineved near the vehicl<'s power limit. The RCI versus (D/‘W)oDt
curve in plate Y, i-. b. shows that between 27 and 50 RCI (D/w)opt in-
cr=ased sharply :rom .ero to 0.52. Beyond about 50 RCI, (D/W)Opt in-
creased gradually wlith increase in soil strength.

ol. Mll3. Nin: drawbar pull tests were conducted with the M113.

Thae vehlnle reachel its power limit (the vehicle's tracks stalled but the
enzine 4id not) in the pavement test (item 146) and in two soil tests
(items 22 ani 100). 1In the pavement test, the MI13 reached its power limit

ieveloping a maximum DY o 0.64 at about 2 percent slip. In items 99




and 100, the M113 reached its power limit at 28.0 and 23.8 percent slip,
respectively. In plate 5, fig. c, the RCI-(D/W)Opt curve is steep between
a (D/W)Opt of zero and 0.50, indicating a great increase in pull between
15 and 50 RCI. Beyond 50 RCI there is only a gradual increase in (D/W)opt
with increase in soil strength.

2. MEXA 10x10. Sixteen drawbar pull tests were conducted with the
MEXA 10x10. Plate 5, fig. d, is a plot of (D/w)opt versus RCI for the
MEXA 10x10. The plot shows that as RCI increased from 7 to 35, (D/W)opt
increased from O to 0.65. Values of (D/W)opt increased only slightly be-
tween 65 and 162 RCI. The MEXA 10x10 had sufficient power to produce 100
percent slip in all tests. 1In item 110, the MEXA 10x10 developed a maxi-
mum pull of 18,328 1b (1.02 DAV) at 100 percent slip (see table k).

63. MEXA 6x8. RCI versus (D/W)opt data for nine drawbar pull
tests conducted with the MEXA 8x8 are shown in plate 5, fig. e. The curve
o from zero to 0.62 between 11 and 45 RCI.

In item 123 the MEXA 8x8 developed a maximum pull of 18,316 1b (0.96 DAW).
At this pull; Nos. 3 and 4 differentials failed and had to be replaced.
Furthermore, in item 128 the Nos. 3 and 4 differentials failed at 0.71 D/M.

shows an increase in (D)

Because of these costly mechanical failures, high drawbar pulls on firmer
soils and on pavement were not attempted.

6. MEXA track. RCI versus (D/'w)opt data for the 14 tests con-
ducted with the MEXA track are shown in plate 5, fig. f. The plot shows an
increase in (D/W)opt from zero to 0.65 between 7 and 35 RCI. Beyond
35 RCI, (D/W)opt increased gradually  ** increase in soil strength. The
MEXA track had ample power to generate 100 percent slip at the tracks in
all tests. In item 133, the MEXA track had a maximum of 1.02 D/W at 100
percent slip. In the pavement test (item 1k9) the MEXA track was able to
pull 0.87 D/W at 21.1 percent slip; had the cable between the load vehicle
and test vehicle not failed in this test, higher pull and slip values
probably would have been developed.

Towed Motion Resistance

65. The towed motion resistance t'or each vehicle was measured !ol-

lowing most drawbar pull tests. A summary or the soil data ror each test
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is presented in table 3. One-pass towed motion resistance (in pounds and
as a coefficient R/W where R equals motion resistance in pounds and W
equals vehicle weight in pounds) and O- to 6-in. RCI for each test are tab-
ulated below. The coefficient R/W and the RCI for each test are plotted
in plate 6. A curve of best visual fit was drawn through the data points.

Motion Resistance Motion Resistance
Item O- to 6-in. Coefficient | Item O- to 6-in. Coefficient
No. RCI 1b R/W No. RCI 1b R/W
XML10EL MEXA 10x10 (Continued)
87 50 1565 0.09 111 23 1490 0.08
89 37 2150 0.13 113 162 770 0.04
91 24 3225 0.20 115 13 1545 0.09
153 189 992 0.06 122 12 1750 0.10
93 Pavement 592 0.04 147 Pavement 56" 0.03
M35A2 (mod) MEXA 8x8
9k 50 2062 0.11 124 25 1680 0.09
96 37 3500 0.19 126 29 1575 0.08
98 172 1373 0.08 128 [ iTe) 1325 0.07
145 Pavement 726 0.04 148 Pavement 641 0.03
130 13 3323 0.17
M113 131 14 4172 0.22
9 53 1821 0.08 MEXA Track
101 37 2780 0.12
103 24 3560 0.16 132 52 1800 0.09
161 189 1469 0.06 134 32 2020 0.10
146 Pavement 1024 0.04 136 23 2360 0.12
138 159 1500 0.08
MFXA 10x10 149 Pavement 1136 0.06
142 16 6520 0.33
108 35 1260 0.07 144 6 2070 0.46
110 52 750 0.04

XMY10E1l, M35A2 (mod), and Mi13

66. 1n plate 6, figs. a, b, and ¢, the test data for the XML1OE1,
the M35A2 (mcd), and the MI13 show that an RM  of 0.04 was measured on
pavement., Then the curves show a gradual increase in R/W from pavement
to an RCI of sbout 50. Below about 50 RCI, R/W increased rapidly with
little decreanse in RCI. The lowest strengths tested show an R/W of 0.20
on 24 RCI for the XM41OEl, an R/M of 0.19 on 37 RCI for the M35A2 (mod),

40




and an R/W of 0.16 on 24 RCI for the MI13.
MEXA 10x10

67. 1In plate 6, fig. d, the MEXA 10x10 curve shows an R/W of 0.03
on pavement. Below pavement strength, R/W increased little as RCI de-
] creased to about 30. From an RCI of 30 to an RCI of 12, R'W increased
; E gradually from 0.06 to 0,10.
MEXA 8x8
‘ 68. The MEXA 8x8 curve, plate 6, fig. e, indicates a gradual in-
; crease from pavement R/W (0.03) to an RCI of about 30. Below about 30 RCI,
’ the curve shows that R/W increased rapidly to 0.22 at 12 RCI.
MEXA track

69. 1In plate 6, fig. £, the MEXA track data show an R/W of 0.06 on
pavement. This, the highest R/W measured on pavement for the vehicles
tested, reflects the mass of the MEXA track's track system. R/W increased
gradually as strength decreased from pavement to an RCI of 30. Below about
30 RCI, the curve shows that R/W increased rapidly to 0.46 at an RCI cf 6.

s ] Speed Tests

70. Forty-four speed tests were conducted, nine on pavement and 35
on a range of soll strengths, at Vicksburg and Fallon. Soil strength and

e e

related data for each test are summarized in table 5. Each test was con-
ducted as described in paragraph 21. The relations developed for each ve-
hicle are shown in plates 7 and 8 as speed versus time. Only curves are
shown since the individual data are numerous; however, the data are on file

S —

at WES, These curves were used principally to obtain maximum speced-soil

strength relations; however, measures of acceleration and deceleration can

V-

be obtained. A detailed analysis of acceleration and deceleration is not
within the scope of this report; therefore, these performance parameters
are discussed in general terms and no attempt is made to relate them to
soil strength in this analysis.

71. Once maximum speed was believed attained, the driver disengaged
the power train and allowed the vehicle to roll to a stop. Deceleration
portions of the speed-time curves in plates 7 and 8 are more clearly
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defined than are the acceleration and time required to reach maximum speeds.
! There should be a relation between slopes of deceleration curves and soil
strength, and alsc the deceleration curves should be straight lines if the
r only factor affecting deceleration were soil strength. However, in some
cases, pavement tests in particular, the deceleration curves are convex in
shape. One of the additional factors that probably affected deceleration
is wind resistance; however, further study will be required before definite
relations can be developed. '
Maximum speed versus soil strength

72,

0- to 6-in. RCI used in the analysis are as follows:

The maximum vehicle speeds and soll strengths in terms of the

Vehicle Vehicle
C- to  laxinmum 0- to  Maximum

Item G-in. Speed Range and Item 6-in. Speed Range and
lio. RCI mph Transmission* No. RCI mph Transmission*

XMB10F) MEXA 10x10 (Continued)
152 2k 12.] L-l, L-2, L-3 168 €9 17.3 Hel, He2
151 25 20.0 l-l, L-2, 1-3 166 17k 21.3 H-l, H-2
150 L9 29,1 I-1, L-2, L-3 190  Pavement 20.9 Hel, H-2
153 189 24,5 Hel, He2 191  Pavement  22,5%« Hel, H-2
1o Favement 23,0%  lel, He2, H=3

MEYA 8x8

M35A2 (mod)

_ 177 12 4.9 H-1, H-2
14 35 i, 2 1el, l- 17¢ 12 7.2 L-l, L2
150 % 2.1 1el, L2 173 13 9.7 Hel, 112
Byl 4] SEBoD Lel, L2, Ia3 175 15 7.2 1-1l, Le2
Lio 3 Ba LL LA LS, L I L e gy, 11, 12
147 Puvement 2.5 Hal, a2, M3, Hel, He5 |- )
et Pavement  L2.3%0 a1, i1-2, He3, H-h, HeH ik 19 12.0 A g

o s : ey R ’ W73 21 12.9 Hel, H-2
1013 172 29 16.2 Hel, H-2
149 33 14,7 Hel, H-2
172 14 Tt 1.2 171 L9 16.3 Hel, He2
0 24 10,4 12 192  Favement  22.2 Hel, li-2
1480 3t 15.0 1-2, =% 193 FPavement  22.9%+ Hel, He2
T Jc 17, Yal, tef
30 % Lo 29, la2, - “FXA Track
19 pwoement =g -af
10k t 2.2 lel, Ie2
VTV 1010 13 10 J80) 1-1, Le2
11 2% 10.¢ liel, He2
3; i tel, a2 1&0 11.0 Hel, He2
T O A e O 1 Wy 12 Hel, 12
] 3 i 142 13 11517 Hel, -2
. -t R W, Pavement 10,2 Hal, He2

7
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73. Maximum vehicle speed is plotted versus O- to 6-in. RCI in
plate 9: included in each plot is the maximum vehicle speed achieved on
pavement. The maximum speed values were obtained from plates 7 and 8. A
curve of best visual fit was drawn through the data points. The dashed
portions of the curves were determined by extrapolating between the lowest

RCI-maximum speed value and exmerimental VCTI. - 1 plotted at zero speed

1t
for each vehicle, VCIlt - 1 was assumed to be the spil strength that would
cause immobilization. Extrapolation between VCIlt - 1 and lowest RCI-
maximum speed value was necessary in order to obtain an approximate speed

value for VCI., because of difficulty in locating test sites having soil

1t
strengths equal to experimental VCIlt for each vchicle., The the curves show
that at VCIlt speed for all six vehicles tested was approximately 2.7 mph.

Acceleration and deceleration

74. As can be seen in plates 7 and 8 for a given vehicle and soil
strength, uniform acceleration did not develop, generally, because of
shifting of gears. Gear shifting can be seen as inflections in the speed-
time curves (plate 7, fig. a). In several tests toward the end of the ac-
1 celeration period, erratic speed-time curves werc developed (item 153,
plate 7, fig. a); this was not fully explainable and need: further study.

75. The development of relations between acceleration and soil
strength is not presented. One of the difficulties in relating accelera-
tion to soil strength is that, of necessity, vehicle range and transmission
were varied from test to test. For cach test a range and transmission gear
were selected to produce maximum vehicle speed, which in some cases did not
necessarily provide the maximum acceleration that could be obtained. Fur-
thermore, in some tests deceleration "ras not started at the proper time.
For cxample, in item 150 (plate 7, fig. a) it appears that deceleration was
started before maximum vehicle speed had been reached. Also, in item 152
it is shown that the vehicie reached maximum speed in about 15 sec; how-
cver, the driver continued, attempting to regain the maximum speed once
spced was reduced. It is pr bable that the maxi..mm spe2d was rcached in
L-2% gear combinaticn and ‘he vehicle shifted into L3 and spced was

* L-2, etc., denotes low second, ctc.
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reduced. Had the vehicle continued in L-2, the speed might have been
slightly higher.

76. XMH1OEl. Five speed tests were conducted with the XM41OEl. 1In
the maximum speed on pavement test (item 186), the XM41OEl tires were in-
flated to 35-psi pressure (recommended pressure for XMU1OEl tires on pave-
ment). In all other XM41OEl tests, the average tire inflation pressure was
12,2 psi. The curve in plate 9, fig. a, shows that as soil strength in-

creased from an experimental VCI., of 18 to about 50 RCI, speed increased

sherply from 2.5 to 22.5 mph. Aitsoil strength increased beyond 50 RCI,
spead increased gradually. A top speed of 53 mph was developed on pavement.
77. M35A2 (mod). RCI's versus maximum speeds for the M35A2 (mod)
tests are chown in plate 9, fig. b. Four tests were conducted on soil and
two tests on pavement. In one of the pavement tests (item 188), tire in-
flation pres:ure was 70 psi (recommended pavemeni pressure). In all other
tests, average tire pressure was 20 psi. The higher tire inflation pres-
sure increased the maximum speed on pavement of the M35A2 (mod) by 12.8 mph.
The curve in plate 9, fig. b, shows an increase in speed from 2.5 to 52 mph
between an experimental VCIlt
78. Ml13. Six speed tests were conducted with the MI13. The curve
in plate 9, fig. ¢, shows that as soil strength increased from an experi-
mental VCI,, of 15 to about 50 RCI, speed increased sharply from 2.5 to

1t
17.3 mph. Beyond an RCI of 50, speed continued to increase graduslly to

of 27 and pavement.

about 30.2 mph on pavement,

79. MEXA 10x10. Eight speed tests were conducted with the MEXA
10x10. Results are plotted in plate 9, fig. d. In item 191 the MEXA tires
were inflated to a pressure of 15 psi (recommended pavement pressure). In
all other tests the inflation pressure was 7.3 psi. The increased tire in-
flation pressure increased thc MEXA 10x10 maximum speed on pavement by 1.6
mphi,  The curve shows that as soil strength increased from an experimental
VCIlt of 7 to 3% RCI, speed increased trom 2.5 to 17.0 mph, Beyond 35 RCI,

speed increased gradually to a maximum of 22.5 mph on pavement.
80. MEXA 9x8. Speed test data for the 12 tests conducted with the
WA 3x3 are shown in plate 9, fig. e. In item 193 the MEXA tire inflation

rresswre was 15 psi (reccmmended pavement pressure). At this pressure the




MEXA 8x8 reached a maximum speed of 22.9 mph, but in reaching this speed
tia vehicle's front unit experienced excess lateral movement which caused
the driver concern for his safety. However, when inflation pressure was
reduced to 9 psi the maximum speed on pavement was decreased by only 0.7
mph and lateral movement of the front unit was not excessive. The curve
in plate 9, fig. e, shows an increase in speed from 2.5 to 17.5 mph from
an experimental VCI,, of 11 to an RCI of 45, indicating that the MEXA 8x8
is sensitive to small changes in soil strength. Beyond 45 RCI, this sensi-
tivity decreases.

81. MEXA track. Seven tests were conducted with the MEXA track. A
plot of the test data is shown in plate 9, fig. f. The curve for these
data indicates that as soil strength increased from an experimental VCIlt
of 7 to 30 RCI, speed increased sharply from 2.5 to 10.5 mph. Between 30
RCI and pavement, speed increased gradually to a meximum of 16.2 mph.

Maneuver Tests

82. At the Carson Sink and Four Mile Flat tests sites 101 maneuver
tests were conducted with the six test vehicles on a range of soil
strengths. Soil strength and related data for each test are summarized in
table 6. The one-pass average speed and measured turning radius for each
test are presented in table 7. Also shown in table 7 are steering angle
and corresponding torque data for tests with the Ackerman-steered XM!:10El
and M35A2 (mod) and with the articulated steering of the MEXA 10x10 and
MEXA track. Steering angle and torque data in turning tests with the Mil13
were not recorded because the Mi1l3 is a skid-steer vehicle and it is not
equipped with a steering transducer. Steering angle and torque data were
recorded in tests with the MEXA 8x8. However, because reduction of the
torque record produced negative torque that could not be reconciled ir some
tests, the data were considered to be questionable and are not included in
the analysis. The analysis of the maneuver test data consists of the de-
velopment of turning radius-speed relations. force-steering angle relations,

and force-RCI relations. These relations are vresented and discussed in
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the following paragraphs. Typical maneuver tests in progress are shown in
fig. 26.

a, MEXA 10x10 after completing a left turn at Carson
Sink site 4 (item 240)

b, MEXA 8x3 after completing a right turn at Four Mile
Flat site 6 (item 271)

Fig. 20. Typical maneuver tests in progress
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Turning radius-speed relations

83, Turning radius (in feet) and speed (in miles per hour) data were
plotted for each of the test vehicles, and curves of best visual fit were
drawn through the data points. These plots are presented in plate 10. The
0- to 6-in. RCI for each turn is also shown in the respective plot. The
turning radii were obtained from planimetric maps that show the path taken
by the outside edge of the outside wheel or track of the vehicles in each
test, The average speed for most turn tests was calculated from measure-
ments of time and distance. The time and distance required for the vehicle
to roll to a stop after the vehicle power train was shifted into neutral
(paragraph 21) were excluded from the average speed computation.

84, The relations developed in plate 10 show that, in general, for
the range of speeds tested, as speed increased turning radius increased.
Although there is no indication of a strong correlation between soil
strength and turning radius for a given vehicle, it is probable that 4if-
ferences in soll scrength may have contributed to the scatter of the gdata
in plate 10. Also, test procedures created some difficulty in determining
the turning radius in some of the tests, and this could account for part of
the scatter.

Force-steering angle relations

85. For the XMh1OEl, M35A2 (mod), MEXA 10x10, and MEXA track, per-
formance in terms of force (at the wheel- or track-ground interface) com-
puted from drive-line torque divided by vehicle weight (FT/W) was plotted
versus steering angle in degrees for each turn test. FT was computed
without regard to efficiency losses between the torque sensor and wheel- or
track-ground interface. A curve of hest visual fit was drawn through data

points for each turn test. The curves were grouped by vehicle according to
tests conducted at approximately the same speed and are presented in plates
11 and 12. For each curve (represented by item numbers) the corresponding
0- to 6-in. RCI and the average speed are tabulated below the respective
plot.

86. The curves show the relation of steering angle to FT/W from
the straight-line position (0 deg) through the steering action to the maxi-
mum steering angle (MSA). These relations indicate that, generally, during
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the steering action FT/W increased very gradually for the wheeled vehi-
cles and gradually for the MEXA track between zero steering angle and about
5 deg less than maximum steering angle (MSA - 5 deg). At about MSA - 5 deg,
FT/W usually began to increase sharply, and in most cases FT/W reached a
maximum at the MSA. Tabulated below are the average MSA for each vehicle,
the average increase in F,.[/W from zero steering angle to MSA - 5 deg, and
the average increase in FT/W from zero steering angle to MSA. The MSA
values shown are average values since the MSA for each vehicle deviated
slightly from test to test. This deviation probably was caused by slack in
each vehicle's steering system.

Avg Increase in Avg Increase in

Avg  Fp/W from fero Fp/W from Zero
MSA Steering Angle Steering Angle

Vehicle deg to MSA - 5 deg to MSA
XM410E1 29.0 0.02 0.06
M35A2 (mod) 24.5 0.03 0.07
MEXA 10x10  25.9 0.02 0.07
MEXA track  27.2 0.07 0.13

87. The tabulation above shows that the increase in FT/W was about
the same between zero steering angle and MSA -~ 5 deg for the three wheeled
vehicles, but that for the MEXA track the increase was about double that of
the wheeled vehicles. This was also true of the average increase in FT/W
from zero steering angle to MSA.

88. As shown in the plots, the curves for each vehicle exhibit the
same general shape and tend to separate according to soil strength. The
plots show that generally as soil strength decreases, FT/W tends to in-
crease. The plots also indicate that for the range of speeds tested with a
particular vehicle, differences in speed had little effect on force-
steering angle relations.

Fp/M versus O- to 6-in. RCI
89. Report 3 of this series6 states that steering angles above

MSA - 5 deg are seldom needed for maneuvering even at ocbstacle spacings
approaching the minimum required by the vehicles. Therefore, the MSA - 5

deg value is of interest since it appears to be a more practical value with
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which to analyze vehicle force and its relation to soil strength.

90. The soil strength parameter that showed the best correlation
yith FT/W was the O- to 6-in. RCI. A plot of FT/W at MSA - 5 deg for
the lowest vehicle speed in each soil strength versus the 0- to 6-in. RCI
is shown in plate 13. Curves of best visual fit were drawn through the
data points for each vehicle. The FT/W values were obtained from the
curves developed in plates 11 and 12. Data used to prepare plate 13 are
summarized below.

Item  O- to 6-in, Fp/W at Item  O- to 6-in. Fr/W at
No. RCI MSA -~ 5 deg No. RCI MSA - 5 deg
XM410E1 MEXA 10x10 (Continued)
194 Ly 0.12 246 2y 0.1k
198 29 0.12 250 210 0.06
202 2k 0.17 254 19 0.06
206 194 0.07 256 14 0,08
M35A2 gmodz MEXA Track
210 L6 0.14 274 52 0.21
214 34 0.20 278 32 0.23
218 198 0.07 282 24 0.25
286 154 0,21
MEXA 10x10 290 17 o'tﬁ
291 15 0.
238 50 0.11 p
22 35 0.1k 293 7 0.46

91. The curves in plate 13 show that for the XM41OE1l, M35A2 (mod),
and MEXA 10x10 FT/w increases only slightly between about 200 and 50 RCI.
Below 50 RCI, FT/W increases rapidly with little decrease in RCI. Two
data points for the MEXA 10x10 (items 256 and 254) did not fit the general
shape of the curves. No reason can be given for these apparent anomalies;
however, erroneous torque data are suspected. The curve for the MEXA track
indicates a slignt increase in FT/W between 160 and 30 RCI. Below 30 RCI,
FT/W increased rapidly with decrease in RCI. One noteworthy aspect of
these plots ic that the shape of the curves compares favorably with the
curves developed in the towed motion resistence analysis.

92. Plots weie alsc made, but are nct included herein, of FT/W at
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MSA - 5 deg versus the O- to 6-in. LCI at other vehiele test spesds. These
plots revealed little change in the magnitude or shape of the curves pre-
sented in plate 13.
Minimum soil strength

93. 1In table 6, the O- to 6-in. RCI's for items 272, 273, 293, and
294 show that the MEXA 8x8 and the MEXA track are capable of maneuvering on
soil strengths equal to their respective experimental VCIlt's. For the

other vehicles tested, the maneuver data are not sufficient to permit per-
formance dcterminations based on soil strength alone. However, the results
tabulated in paragraph 86 were considered onee again, and the following
statcments can be made regarding these vehieles.

ok, FT/W is considered to be a relative measure of motion resist-
ancc. Keeping in mind that the VCIlt of the MEXA track was established at
7, the data show that on RCI's of 7 and 6 the increased motion resistance
from zero steering angle to maximum steering angle was not great enough to
cause immobilization. Then since the XM41OE1l, M35A2 (mod), and MEXA 10x10
show 2 smaller increase in FT/W with inecreasing steering angle than did
the MEXA traek, it follows that these vehicles alsc should be able to ma-
neuver on soil strengths equal to their respective VCIlt's. As for the
Mi113, additional tecst data are nceded to determine the mir .
strength required for maneuvering; however, sinee the MI13 .. .. skid-steer
vzhicle, it is felt that it might require a soil strength slightly higher
than VCIlt for maneuvering.

95, The preceding analysis indiecates that five of the six vehicles
tested should be able to maneuver in soll strengths as low as their respec-
tive VCIlt'S‘ Nevertheless, since motion resistance was shown to increase
during a turn and ircreuse in motion resistance reduces the maximum spced
a vehiele can attain, it follows that maximum spced in a turn will be less
than the maximum streight-line speed on a given soil strength. The follow-
ing tabulation presents the maximum turn spceds and their related soil
strenths,  For comparison purposes, the tabulation also shows maximum
strairht-line speed tor cach soil strength {acquired from the speed-soil

strencth curves in plate y).
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0- to 6-in. Max Speed, mph

Vehicle RCI Turn Straight Line
XM410EL 24 10.3 12.0
M35A2 (mod) 3k 6.5 8.0
M113 25 5.1 12.0
MEXA 10x10 12 5.2 5.5
MEXA 8x8 11 2.7 2.5
MEXA track 7 2.8 2.5

The tabulation above shows that in four of the-six tests, straight-line
speed was greater than turn speed. The results cf two tests are considered
anomelies because turn speed is greater than straight-line speed. Such
anomalies are especially likely to occur in this kind of a comparison when
the RCI value is near or at VCIlt because the value of VCIlt is uﬁgaljy
slightly conservative. {Note that VCIlt is 11 for the MEXA 8x8 and 7 for
the MEXA track; see paragraph “73.) However, despite these anomalies, the
data, in general, tend to support the hypothesis that the motion resistance

encountered in a turn causes a decrease in the meximum speed of vehicles.

Performance of MEXA Vehicles' Articulated Steering
and Inching Systems in Soft Soils

96. The three MEXA vehicles were equipped with articulcted and
"inching" systems. The articulated joint between each vehicle unit is, in
the free position, capable of roll, pitch, and yaw. The inching system be-
tween each unit has the ability to move one unit of the vehicle while the
others remain stationary. The maximum extension distance of cach inching
unit is 2 ft. {In fig. 27b, the inching cylinder between the two units of
the MEXA track vehicle is shown in extended position.)

97. In seventeen of the VCI tests, after the vehicle became immo-
bilized, the operator attempted to extricate the vehicle by means of artic-
ulating and/or inching. Vehicle performance in each test is described in
the remarks column in table 2. The tests in which one or toth of the sys-
tems were used are indicated in the following tabulation and results are
discussed in the following paragraphs.
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System Tested

Vehicle Item No. Articulated Inching
MEXA 10x10 y2 X X
43 X X
Ly X x
45 X X
b7 X p's
48 X
49 X X
51 X
52 X
MEXA 8x8 62 X
65 x X
MEXA track 77 X X
79 x X
80 p's
81 X 2
84 X X
85 pYs p's
Tetal 17 14 1L

Articulated steering

96. The roll, pitch, and yaw actions of the articulated joints of
each MEXA vehicle were used in combination. Within limits, pitch and yuw
actions can be controlled mechanically by the vehicle driver. With the
articulated joint in free state, roll is induced by the terrain configura-

tion over which the vehicle is traveling and cannot be controlled mechani-
cally by the driver. Of the 14 attemp.s to extricate a vehicle by articu-
lation, the MEXA 10x10 was the only vehicle that was able to extricate it-
self from an immobilization. The MEXA 10x10 attempted to become mobile
through the use of the articulated steering in nine tests; attempts in four
of the tests were successful. In item 48 the articulating action allowed
the vehicle co extricate itself in a forward direction from the immobiliza-
tion. In items 49, 51, and 52, te.t conditions were similar. In these
three tests, the MEXA 10x10 was backed into the soft soil arca until it be-
cxne immobilized. The test vehlicle first attempted to continue backing
soress the soft soil using articulation but was not able to do so. The
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vehicle then atiempted to pull forward without articulating and could not.
Articulation was again used and the MEXA 10x10 was able to gain enough
traction to pull itself out in forward onto the firm ground that lay im-
mediately in front of the vehicle.

99. Results of these tests indicate that articulation is of limited
value as & means of extricating the MEXA vehicles from an immobilization
caused by soft soil.

Inching system

100. The inching system (fig. 27) was designed so that, in theory, a
vehicle could utilize inching to extricate itself from an immobilization in
the following manner. With a vehicle composed of units A and B at the min-
imum length position (contracted), the operator can brake unit B and apply
power to unit A and at the same time activate the inching cylinder located

a. Vehicle immobilized, inching cylinder
partially extended

b. Vehicle immobilized. inching cylinder fully extended

Fig. 27. MEXA track at Four Mile Flat site 8 (item 85)
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between the two vehicle units. Thus, unit A can develop tractive effort
and push against unit B with the inching cylinder. This would enable

unit A to move to a new ground position. The functions of the two units
are then reversed and unit B is drawn up to unit A. The vehicle could
supposedly inch forward or backward to a position where the ground was firm
enough to allow the vehicle to travel conventionally without inching.

101. The inching system was used on 14 immobilization tests. Fig. 27
shows the MEXA track during one test. The inching system was helpful in
extricating the vehicle in only one test (item 62, with the MEXA 88). In
12 tests, either both units moved awsy from each other, although one unit's
brakes were locked, or one unit remained stable whether it was supposed to
or not, forcing the other unit to move to and from the first unit. The
general observation made by test persomnel was that once a MEXA vehicle be-
came immobilized due to a soft soil condition, the more the inching systen
was used, the more deeply embedded the vehicle became.

102, These results indicate that for the MEXA vehicle, only in rare
situations will the inching system contribute to a vehicle's efforts to ex-
tricate itself from an immobilization caused by soft soil.

Further Analyses

103. The analyses presented herein have been based on those aspects
of the test data necessary to satisfy the purpose of the immediate program.
The data collected during this program lend themselves to further analyses
directed toward more detalled studies of acceleration, deceleration, and
drive-line torque characteristics. This extension of date analyses would
provide a basis on which to evaluate aspects of motion resistance, speed,
and mancuver test procedures and vehicle response measurements and thelir
ability to establish meaningful soil-vehicle relations. Additional analy-
ses of these data are plamned for the future.

10k, The experience gained from the conduct of the tests and analy-
ses of data in this program points up the need for updating and standardize-

ing test procedures for conducting comprehensive soilevehicle test programs.
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Mechanical and Operational Problems of the MEXA Vehicles

Mechanlical failures

105. During the course of the test program reported herein the fol-

lowing major mechanical falilures occurred.

8.

f.

The MEXA 8x8 had five differential failures during the
tast program. These failures occurred in tests where the
torque demand was at or near maximum torque output.

During a speed test on pavement the welds that held the

MEXA 10x10 center drop box in place failed, allowing the
center drive shaft to drop, causing extensive damage to

both center drive shaft and drop box.

Numerous fatigue cracks developed in the vehicle freme
of the MEXA 10x10 and MEXA 8x8.

On two occasions the main bearing of the power train
at the back unit of the MEYA 10x10 failed.

The passive air springs of the MEXA 8x8 had to be re-
located to prevent the spring support brackets from
excessive deflections.

On two occasions high pressure hoses of the MEXA vehicles'
hydraulic system ruptured.

Vehicle operation

106. The following deficiencies were noted during test operation of
the MEXA vehicles.

a.

b.

At times, especially at high speeds, the steering re-
sponse of the MEXA vehicles was slow.

Each time a MEXA vehicle was moved the vehicle's trans-
mission and transfer case controls had to be adjusted
to make gear shifting possible. The driver made this
adjustment within 2 or 3 min by opening and closing a
pressure rclease valve,

The MEXA 8x3 was difficult to control in a tight turn.
Because the front unit of the MEXA 8x8 was lighter than
the secend and third wiits, there was a tendency for the
front unit to be pushed sideways. To correct this prob-
lem, the first-joint pitch control had to be used during
a turn to transfer some weight from the second unit to
the first.
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PART IV: COMPARATIVE FVALUATION OF VEHICLE PERFORMANCE

107. The performances of the military and MEXA vehicles were com-
pared on the basis of the results presented in Part III. These results in-

clude the experimentally determined VCI., and VCISO’ drawbar pull-speed re-

lations, drawbar pull-soil strength relitions, towed motion resistance-RCI
relations, maximum speed-RCI relations, turning radius-speed relations, and
force required in tuvrning-soil strength relations. Except for the VCI50
determinations, all performance correlations were made on the basis of one-
pass performance. The similar relations developed for each vehicle are

compared and discussed in the following paragraphs.
VCI Tests

108. Tests to determine the minimum soil strength that would permit
the vehicles to complete one pass (VCIlt) end 50 passes (VCISO) in a
straight-1ine path on level fine-grained soil revealed the following re-
sults:

Experimental
vCcI VvCI

Vehicle 50 1t
XML10EL 32 18
M35A2 (mod) 56 27
M113 29 15
MEXA 10x10 18 7
MEXA 8x8 23 n
MEXA track 21 7

109. The experimental VCI,, and VCI.. for the test vehicles showed

1t 50
that on the basis of "go-no go" for one pass and 50 passes in fine-grained

soil, the three MEXA vehicles were superior in performance to the vchree
military vehlcles,

Drewbar Pull Tests

Drawbar mall-spveed relations

110. The drawbar pull-speed curves for military and MEXA vehicles
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are shown in plates 3 and 4, respectively. A comparison of performance in
terms of drawbar pull divided by vehicle weignt (D/M) versus speed shows
that on soils strong enough for all vehicles to operate, the MEXA vehicles
generally developed higher D/W values between O and about 2 mph. Beyond
2 mph the military vehicles developed higher D/w values. The data for
these tests show ' hat the military vehicles could not develop enough force

Gl

to produce 100 percent slip between their traction elements and pavement or
the firmer soil strength. The MEXA vehicles in their lower gear apparently
had ample power to produce 100 percent slip on all test surfaces.

Drawbay pull-soil strength relations

111. A summary of (D/‘W’)opt versus soil strength curves for the six
test vehicles is presented in plute l4. The curves show that the traction
performances in terms of (D/W)opt for the MEXA vehicles are superior to
those of the three military vehicles. From the minimum soil strength
values, (D/W)opt for each of the military vehicles increased rapidly to
about 50 RCI, beyond which little change occurred with increased soil
strength. The (D/W)opt for each of the MEXA vehicles increased rapidly
up to about 40 RCI. Beyond UO RCI, the (D/w)opt for each of the ME(A
vehicles increased little with increase in soil strength.

Towed llotion Resistance

112, Effects of soil strength on one-pass towed motion resistance

for the test vehicles are shown in plate 15. Motion resistance divided
by vehicle weight (RM) is plotted versus O- to 6-in. RCI. Performsnce
curves in these plots indicate that for the soil strengths tested, R/W
for the MEXA wheeled vehicles was less than R/M for the wheeled and
tracked military vehicles. On soil strengths less than about 40 RCT,
R/ for the MEXA track was generally less than R/W for the wheelud and
tracked military vehicles. Above about 4O RCI the MEXA track's RM was
generally greater than that of the MLl3 and of the XMY1OEL but less than
i that of the M35A1 (mod).

Speed Tests

113. Curves showing the effect of s0il strength on maximum venicle
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speed on a level surfaece for the test vehieles are presented in plate 16.
The plot shows one-pass maximum speed versus O- to 6-in. RCI. A comparison
of curves indieates that the performance of the MEXA vehicles as a group
was superior to that of the military vehicles on soil strengths between 7
and 21 RCI. The Mil3 outperformed the MEXA track except in very soft soils
below an RCI of about 20. The MEXA wheeled vehicles outperformed the M112?
excapt on pavement. The XMUIOE1l outperformed all MEXA vehicles except in
the very soft soils, below RCI's of 20-30. The M35A2 (mod) outperformed
the MEXA wheeled vehieles in firm soils (RCI 70-80) and on pavement, and
outperformed the MEXA track in soils firmer than RCI 40. On pavement the
speed of the conventional military wheeled vehicles was about 2.5 times
greater than the speed of the MEXA wheeled vehicles and the speed of the
military tracked vehicle about 2 times greater than that of the MEXA track.

Maneuver Tests

Turning radius-speed relations

114, A summary of relations developed showing the effects of speed
and soil strength on turning radius for the test vehicles is presented in
plate 17. The ypiots show vehicle speed versus turning radius for each
test vehicle on a range of s0il strengths (indicated on the plots). As
previously diseussed (paragraph 88), for the range of soil strengths tested,
soil strength appeared to have little effect on the vehicle's turning
radius. A study of these relations indicates that at a given speed the
militury vehieles have smaller turning radii than the MEXA 10x10 and the
MEXA track. The MFXA 8x2 turning radius was greater thun that of the
“Mh10KY, about the same as the M35A2 (mod), and greater than the M113.

Turnine roree-soil strength relations

11%. 7The effects of so0il strenpgth on force required in a turn
(.74 at TA = 9 der) for the XMLIOEl, M3SA2 (mod), MEXA 10x10, and MEXA
tréch are chowm fr plate 12, The performunce of the MEXA 10x10 was abcut
the swme o3 that f the ¥MLIOEl and was better than that of the M35A2 (mod).
e performance of Lhe MEVA track was the poorest of the rour vehicles in

this teot,
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116.

PART V: SUMMARY OF TEST RESULTS, AND RECOMMENDATIONS

Summary of Test Results

Results of this investigation are summarized below,

a.

VCI's established for the six test vehicles were:

Experimental

Vehiele Veiso veL,
XMLE10E1 32 18
M35A2 (mod) 56 27
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>