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PREFACE

The tests reported herein are part of the studies conducted by the
U. S. Army Engineer Waterways Experiment Station under Corps of Engineers
Subproject 8-70-05-400, "Trafficability of Soils as Related to the Mobility
,of Military Vehicles," and were also financed in part by the Bureau of
Yarde and Docks, Department of the HNavy.

Acknowledgment is made to the consultants for trafficability s*tudies
end to the representatives of the Bureau of Yards and Docks, Department of
Agriculture, Detrcit Arsenal, and Office, Chief of Engineers, who partici-
pated in a conference at the Waterways Experiment Station on 12 Mey 1955
and offered suggestions for conducting the tests reported herein. Special
acknowledgment is made to Dr. A. A. larlam, consultant, for his participa-
tion in the Pacific islands test program.

These tests were performed by personnel of the Army Mobility Research
Center, Soils Division, Veterways Experiment Station, under the supervision
of Messrs. W. J. 'I‘urnbull‘, C. R, Foster, and 3. J. Knight, Engineers
actively engaged in the study were Messrs. A. A, Rula and E. 3. Rush. This
report was prepared by Mr. Rush.

Dircctors of the Watcrways Experiment Station during the conduct of
this study and preparation of this report were Col. A. P. Rollins, Jr., CE,
and Col. Edmund H. Lang, CE. Mr. J. B. Tiffany was Technical Director.
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SUMMARY

Three types of vehicle tests (self-propelled, towing, and toved) were
«onducted with several military vehicles over a range of vehicle weights,
tire pressures, and sand strengths and conditions .for the following

purposes:

a. To determine vhether the trufficability characteristics of
coral and volcanic sands differ from those of quartz sands
previously tested.

b. To establish more definitive relations between sand condition
and vehicle mobility by testing vehicles on softer sands than
previously tested.

ce To determine towing abilities of self-propelled vehicles over
a range of sand conditions.

de To determine towing-force requirements of various vehicles
over a range of sand conditions.

!Single self-propelled wheeled vehicles were tested on undi~turbed coral and
vclcanic sands on Pacific islands, and on quartz sand (dese.t and beach) in
the United States. Towing teats with self-propelled vehicle. were con-
ducted on harrowed desert qua:stz sands near Yuma, Arizona. 'iwed wheelel
trailers were tested on disturbed and undisturbed quartz cand at Camp

Le jeune, North Carolina. Principal conclusions were that: (a) performance
of single self-propelied wheeled veliicles can be expressed in cone index-
slope climbing ability terms; (b) wet sands are more trafficable than
dry-to-moist sands; (c) performance, as defined by the cone index-slope
climbing curves, is the same regardlecs of sand source (quartz, volcanic,
or coral) or location (beach or desert); (d) towing ability of zelf-
propelled vehicles (wheeled and tracked) on harrowed sand slope. 21n be
computed with reasonable accuracy from performance measurements obtained in
tests of the respective vehicles on lavel harrowed sand; and (e) towing-
force requirements of wheeled trailers can be correlated with cone index
and tire pressure.
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TRAFFICABILITY OF SOILS
TESTS ON COARSE-GRAINED SOILS
WITH SELF-FROPELLED AND TOWED VEHICLES
1956 AND 1957

PART I: INTRODUCTION

Purpose and Scope of Test T:ugram

l. T~ tests reported herein are part of a study to establish rela-
tions between coarse-grained soils and the ability of military vehicles to
negotiate thems These tests liad the following specific objectives:

a. To determine whether the trafficability characteristics of
coral and volcanic sands differ from those of quartz sands
rrevicusly tested.

b, To establish more definitive relations between sand :cndition
and vehiii~ motility by testing vehicles on softer sanis than
previously lested.

c. To determine towing abilities of self-propelled vehicles over
a range of sand conditions.

d. To determine towing-force requirements of various vehicles
over a range of sand conditions.

2, ObjJectives a and b were accomplished by tests on th¢ beaches of
certain islands in the Paciftic Ccean. Objective ¢ was partially accom-
plished by tests on desert sands near Yuma, Arizona, and objective d was
ypartially accomplished by tests at Camp Lejcune, North Carolina. Testing
of additional vehicles on a2 wider range of sand conditions will te neces-
sary to complete these latter two objectives,

Previous Invesgiigations

3. Since 1345 the Waterways Experiment Station has conducted a
large numver of traffic tests with military vehicles on a variety of s.il
conditions. Results of this work have been published in a series of re-
ports with the general title "Trafficability of Soils," Technical Memo-
randum No. 3-240, which are listed on the inside of the front cover of this
volume., HMost of the tests were conducted on fine-grained soils, as these
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were believed to cause the greatest trafficability problems. The develop-
ment of instrumentc and techniques for measuring the trafficability of
these soils is considered to be essentially completed. Work to develop
methods of measuring trafficability of coarse-grained soils is continuing.

Pilot St of Coarse- ined Soils

L. In October 1953, a joint Army-Navy ad hoc committee assigned the
responsibility for studying means of determining the trafficability of
beaches (particularly those with coarse-grained soils) to the Waterways
Experiment Station. The first phase of this project was a pilot study to
provide background information concerning mobility problems on coarse-
grained soils, and to determine whether instruments and techniques that
have been successful in defining trafficability of fine-grained soils would
also be successful in coarse-grained soils. This stuay was accomplished in
1954 and is reported in Technical Memorandum 3-240O, 13th Supplement. All
the vehicle tests reported in the 13th Supplement were conducted on quartz-
type sands found on inland areas and beaches of the United States. The
important findings of this pilot study are summarized as follows:

a. Sand categories, Two distinct sand categories, each re-
quiring a different technique for the determination of its
trafficability, were recognized: (1) clean sands that re-
acted in a frictional manner to traffic, and (2) sand with
fines, poorly drained, that reacted in a more plastic manner.

b. Instruments. The cone penetrometer was found to be as accu-
rate an instrument for measuring sand trafficability as any
tested, and was recommended for future use in sands, mainly
on the basis of its ability to determine profile conditions
but also because it had been previcusly accepted for use in
fine-grained soils.

c. Remolding effects. No necessity was found for predicting
strength changes under vehicle traffic for most sands (see
subparagraph d). For sands with fines, poorly drained,
strength changes had to be estimated and a technique for
doing this was developed.

d. Repetition of traffic. In general, the first pass was found
to be the most difficult for &« wheeled vehicle in a sand
area. Succeeding passes were made with increasingly less
difficulty and smaller and smaller increases in rut depth.
An exception to this occurred in some crusted sand., The
surface crust supported the vehicle for one pass (or a few)



but suddenly broke on a subsequent pass, causing the vehicle
to become immobilized or making operation more difficult in
the much csofter sand and deeper ruts. Because only a few
tests were cond.icted on crusted sands, no attempt was made to
devise a means .f predicting break-through.

e. Tire pressure. Among individual vehicle characteristics,
tire pressure was the most influential single factor in the
performance of wheeled vehicles in sand.

f. Critical layer. For all vehicles tested, the critical layer
of the various sands appeared to be the top 6 in.

Definitions

5. Certain soil, beach, test-media, and vehicle terms used in this
report are defined for the convenience of the reader.
Soil terms

Fine-grained soil ({ines). A soil of which more than 50% of the
grains, by weight, will pass a No. 200 U. S. standard sieve (smaller than
0,074 mm in diameter).

Coarse-grained s0il. A soil of which more than 50% of the grains, by
wveight, will be retained on a No. 200 sieve (larger than 0,074 mm in
diameter).

>and. A coarse-grained soil with the greater percentage of the
coarse fraction (larger than 0,07k mm) passing the No. 4 sieve (4.76 mm).

Sand with fines, poorly drained. A sand that contains some fine-
grained soil and ies slow-draining. Wwhen wet, such sands behave similarly
to very wet fine-grained soils under vehicular traffic.

Dn‘ Particle diameter, in millimeters, that is larger than the grain
diameter of n per cent by weight of the sample (e.g., Dgo = 0+30 means
that 60% of the sample, by weight, has a grain diameter less than 0.30 mm).

Effective size, The effective size of a s0il is that particle diam-
eter, in millimeters, that is larger than the grain diameter of 10% by
wveight of the sample (olo).

D0
D10
of the grain-size curve, A material composed entirely of grains of the

same d’'.meter would have a uniformity coefficient of 1.0,

Uniformity coefficient (Cu = An index reflecting the shape




Medisi. diameter. The median diameter is that particle diameter that
is larger (or sma® :r) than the grain diameter of 50% by wei,sht of the

sample (DSO)'

Density. The unit weight of the soil in pounds per cubic foot. Un-
less otherwise stated, the density is the dry unit weight.

Moisture content or water content. The ratic, expresced as a per-
centage, of the weight of water in the soil to the dry weight of the solid

particles.
Cone index. An index of the shearing resistance of soil obtalned

wvith the cone penetrometer. The value is a dimensionless number repre-
senting the resistance of the soil to penetration of a 30-deg cone of 0,5~
sq-in. base or projected area. The number, althougl. considered dimension-
iess, actually denotes pounds of force on the handle divided by the area
of the cone base in square inches.

T ‘ficebility. The capacity of a soil to support the traffic of

military vehicles.,
bearing capacity. The ability of a soil to support a vehicle without

undue settlement.
Traction capacity. The ability of a Joil to provide sufficient re-
sistance to the push of the track or wheel of the vehicle to furnish the

necessary thrust to move it.
Critical layer. 'The layer of soil regarded as being most pertinent

to establishing the relation between soil strength and vehicle performance.
(For coarse-grained soils, this appears to be the O- to G-in, layer. )

Liquefaction. The puddling and drastic reduction in strength of sat-
urated (although initially firm) soil under the action of repetitive
1oading.

Erosion. The washing away of coil particles vy water moving under
and around that portion of a wheel or track in contact with the soil,
Beach terms

Foreshore {FS),* That part of the beach ordinarily traversed by the
iijprush and downrush of waves as the tide rises and falls,

* The beach terms noted with an asterisk were extracted from Appendix /.,
Beach Erosion Board Bulletin, Gpecial Issue No. 2, March 1993, Other
terms pertain to specific areas in which vehicular itests were conducted
but which are not defined in the abuve-mentioned reference,




Backshore §BS).* That part of the heach between the foreshore and
the forward dune apron (if present) or the coast line.
Berm crest (BC) or beach berm.* The seaward lim't of the backshore;

usually a relatively flat area paralleling the foreshore and occasicnally
wvetted by waves at high tide.

Berm backsly ‘BBS}. A backshore area between the berm crest and

the forward dune apron, usually sloping gently downward and landward.

Forward dune apron (FDA). The conceve seaward slope of a line of

dunes.
Dune area (DA), coastal., An area of wind-deposited sand between the

forward dune apron and the coast line., Coastal dunes may be activc or par-
tially stabilized by vegetation.
Dune arew., desert, An area of active sand dunes with little or no

vegetation present. Desert dunes are much higher and much larper in area
than coastal dunes. |

Cusp.* One of a series of naturally formed low mounds of sand sepa-
rated by crescent-shaped troughs spaced at more or less regular intervals
along the foreshore,

Scarp, beach.* A line of steep slopes facing seaward, caused by wave

erosion of the bench.
Test-media terms

Harrowed sand. 5and that has been harrowed to at least a 12-in.
depth and the surface smoothed with a light drag.

Disturbed sand. OCand disturbed by traffic.

Undisturbed sand. A sand that apparently has not been recently
disturbed.

Vehicle terms

Pass, One trip of the vehicle over the test course.

Immobilization. In this report, failure of a self-propelled vehicle
to travel forward over sand, although it could possibly back up in its
ruts. 1In this report, immobilizations of wheeled vehicles also were con-
sidered to Tave occurred whenever the drive wheels began tc jerk violently
and the vehicle began to make very labored, slow prugress.

R

# GSee footnote on preceding page.



Maximum drawbar pull. The maximum amount of sustained towing effort
a self-propelled vehicle can produce at its drawbar under given test condi-

tions.

Towing-force requirements. The amount of force required to tow a

given vehicle under given test conditions.
Tractive coefficient, The ratic of the maximum drawbar pull to the
gross weight of a vehicle.

Slip. The percentage of track or tire mcvement ineffective in
_thrusting the vehicle forward.

glerating,(ER).* A term used to identify a given tire wi*h its
maximum recommended load when used in a specific type of service. It is

an index of tire strength and does not necessarily represent the number of
cord plies in the tire,

® Anperican Tire and Rin 7 zsucinticl k., 15,



PART 1I: TEST PROGRAMG

6. As stated earlier, tests were conducted on a number of Pacific
islands, at Yuma, Arizona, and at Camp lejeune, North Carolina. The test
progran on the Pacific islands consisted in operating single self-
propelled, rubber-tired vehicles across level and sloping sand beaches,

At Yuma, both rubber-tired and tracked vehicles were tested s< single self-
propelled and towing vehicles on level and sloping natural sand a1 har-
roved sand lanes. At Camp lejeune, single self-propelled or towing, and
trailer or towed-type wheeled vehicles were tested on disturbed and undis-
turbed sand, and asphalt. Measurements and/or cbservations of vehicle
performance and pertinent sand data were mude for each test. Details of
the program are described in the following paragraphs. Locations of test
sites on the various Pacific iclands are shown in plates 1 and 2, Plate 3
showe the locations of the Yuma and Camp lejeune sites used in tests re-
ported herein, as well as the sites used in the pilot study reported in
TM 3-240, 13th Supplement.

Pacific Island Test Areac

T. Brief descriptions of the islands visited and beaches tested are
contained in the following paragraphs. All the beaches tested are of cur-.
and shell origin except the fcllowing four: Kulapana Beach on Hawaii,
Talofofo Beach on Guam, and the famed Red and Yellow Beaches on Iwo Jima,
all of which are of volcanic origin. Representative grain-size curves for
the sands at the various test sites are shown in plate 4; supplementary
Physical property data arc presented in table 1. Average beach profiles
and cone index isopleths are shown in the figures accompanying the text
descriptions. Isopleths show the general strength profile of each beach
to assist in a more complete beach description; however, they are not con-
sidered in the actual analysis.

T. H.

8. Oahu, the third largest island in the Hawvaiian Islands chain, is
of volcanic origin, but there is no volcano activity there at the present
tims. The ocean beaches on Oabu are of three types: sand, rocky or



cliffed, and 3ilty clay with vegetation growing down to the water's edge.
Only the sand beaches were tested, They consist mainly of coral sands de-
posited by wind and wave action,but they also include seashell fragments
and sand eroded from rock formations which can be seen just below the
waterline at low tide on some of the beaches. Vehicle tests were run on
five beaches,and cone index profiles and sand samples were obtained cn four
others. The locations of the beaches are shown in plate 1; they are de-
scribed in the following paragraphs. ‘

9. Mokuleia Beach., This beach, located on the northwestern shore of
Oahu approximately one
and one-half miles west
of Mokuleia Station, is
about 1000 ft long and
250 ft wide (fig. 1). A
profile of the Leach is
shown in fig. 2. The

foreshore averages 15 ft
in width, has a 3%
sloje, and is entirely

covered with water at
high tide and partly
covered at low tide,

Fig. 1. Oashu, T. H., Mokuleia Beach

Above the foreshore

- o s -
is a flat berm crest 2"2‘;‘:-( ) » Ry T
(which comprises all s§§--r 1] e
of the backshore) b ° Nl = =
uveraging 12 ft in g; " , . :
width, frequently 3; //—/—*w“f"
#etted by wave ac- ’ JETwE R e e .
tion. Beyond the
berm crest {5 a Fig. 2. Beach profile and cone index izopleths,#

Moiulelia Beach

* This and all subsequent beach profiles include cune index isopleths,
Jhich are lines of equal come index anrt denoted by =29, Tlevations
are referred to mean lov tide. Cons indexes were measured at the surface
and at 3ein. vertical increments to & maximm depth or b in.



forvard dune apron averaging 25 ft in width, with a 2% slope, on which
1-1/2 in. of dry, loose sand overlies deep, moist sand. The dune area,
soie 200 ft in width, is relatively tlat with 4 in. of dry, loose sand
overlying deep, moist sand. On the landward side of the dune area, where
the beach sand has mixed with alluvium, there is some vegetation.

10, Vehicle tests were run on the berm-crest and dune-area portions
of Mokuleia Beach. The foreshore was too short and the forward-dune-apron
slopes too irregular to be suitable test arecas. Vehicle tests were run
parallel to the shore line on the berm crest, and both parallel and
perpendicular to the shore line in the dune area. A representative sample
revealed the soil to be a poorly graded (SP) medium sand (plate 4, fig. 1).
The cone index for the O- to 6-in. depth ranged from 14 to S1. Character-
istics of the sand are listed in table 1.

1l1. Drone Beach. [Lrone Beach is on the same coast as Mokuleia Beach
and approximately 3/4 mile farther west (plate 1). This teach is approxi-
mately 800 ft long and averages 200 ft in width. A profile of the beach is
shown in tig. 3. The foreshore averages 20 ft in width, has a 30% slope,
and is entirely

& o~ t‘m _?‘umﬂ:olm Ot m.?‘ . OUnE ARga e e

- 9 SeONg | CRES !
covered with water §£§’°; ? R LT e—— L"""’T N %
at high tide and $ TN ' = o

“°3 ‘

partly covered at
low tide. Rock out-

crops can be seen ,
underneath the water . S T
at the foot or the
foreciore, Above
the foreshore is a berm crest (which comprises all of the backshore) ap-
proximately 15 ft wide and fairly flat, which is frequently wetted by waves
at high tide, Beyond the berm crest is s forward dune apron that averages
50 £t in width, has a 15% slope, and .s covered with loose, fairly dry
sand, The dune area is relatively flat near the forsard dune apron but
..iupes downward as it extends inland.

12. Vehicle tests vere run parallel to the shore on the berm crest
and perpendicular to thc shore on the forvard dune apron., No tests vere
un on the foreshore because of its marrow width, or in the duns area

N
3

{4 o
/"ri

AN

\

(.'!.S.VO Cave NOERES)
N\ \\k\
T \\ !

CLEVATION 14 WeCHES

~ -
[
F

Fig. 3. Beach profile, Drone Beach
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because of vegetation and irregularity of the surface. The sand was uni-
form in gradation over the entire beach; a representative sample revealed
poorly graded sand (SP), medium-textured (plate 4, fig. 1). The cone index
for the O- to 6-in. depth ranged from 21 to 48. Characteristics cf the
sand are listed in table 1,
13. Mekua Beach. This beach is located on the western shore of
Oahu, 3 miles scuth along tlie coast from Kaena Point (see plate 1), and is
aprroximately 3/4 mile
~ long and averages 200 ft
E in width (fig. 4). A
: profile of t.e beach is
shown in fig. 5. The
foreshore is approxi-
mately 30 ft wide and
has an average slope of
25%. At high tide the
foreshore is almost

covered with water.

vost of the foreshore is
underlain by rock, which
can be seen a8 outcrops some distance out from the water's edge. Occasion-
ally, the shore line is broken by crescent-shajped troughs which extend ¢o
the forward dune

Fig. 4. "ahu, T. H., Makua Beach

A N SOREORg | SACASMONE

apron. The berm cres” } p— aacamon| ot anes ‘

, ' 1Y ol ' ouwe asnon 1 -

averages 15 ft in o — v e v v y—e
Mach m&4 . R

b e 2otte endd Posrrry wwf

$p?
width, is relatively gg; :’t
flat, and is occasion-

ally wetted »v ‘ave

action. Landward of 7
the berm crest is the ' U T TR e e e
berm backslope, which
averages 50 ft in
width; its slrpe averages (% downward as it continues inland. The berm
backslope is seldom wetted by surf except vhen the waves are unusually
high. Beyond the berm slope is the forvard cdune apron, /hich avrages

LEvaTon 1 mcre s
(969003 1O COE m0eaES)

Fig. 5. Beach profile, Makua Beach
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25 £t in width and Las an uneven surface that ie partly due to an old rail-
road bed over which beach sand has been deposited by wind. Some portions
of the dune area were suitable for testing.

1k, Vehicle tests were run on all areas of Makua Beach. The tests
on the berm crest were run parallel to the shore line,and most of the tests
on the forward dune apron were run perpendicular to the shore line. Only
a small portion of the foreshore was suitable for vehicle tests. The sand
was poorly graded (SP) and fine to medium in texture (plate 4, fig. 1, and
table 1); in the dune area the sand was darker in appearance than that of
the other areas and had little or no fines. The cone index for the O- to
6-in. depth ranged from 22 to 136.

15. Crescent Beach. Crescent Beach (fig. 6), located approximately
1 mile southeast of Makua
Beach, 1s not as uniform
throughout its length as
the beaches described
previously and thus is
represented by two dif-
ferent profiles, one
through a crescent-
shaped trough area be-
tucen cusps, designated
area one (figz. 7), and
the other through an Fig. 6. Oahu, T. H., Crescent Beach
area with no cusps, designated area two (rig. 3).

16. An average profile through area one shcws a foreshore that is
long and relatively flet for foreshores in this area, 1t averages

X r“~!!”!!Lf*1%=Err~“4!!!!’!L=!=-‘1 50 ft in width, Fis a
T

"&- ' | mlcsems | | € slope, end is en-
!h d ” : tirely covered by surf
: — ::“ Y S during perinds of high
¢ ’—- {
!.'; . t 1 t+ t tides and occasiomally
“ — J;_/J/‘“ { { 1
L o vetted during low tides.,
@etanss s seeY Rocks are exposed at the

Fig. 7. Besch profile, Crescent Beach, area onse toe of the foreshore



during low tide. Land-

R O e = P ams | ward of the foreshore is
"ﬁ *r _.L'-T ‘u?;; f ‘I r ‘! the berm crest, which
Q‘x':E 3; S O I | | averages 20 ft in width,
5"'% :] - ‘er 1 No berm backslope is
o | “ I | evident, and the forward
gg \ } l dune aprcn rises di-
Tl .L ) — ,.', , rectly from the berm

OISTANCE N PREY

Fig. 8. Beach profile, Crescent Beach, area two Crcote It averages (&

ft in width and has an
8 slope. The dune area on this beach is a mirture of sand and silt and
supports vegetation to such an extent that it was impractical to run ve-
hicle tests on it,

17. An average profile of beach area two is similar to the profile
c® Makua Beach., The foreshore averages 25 ft in width, has a 2% slope,
end leads up to a berm crest approximately 15 ft in width. Landward of the
berm crest is the berm backslope, which averages 30 ft in width and slopes
downward toward the forward dune apron on an average slope of W4, The for-
wvard dune apron averages 30 ft ir width, has a 10% slope, and leads up to
a dune area on wvhich are found vegetation such as trees and underbrush.

18, Vehicle tests were run on all portions of Crescent Beach except
the dune area. Foreshore tests in the vicinity of the crescent-shaped
troughs were run both parallel and perpendicular to the shore line. Tests
on the Lern crest were run parallel to the shore line,and tests on the berm
backslore were run perpendicular to the shore line. A representative sam-
ple of sand from Crescent Beach shows a poorly graded (SP), fine-textured
material (plate 4, fig. 1, and table 1). The cone index for the O- to 6-
in, depth ranged from 18 to 66.

19. Bunker Beach. This beach (fig. 9), adjacent to the southeast
end of Crescent Beach, is approximately 2000 ft long and has two distinct
profiles, one of which is similar to the profile of Makua Beach.

20. Area one profile (fig. 10) shows a foreshore averaging 30 ft
in width, with an average clope of 25%. The berm crest is about 20 ft wide
and is wetted occasionally by high waves. Beyond the berm crest is the
berm backslope, averaging 50 ft in width; it has an average slope of %
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downward as it extends in-
land. The forward dune apron
is about 25 ft wide, and has
a 15% slope leading up to a
dune area on which some vege-
tation is growing.

21, Area two profile
(f{ 11) represents an area
in which the berm backslope
slcpes downward, leaving a
low area behind the beach
in wvhich water no doubt Fig. 9. 0Oahu, T. H., Bunger Beach
stands for some time after

o PORESICAg | Sacasmone -p:“ nma heavy rains. The fore-
f | same | oumw sachsiome - “T’ shore of this profile re-

i _ (10

gg;t 3 ﬂ'r e oo I l [ sembles other beaches

] gg I 1) e o waitad | mentioned in that it

y §§ F:::I:T’ ? ;:5;;§ | | averages 30 ft in width
gg‘ I~ '“14;,.-"‘? ' { and has a 2% slope. The
' e A | berm crest averages 20 ft

(3 7 ) ) % 5% g 7 7" :

DisTanCE W PeLt in width and is rela-

tively flat. Landward,

the berm backslope

averages 100 ft in width and slopes downward on an average sl.pe of &).
22, Vehicle tests

- acasrong R
wvere run on the berm crest | Somemone_{_oens 0ru sacnsion j

Fig. 10. Beach profile, Bunker Beach, area one

(parallel to the shore g ei = —
1ine), the berm backslope !gg'
(perpendicular to the 5"'

shore line), and on the

forwvard dune apron (per- , ; :
pendicular to the shore — - O

line). The foreshore

slope was too steep for

vehicle tests,and the dune area contained too much vegetation. The sand

CLEVATON i Wt RS
(RPPERS YO COME NBE ASS )
&

Fig. 1ll. Beach profile, Bunker Beach, area two
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was poorly graded (SP), with almost equal amcunts of medium and fine sizes
(plate 4, fig. 2, and table 1). The cone index for the 0- to 6-in. depth
ranged trom 39 to 85.

23. Other beaches. Only cone index and sand data were obtained on
the beaches at Pokai Bay 1, Pokai Bay 2, Naval Ammnition Depot {MAD), and
Last Beaches. Profiles of these beaches are shown in fig. 12. The sands
trom these beachec were all poorl; graded (SP) and ranged in texture from
medium for Last and Pokai Bay 1 Beaches, to fine-to-medium for NAD and
Pokai Bay 2 Beaches (see table 1). The cone index for the O- to 6-in.
depth ranged from 28 to 31 for Pokai Bey 1 Beach, 22 to 52 fcr Pokai Bay 2
Beact:, 26 to 51 for NAD Beach, and 11 to 27 for Last Beach.

Bavaii, T. H.

24, Hawaii is the largest island of the Hawaiian Islands chain and,
likc Oahu, is of volcanic
origin. It is the only
island of this chain that
has an active volcano at

the present time, For
the most part the shores
of Hawvaii are rocky and
cliffed, but there are a
fev sand beaches.

25. The beach
tested on Hav-ii 15 cov- NP
2red with t-na 4 sond de- Fig. 13. Hawaii, T. H., Kalapana Beach
rived from lava rocx

rome secne oo . (cig. 13). A beach pro-
t‘ oeny ‘_‘ Sny GacasLene -‘ tile is shown in fig. 1.
! _ , !

s . coes?
;;i i ~ | Because the beach itself
1% 1] -~ | 1is almost inaccessible by
oy { | vehicle, no trafficabil-
> P i
: % ‘ ity tests were performed;
'~‘ * { however, cone index pro-

BETaNcE & Peet files and sand samples
Pig. li. Beach profile, Hawvaii, Kalapana Beach were obtained. Kalapama
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Beach is approximately 1/4 mile long and about 150 ft wide. The foreshore
is approximately 30 ft wide and has a 12% slope. Bedrock can be seen at
the toe of the slope and is partially exposed at low tide. The entire
foreshore is wetted during high tide. A bera crest at the top of the fore-
shore averages 10 ft in width,and the backshore slopes gently downward as
it continues inland, with palm trees growing near the berm crest. The sanc
wad poorly graded (SP), fine- to medium-textured (plate L4, fig. 3, and
table 1), The cone index for the O- to 6-in. depth ranged from 25 to 68.
Kwajalein Atoll

26. Kwajlalein Atoll (plate 1), one of the largest atolls in exist-
ence, is approximately
T5 miles long £ um the
western to the southern
tip. It consists of
coral rezfs and small
sand bars surrounding
a lagoon. Kwajalein,
its iargest island, is
located on the southern
tip of the atoll and is
approximately 3 miles
long and 1/2 mile wide;
most of this aree is

Fig. 15. Kwajalein Atoll, ocean side

used for an airfield., A
profile across the island
shows the beaches on the
cccun side to he pri-
sarily cravel (fig. 15)

. and som~what stccper than
" the coral sand beaches on
the lagoon side (fig.
16). Thc sand on the
occon-3id~ beaches ic
only a few inches deep
rig. 16. Kajalein Atoll, lagoon side and ov.rlics bedrock.
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Also, it should be noted that the ending foreshore and beginning of
backshore on the lagoon beaches of Kwe’ .ein arc not as well defined as on
Oahu, vhere berm crests were present on nearly every beach, Nine vehicle
tests vere run on three beaches (designoted numbers 5, 5, cnd 7) on the
lagoon side of the iscland where American landings were made in 194k; in
addition, cone index and sand date were obtained on another lagoon beach
(designated number 1). These four Leeches are described in the following
paragraphs, and profiles of each are shown in fig. 17. Gradation and
characteristics ol the sand found on them are given in nlate 4 (figs. >
and 4) and table 1, respectively,

<7+ Beach No. 1, This beach is located approximately midway along
the lagoon coast line of the island. Ac shown in fi~, 17e, the foreshore
15 GO ft wide and hes a slope of 1k; it is underlain by coral rocl: at a

depth of about 7 in. The bacl:shore extends €O £t inland and is fairly flav,

' The sand from this beach was

_ e |
i i ."* " ‘ ' poorly graded (SP) and fine-
!‘ ?t 3‘ : Cotinli-catuidl textured. Range of cone index for
o

the C= to 6-in, depth was 47=52,
23. Beuch lo. 5. This
Leach is located about 10GCO ft
wregt ot Beach No, 1. Its fore=-
shore avernges 70 ft id idth and

=T
I
|

Spvancs m PRet

a. Beoch No. 1 rac a 13 slope (fige 17d). The
- burkshore exilends ¢0 [t inland,
g : ‘l t-:-“—' » 7 rising slirhtly, The sand was
';‘E i R 17orly graded (SP), line- to
g!s ; 3 - mediun-textured, Cone index for
! o 1+t 1 | the 0- to G-in. depth ronged
9. Peach No, 5, located

; atout 2CCO 't west of the northern-
be Beach Ho. 5 rost tip of the island, this beach
hag been modificd by a hydraulic
cone index iso;leths, Hwajaleln lagoon. .3 shom in fig. 17c, the

AR
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foreshore averages 60 ft in -sidth and has a 13% slope. The backshore ex-
tends €0 ft inland und is fairly flat. A representative sample from this

gﬁ; R F‘“m—**r“"m—’j veach revealed the sand to be

gg % o | e tpere . poorly graded (SP), medium- to

g g g: - wo—t— fine-textured, with some silt.
fe ] T 1= | | | Cone intex for the O- to 6-in.
3%. ____I N 1] depth ranged from 50 to 153.
” b Jr S —— 30. Peach No. 7. located

Sstance w» FegT

c. Beach No. 6

on the northern tip of the island,
this beach has a forechore tlat
averages 75 ft in width and has

5 3 I Pong swens e Sxswom ___. an average slore of 13 (frig.
;'ﬁ}; 17d). The backshore extends

;gg H 65 ft inland and is fairly

d ;! : flat. The sand was poorly
!: graded (SP), medium- to fine-
‘i textured. Cone index for the
' 0- to 6-in, depth ranged from

62 to 136,
d. Beach Jo. 7 Guan

Fige 17c and 4. Beach profiles and 31. The island of Guam
cone index isopleths, Kwajalein (plate 2) is approximately 30

miles long, 4 to 8 miles wide, and about 275 square miles in area. It con-
sists essentially of volcanic rock and coral limestone, with a fringing
recf of coral around most of the island. All beaches tested were coral
exce;t Talofofo, which wvas made up of volcanic materials. 1n the beach
descriptions, the Lackshore areas are not separated into berm crest and
berm baclkislope since these beach areas on Quam were not as pronounced as
on Cochus GTeven vehicle tests were run on four beaches, and sand nnd cone
index data verc cbtained on two additional beaches, The beaches are dee
scrited in the .follawias paragraphs, and gredation and characteristics of
the beach materials are shown in plate 4 und table 1, respectively.

32. Rimits Beech is located on the west coast f Cuam ap;roximately
~ mile south of Nev Agat. A beach profile is shown in fig., 18, The fore-
shuv in the vicinity of the test area slopes Of and is sappruximately 25 ft
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wide. The backshore is relatively flat and extends 80 ft inland (f17.
18a). The sand on this beach was poorly graded (SP) and fine-textured.
The cone index for the O- to G-in. depth ranged from 52 to 68.

33. Jones Beach, located on the east coast of Guam approximately
1-1/2 miles north of Talofofv Bay, has a foreshore approximately 40 ft in
width, with a 144 slope. As shown by the profile in fig. 18b, the bacl-
slore is 110 ft wide and fairly flat, Oparse vegetation grows on the back-
shore. The sand was poorly greded (SP) and medium-textured. The cone in-
dex for the O- tu f=in. depth ranged from 31 to 52. | |

4

SLEVATION 1 Crl'S
(RUPENAS YO CONE WOl AES)

OISTANCE N PERY

8. Nimitz Beach

METANCE W PREY

b, Jones Beach

Fig. 18a and b. Beach profiles and cone index
isopleths, Cuam

3. Tarague Peach, located on the northern coast, midvay between
Ritidian Point and Pati Point, is about 180 ft wide. The foreshore aver-
ages 70 £t in width and has a 205 slope; the backshore is flat (fig. 18¢).
The sand as poorly graded (5P), medium= to fine-textured. Cune index for
the O- to 6=in. depth vas 40 to L1, Pig. 19 is a viev of this boach.
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Fig. 18c, d, and e, Beach profiles and cone index isopleths, Guam

5. HNCO Beach is
located on the estern
shore about 1 mile south
of Haruto Point. The
foreshore is about €0 ft
vide rrith a 205 slo, e,
Tre ovacl:gshore is [lat
and 7C ft ia -vi th
(fice 1), The sand ras
roorly zraded (5P), fine-

t . medium~-textured. Cone
index for the O- to G-in.
de th ranred from T) to 76,

36, Talofofo Lew h 15 located on the eustern shore near the nec' of
Talofolo Bey. The foresho:z2 is about 20 ft wide with a 10) slope. Beyond
it is a heftehigh scarp (fig. 1Ce), ex;osed to crusion by waves during
high vide. Above the scar:, 18 a foirly level backshure, L0 1t vide, This
L:uach ic inaccessible to hecled vchicles., £ repregentative gugple of soil

Fize 19, Guan, Tarague Beach
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%

slowed it to be a poorly graded (SF), medium- to fine-textured sand con-
taining gome eilt. Range of cone index for the O- to 6-in, depth was 32-61.

37. Tumon Beach is located on the western shorc of Guam, neer the
southern end of Tumon Bay. As shown “

s 3 fo——rRSNE o, MecaneM |
in fig. 20, the foreshore averages sgi L — 7
60 £t in width and has a 206 slope, t}‘; ,
The backshore also averages 60 ft in i ’ i; ] 1
width and slopes downward from the gc, T
foreshore., Some vegetation is #E
growing on the backshore. The cand E . R e

GSTANCE 1w FERY

is poorly graded (SP), medium- to
ine-textured. The cone index for
the O- to 6-in. depth ranged frcm 102 to 1lik,

Fig. 20. Beach profile, Tumon Beuch

Luzcen, P, 1.

38. Luzon, the
largest island of the
Philippine Islands group,
measures some LO,L420

square miles in area,
Beaches are numerous but
ecause oi the great dis-
tance between mocst
beaches and any military

rescrvation, only one

Fig. 21, Luzon, P. I., Lido Beach heach, Lido, wac tested.
Lido (fig. 21) is located
approximately 20 miles south of Manila on Manila Bay. The foreshore arec
tested averages 60 ft in width and has a
slope of 18%. The backshore extends
100 £t inland and slopes gently downward
(see fig. 22). The Lido Beach grain-
size curve showed a poorly graded (°P),
fine to medium sand (plate b, fig. 6,
and table 1). Cone :ndex for the O- to
6-in, depth ranged from 97 to 131, Fig. 22, Beach profile, Lido Beach
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Midway Atoll
39. Midway Atoll is located 1300 miles west of Oahu, near the end of

the Hawaiian chain. It is circular in shape, the diameter w.thin the en-
circling reef being
about 6 miles. The
atoll includes two
islands, Sand and East-
ern, vhich have a com-
bined area of approxi-
mately 2 square miles,
Tests were performed
only on Officers' Club
Beach (fig. 23), which
| R is located on the north-
Fig. 23. Midway Atoll, Officers' Club Besch  ern shore of the lagoon
side of Send Island.
The foreshore averages €0 ft in vidth
and has a slope of 12%. The back-
shore is fairly flat and 18 75 ft
wvide (fig. 24). A representative
sample showed a poorly graded (SP),
fine- to medium-textured sand (plate
4, fig. 6, and table 1). The cone
index for the O- to 6-in. depth

rig. 24, Beach profile, Officers’
ranged from 34 to 72, Cludb Beach

Jwo Jima
4O, Iwo Jima, the central one of three small islands that make up

the Volcano Islands chain, is 5 miles long and 2-1/2 miles wide. The
northern portion of the island is a ravine-cut dome, vhich descends south-
wvard through a rough plateau and is connected to Mount Suribachi by an
isthmus. Vehicle tests vere performed om the two beeches on Iwo Jima on
vhich severe ailitary losses wvere suffered in 1945, Red Beach and Yellow
Beach. Both beaches consisted of wveathsred volcanic ash.

Bed Deach, Red Beach (fig. 25) 13 located on the west shore of
Ivo Jime, and extends approximately 2-1/2 miles nortbward from Mount




Fig. 25, 1Iwo Jima,
Red Beach

Fig. 26. Beach profile,
Red Beach

Suribachi. The foreshore averages 75 ft in width and has a 20% slope. The
backshore extends 125 ft inland and has two berms (see fig. 26). Beyond
the backshore the forward dune apron extends 800 ft, and its slope averages
15%. The dune area is partially stabilized by vegetation. The Red Beach
grain-gsize curve showed
a poorly graded (sP),
fine to medium sand
(plate 4, rig. 6, and
table 1l). The cone
index for the 0- to 6-
in, depth ranged from
24 to 1k,

42, Yellow Peach,
This beach (fig. 27) is
located on the east
shore of Ivo Jima and
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extends approximately 1-1/2
miles northward from Mount
Suritachi. The foreshore .s
75 £t in width and has a 20%
slope. Beyond the foreshore
the backshore averages 45 rt

L in width and slopes slightly
wovakr w gy 00 downward. The forward dune
apron extends 450 ft inland,
and its slope averages 1%
(fig. 28). The sand was poorly graded (SP), and medium-textuwed (plate b,
fig. 6, and table 1), The cone index for the O- to 6-in. depth ranged from
18 to 88.

(REPARS
GRACKH FROMLE)
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Fig. 28. Beach profile, Yellow Beach

Yuma, Arizona, Test Areas

Test Station arec

43, Testing at the Yuma Test Station (plate 3), located approxi-
mately 25 miles north of Yuma, Arizona, on the east bank of the Colorado
River, was confined to prepared test lanes., The test lanes are shown in

fige 29. Towing tests were perfc(' »ed on the prepared lanes, but no single
self=-prorelled vehicle tests.

L, The test lanes, epproximately 3CC ft long and 4O ft wide, were
prepared by harrowing to
a depth of 20 in. and
smoothing the surface
+ith an aluminum I-beam
attached behind the
harrov, The test sites
included one level area
and three slopes with
grades of apyroxirately
16, 15, and 20%, re-
siectively., ‘nalysec

of sermules revealed the Fig. 2. Twa Tect tation crea
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sand to be medium- to fine-textured, with a small percenwuge of fines (see
tuble 1). A representative grain-sizc curve is shown in fig. 7 of plate L,

Dune area

L5, Tests were also conducted in a sand lune area referred to herein
as the Yuma dune area, although it is actually locatcd in California, ap-
proximately 20 miles west
of Yuma, Arizona (see
plate 3). Fig. 30 shows
the general appearance of
the test area, which con-
sists of active sand
dunes, some as high as
300 ft, although the
majority are less than
100 ft high. Analyses of
samples from the test ,
area showed the sand to Fig. 30. Yuma dune area

be medium- to fine-

grained. A representative grain-size curve is shown in plate 4, and supple-
mentary sand data are presented in table 1. Cone index for the O- to {-in.
depth ranged from 21 to 141, The moisture content of the O- to 6-in. depth
during the test period was approximately 2.0% by weight, unusually high for
thic arca. This was attrituted to the fact that the [irst general rain in
about two years occurred at the beginning of testin.

Comp lejeune, N. C., Tect Area

LG, Tests were conducted on Onslovw Beach (fige. 31) which is located
cn he Atlantic Coast rfithin the reservation boundaries of Camp Le jeune,
# C. (see plate 3 for lueation). It is approximately 5 miles long and
cousiste of firm quartz sand. A beach profile is shown in fig. 32. The
foreshorc ranges in width from 15 to 20 ft at high tide to as much as 100
£t during lov tide. The averuge foreshore slole is about (b, Cone index
for the O= to (=in. denth ranged from 50 to 1G7. Beyond the foreshore was
=4 very shori forrmrd dune apron #ith dune arcua zand extending to the
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foreshore in some areas. Dune area slopes were short and steep, with only
a few lowv passages through the dunes. Oradation curves for the O- to 6-in.
depth show a poorly graded (SP), fine-textured sand. A representative
grain-size curve is shown in plate L,and supplementary sand data are pre-
sented in table 1. All towed-vehicle tests were conducted on the fore-
shore, parallel to the water's edge. Tests of self-propelled vehicles
were conducted on the forwvard dune apron and dune area.

Jnstruments Used to Obtain Test Data
kT, The cons penetrometer for measuring strength and a hand level
for measuring slope were used throughout the three test programc. Tire
pressures vere checked with laboratory-type test gages during all three
test programs. Dynamometers vere used only during the Yums and Camp
Ilejeuns tests; the slip meter wvas used only at Yuma. These various items
of equipment are described in the following parsgraphs.




Sand data
48. Cone penetrometers The cone penetrometer is a field instrurent

consisting of a 30-deg cone with a 0.5-8q-in. base area mounted on one e¢nd
of a shaft in such a way
that it can be forced
into the soil by hand.
The penetrometer in use
is illustrated in fig.
33. A proving ring and
calibtrated-dial assembly
are mounted on the other
end of the shaft and are
used to measure the load

applied. The penetra-

Cone penetrometer in use

tion resistance (read Fig. 33.
from the dial) is termed

cone index (see "Definitions"). This is the same instrument used to
measure the trafficability of [ine-grained soils.

49, Han' level. A hand level accurate to 0.5% vas used for deter-
mining the slope prior to each vehicle test. OSlope readings were made by
placing the hand level in the center of a 6-ft plank adjacent to the ve-
hicle and parallel to the vehicle path. Glope measurements recorded ere
the average of several measurements around the vehicle.

Vehicle data

50. Tire-pressure gage. The laboratory-tyre test goges used to
regulate tire-inflation pressures during the tests were azcurate to 0.25
pei throughout the range of tire pressures tested. Fig. 34 shows a tire-
pressure check being made on vne of the test vehicles.

1. pynsmometers, The dynamometers used were electrically recording
load cells suitable for meusuring forces in tension b) translating changes
in forve into changes in electrical energy. These load cells are hermeti-
cally senled and operate without mechanically moving parts. 7T..e sensing
element is 2 high-strength load-carrying member tu vhich are tonded syecial
R=l strain gages that undergo resictance changes precisely proportiomal to
applied strain. The dynomometers, used to measurc iravbar pulls during the

(T
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Fig. 3k, Tiree-pressuce checi before testing

toving and towed tests, were connected betiean the test vehicle and the
load vehicle, and measured th~ amount of pull exerted by the toving ve-
hicle, Dynamometers ranged in capacity from 1CCO to 59,CCO 1b, ‘lepending
upon the amount of force to be measured,

2. O5lip meter, The distance a point on the periphery of a wheel or
track traveled during a given time and the dictance the vehicle traveled
during the same time were determined by s slip meter., The meter recorded
the number of revolutions the vehicle wheel) made while propelling the vee
hicle, and the number of revolutions made by n nonslipping bicycle vheel
trailing the test vehicle and attached to it,

53. corder for dynamometer and slip measurements, During the
dra/bar-slip tests the force exerted on the dynamoreter, and the events
experienced by the slip meter vere amplified and recorded simultaneocusly as
iraces on paper tape moving through a six-channel directe~inking recorder.
Tests +ith the 2-1/2-ton M135 utilized all six channels, since electricel
contacts vere placed on four rear vheels and the bie?cle vheel, and one
channel 'ras required for recording the dynamometer measurements, Toyed=
vehicle tests utilized a smaller recorder of thc same type since only one
channel for recording dymamometer measurements was needed,

She The cunplex system of measuring dravbar slip required "instrue .
menting” an M29C weasel vith o recorder, smplifiers, and pover supply; this
vehicle traveled alcngsive tne test vehicle during testing as shown in




Fize 39, Towing tests, dravbar pull

fire 35. Electric cables, connecting the test vehicle und the instrumented
vehicle, transmitted the weasurements to the recorder. For the simple
tored=vehicle tests, recurder, amplifier, and pover supply were mounted in
the towing vehicle,

Yehicles Tested

Tacific iclands

55. The vehicles tested 'rere furnished by military units on each
isiand. They inclu'cd the 1/heton M38AL Lxk truck, the 3/Leton 1137 kxb
truck, the 2e1/2eton M21l (x€ truck, the 2=1/2eton 1:215 Gx6 tru-:, and an
uanumbered 2-1/C-ton GxG truci. These vehicles are shoim in figs. 36
and 37. The test vehicles were equipped with standard equirment and tires,
except that the 2-1/2«ton 1215 wac tested with six 11,00x20 12-ply tires,
single tandem (this vehicle normally is equipped with ten 9,00x20 tires).
A1l the vehicles vere tested at their rated off-highway payload (nominal
capacity) and, in additior, the 215 vas tested at ome=half the rated pay-
load, and the ;2’11 ras testel empty. Vehicle weights, test loads, and tire
degcriptions are shoun in the tabulation on page 32; additiomal wehicle
data are given in tatle 2,

o i e
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1/4-ton M38A1
bxl truck

b. 3/4=ton M37
hxh truck

c. 2=1/2=ton M211
6x6 truck

d. 2-1/2-ton M215
fxb truck

»




a. 2-1/2-ton
6x6 truck

b. 2-1/2-ton M135
6xt truck

- i,

6x6 truck

d. S-ton M5k
6x6 truck

Pig. 37. Self-propelled vheeled vehicles used in tests
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Vehicle Wt, 1b Tire Deta
Approx Ply
Vehicle Empty _load Gros Size Rating lNo.
1/h=ton M38A1 bxb truck 2,625 500 3,125 7.00x16 A
3/l-ton M37 bxl truck 5,917 1,500 7,417 9.,00x16 4
2-1/2-ton 11211 6x6 truck 13,120 o 13,120 9.00%20 10

13,120 5,000 18,120 9,00x20 10

2-1/2~ton M215 Gx6 truck 14,820 2,500 17,320  11.00x20
14,820 5,000 19,820  11.00x20
2=1/2=ton 6x6 truck 11,00 k4,200 15,8c0 8.25x20

el
¢ fO R o
ol

6

56s The truck weights were taken from the identification-data plates
inside the cab; however, the 2-1/2-ton 6x6 truck used on Kwajalein had no
identification data and its weight was estimated, This truck was very old
but still functioned well, Its tire size was 8.25x20, vhich apparently
vas not standard for the truck. The drive shaft of the 3/heton truc!: used
on Guaw broke during a difficult maneuver on the fcrechore of NCS Becch.
Othersise, all vehicles tested appeared to be in very good mechanical
condition, anl vere able to spin their wheels when immobilized, The tirec
~n most of the veaicles tested were worn, but otherrise in pood condition
(no large cuts or bulges).
Yuma, Arizona

57 The vehicles tesied w.»e furnished by the Ywna Test Station and
are shon in figs. 36, 37, and 38. All vheeled vehicles sere cquippred rith
standard military, nondirectional, crossecountry tires. The foulloving
table lists the vehicles tested and pertinent vehicle data; wdditional vee
hicle djata are given in table 2,
_heeled Vehicles

Vehicle Wt, 1b Ti.e Data
“Prox Ply
Velicle Dmpty _load Gross Size Rating log
1/lbeton 1381 Lxh truc: 2,475 500 2,975 7.00x1( (3 I
3/l-ton M37 4xh truck 59 M5 0 5,05 1,CO%16 3] L
750 6,275
1,500 7,085
2,300 7,EC5
2el/2«ton 1135 6x6 truck 12,450 0 12,50  11.00xZ0 12 #

2,500 15,000

5,000 17,330

7,500 0,500
(Continued)
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carrier (veasel)

18-ton MLA2 h.-
speed tractor

rig. 0.




Wheeled Vehicles nt'd)
%§E &LE b Tire Data
Ply

Approx
Vehicle Fupty _load Gross gize  Rating No.
S5=ton Ml 6x6 truck 18,115 0 18,115 14,00x20 12 6
5,000 24,275
10,000 28,175
15,000 32,380
5=-ton M54 6x6 truck 20,635 10,000 30,635 11.00x20 12 10
ked Vehicles
cle W, 1db Track Dim. Averayge
Approx Length Width Contact
Vehicle Empty _load Gross in. in, Pressure, psi
1/b-ton M29C weasel 5,970 o 5,970 T8 0 1.9
1,000 6,970 2,2
18-ton M4A2 hi-speed
tractor 36,910 0 36,90 126 b 6.1
38-ton M5 hi-speed
tractor 76,000 ¢ 76,000 176 22 9.8

58. All vehicles appeared to be in good mechanical condition and,
vith the exception of the M135 when loaded with 10,000 1lb, each vehicle was
able to spin its wheels or tracks when immobilized while operating under
full load., Testing with the Mkl loaded with 15,000 1b was limited because
severe side-wall buckling of the tires occurred whcn the truck was operated
vith tires inflated to 10-psi pressure.

Camp Lejeune, N. C.

59. The wheeled trailers tested were furnished by the Motor Officer
at Camp Lejeune and are shown in fig. 39. The self-propelled tests were
conducted with vehicles of the types shown in figs. 36a and b, and fig.
3Tb. The followving table lists the vehicles tested and pertinent vehicle
data; additional vehicle date are given in table 2.

mﬁg g, 1b Tire % ta
—_—tthicle = IREY _Jeed Gposs  __Size é.?.lu Hoe
Self-propelled Vehicles

1/4=ton M3CA1 Lxk truck 2, TS 200 2,975 7.0Cx16

3/b-ton M3T bxk truck 6,007 0 6,067 9.00x16

2-1/2-ton M135 &x6 truck 12,450 5,000 17,50  11,00x20
(continued)
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b. 3/l-ton M10l cargo trailer |

¢. 1=-1/2-ton XM105
cargo trailer

d. 37.5-kv gensrator
trailer

e,




I e ”

Vehicle Wt, b Tiie Data
Approx Ply
Vehicle Bty _loed Gross Gize  Rating No,
Vehicles
1/keton M100 cergo
trailer 569 0 569 7.00x16 & 2
250 782
500 1,17
750 1,211
3/l-ton M101 cargo
trailer 1,339 750 2,099 7.00x16 8 2
1,500 2,960
2,250 3,679
1=1/2=ton XM105 cargo
trailer 2,50 1,500 4,110 9.00%20 3 2
3,000 5,0k8
L,500 T7,k82
37.5=kw generator
trailer 71,153 o 17,153 7.00x20 8 L
L=ton carco trailer 10,960 0 10,700 10,00x20 10
6,000 17,100 (front)
12,000 25,520  11,00x20 12 !
(rear)

60. All vehicles tested vere in good conuition. The three two-
vheeled trajilers were equipped with standerd military tires, and the two
tfour=-wvheeled trailers wvere cquipped with stendard commercizlly available
tires.

Justs Conducted

Cl. The tests vere ol three types: singie selfe-rropelled vehicle
tests, toving tests, and tovel-vehicle tests. A single self=propelled ve-
hicle test indicated the ability of the vehicle t negotiate various sand
conditions and slopes. Towing tests were made for tvo general purposes:
to determine the maximm dravbar (toving) force the test vehicle could
exert vhile moving slovly forvard over a range of soll conditions and
tlores, and to develup dravtar pulles.lp relations, 7The towvedevehicle
tests vere mude to measure the force required to tov a given vchicle, The
folloring paragraphs emumerate tie tyjes of tests and mmbe: of each type

]
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condvu-ted with each vehicle for each of the three general test areas,
Pacific islands, Yum, and Camp LeJjeune.

Pacific islands

62, In this test program, 2i beaches located on 7 islands were
visited, Vehicle tests were not conducted on 10 of these beaches, but soil
classification and cone index data were collected., The vehicle tests on
the other 14 beaches were all of the single, self-propelled vehicle type.

63, Single self-propelled tests, The folloving table shows the
numbe. of tests conducted at each beach with each wheeled vehicle,

Number of Vehicle Tests

Vehicle

Island Beach 43 Al IR7 Mell 1215 2-1/2-TT Total
Gahu Mokuleia 7 6 -- ) - 17
Drone 8 - . . 8

. Melua 12 57 L L3 - 153
Crescent -- Lo 14 7 - 01

Bunker 1k .- 20 3 - 37

Kwa jalein ) .- 1 -e - - 1
6 -- b .- -~ 3 7

( .- - - - l 1

Guam Nimitz .- 1 .- -- - 1l
JDDE g - 2 - LX ] - 2

T‘ar ague -e 3 - - - 3

Luzon Lido - 1 - .- - 1
T s Red 3 20 3k .- - a
Ye 110’3 - 15 2 L d - 17

Total 75 150 111 5T 4 37

6k, Other tests, The beaches on vhich cone index and soil datu “ere
obtained but no veliicle tests performed nre as follows:

lslopd _Deach ¢ ..Jeland = __Peach

Oahu Pékli Bay 1 Kva jalein 1
o Y2 1 Guam Talofofo
last T"‘”

Moall  Kalapam Widvey Atoll  Offficers' Club
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Yune, Arizona
65. Single self-propelled tests. Four wheeled vehicles (M38A1, M37,
M135, and Mhl) were tested at various tire pressures on slopes in the

natural dune area. All the vehicles, with the exception of the M38Al, were
also tested at various payloads. The following tabulation shows the number
of tests conducted with each vehicle,

Number of tests
Wi.h Each Vehicle Total

m'&'l M3T M35 El Tests
LY 102 122 167  kos

66. Towing tests, Maximum-drawbar-pull tests (D) were cofiducted or
natural and n»repered level and 3loping terrain with five wheeled vehicles
(138a1, M37, M135, Mil, and M5'.) and three tracked vehicles (M29C, MLA2,
and 6); drawbar pull-slip (S) characteristics were determined only .for the
M135 2-1/2-ton truck and the !929C weasel. The number of tests conducted
with each vehicle on prevared lanes and in the sand dunes is listed below,

Number of Vehicle Tests

Wheeled Vehicles racked Vehicles
Test M3GA1 M3[ _M135_ Mkl ML Total _:@_—_Etma_r_mm'“
Area D S D S D & DS DS D & DL S DsSsSDsh a

Pre-

rared

lanes 6 0 S5 0 31 50 150 70 €4 50 13 322 4L 0 3 0 20 32
Sand

dunes 4 9 10 0 2 0O 00 00O 16 0 3 O 5 00O &8 o©
Tota1A10015033501‘}0708050163290302832
Camp lejeune, N. C.

67. At Camp lejeune, single self-propelled terts were conducted on
slopes with three vehicles. Towed-vehicle tests were conducted with five
trailers, at various loads and tire pressures, on undisturbed sand (by
toving the trailer with a long cable, see fig. 4O, page :1), and disturbed
sand (by towing a trailer coupled directly behind the towing vehicle, see
fig. 39). No towing tests vere conducted.

" -65. Single self-propelled testy, Three vheeled vehicles (M38AL,
127, »nd M135) loaded to nominal capacities were tested at various tire -
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pressures on dune slopes. The number of tests made with each vehicle is
as follows:
Number of Tests
th ehicle Total
M7 M  Tests
17 29 37 83

69. Towed-vehicle tests, Tests with wheeled trailers were conducted
on undisturbed sand, distwrbed sand, and asphalt pavement. The following
tabulation shows the number of tests conducted with each vehicle,

aber of Tests with Each Trailer
1/h=ton  3/keton 1-1/2-ton  37.5-kw

Jest Surface  __ MIOO M101 a0 rator 6-ton Total

Undisturbed sand 16 12 12 L 12 56
Disturbed sand 16 12 12 4 12 56
Asrhalt pavement 16 12 12 Y 12 56

Total 48 36 36 12 36 168

Yehicle~test Procedures und Data Obtained

self-p lled ts

T70. All single self-propelled tests were performed in the same
manner insofar as possible, Most of the tests on the Pacific islands were
performed with vehicles loaded to their off-road payload capacities; the
loads were secured to prevent shiftirg. The tests at Yumn were performed
with vehicles empty and loaded to 1/2, 1, and 1-1/2 times their off-road
payload capacities. Tire pressures vere carefully regulated and checked
before each test. The same driver was used with the same vehicle insofar
a8 possible. Each test was made with the veh’cle traveling in a straipght-
line path in low gear, low range, at slov, steady speed, and with all
vheels driving. Since previous tests had indicated that the first pass was
the most gimcult one to make in sand, the tests reported l.-:1ein were con-
cerncd only with one-pass traffic, Tent areas vere selected on the basis
of accessibility, surface smoothnesc, and ab. :nce of vegetation or litter.
mmmmwmmmmmlmmwmm
the vater’s edge. Soils data vere obtained, vehicle performance vas ob-
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Towing tests
71. The vehicleeperformance data obtained in these tests consicted

of notes concerning immobilizations, general ease or difficulty with which
the vehicle traversed the test area, spinning or Jerking of wheels, and
other pertinent observations. These data are included in tables 3-T,

T72. Maximum drawbar pull. The maximun~drawvbar-pull tests were per-
formed on prepared lanes and dune slopes at Yume with the test vehicle
towing a second vehicle by means of a cable. As the train moved slowly
forwvard, the load was gradually increased {by application of the brakes on
the towed vehicle) until a load condition was established that was thought
to be just short of that which would cause immobilization of the test
vehicle. This maximum drawbar pull was verified if o slight increase in
load caused a halt in the forward progress,

73. The data obtained consisted of continuous measurements of draw-
bar pull reccrded on an oscillograph. The maximum drawbar pull for each
test vas noted and is given in table 8.

T4. Dravbar slip. Drawbar-slip tests were conducted in the same way
as the maximumedrawvbar-pull tests, except that at several stages between no
dravbar pull and maximum dravbar pull records were obtained of the forward
speed of the vehicle and the absolute speed of the track or wheel as well
as of Jd.awbar pull. The first two measurements permitted the computation
of slip. These data are also given in totle 8,

Towed tests

75. In these tests, conuucted on asphalt pavement and sand at Camp
lejeune, a dynamometer attached to a cable between the towing and towed,
trailer-typre vehicles was used to met.sure the towing force. Repetitive
tests in the same path were not performed.

76. The vehicle data obta‘ned consisted of towing force required to
move the towed vehicle at a slow, steady speed; these data are given in
tal.le 9.

T7. Long-couuled tests, Tests in which a long cable was used be-
teen the two vehicles permitted the offsetting of the twing vehicle
slightly so that the towved vehicle straddled the ruts created by the toving
vehicle and thus traveled on undisturbed sand. A specially built sled vas
uscd to support the tongue of a twoevheel trailer in these tests, This
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Fig. 40. Long=-coupled hitch for toved
tests, Camp leJjeune

sled also contained the dynamometer, vhich was positioncd to the rear of
the sled so that it meusured only the force required to pull thc trailer
(see rig. 40). |

78. Short-coupled tests. The force required to tov a trailer con-
nected tu the drawbar pintle of the towing vehicle in normal fashion also
was measured by means of a dynamometer between the two vehicles. In these
tests the toved vehicle usually operated in sand that had been disturbed Uy
the towing vehicle,

Sand Data Obtained

gone index
72. In the self-propelled tests, vhen a vehicle had successfully

txaversed a given area, it was halted, and a mmber of cone index measure-
nents wvere made along its path. The measurements were made fairly close to
the ruts but at a distance believed to be outside the zon~ of soil actually
dis_turbed by the vehicle., When a vehicle vas immobilized, the cone index
readings were made in the undisturbed areas along both sides cf the ve-
hicle. These realdings wvere made at the surface and at 3-in. vertical
increnents to a depth of at least 15 in, Ten sets of cone index readings
usually were mande for each test. Average cone indexes for each depth and

TR R &
by
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each test are shown in tables 3-8, The cone index averages for the O- to
6=, 6= to 12-, and O- to 12-in, depths are also shown.

0. For the towing tests, cone indexes representative of the area in
wvhich the maximum drawbar pull occurred are shown in table 8, 1In the
tables of data obtained in the towing and towed-vehicle tests, tables 8
and 9, cone index is given only for the O- to 6-in. depth.

81. In towed-vehicle tests cone indexes were determined before traf-
fic and in the ruts after passage of the vehicle., This was not done in the
single sclf-propelled tests since previous studies on coarse-grained soils
have shown that trafficability of the s0il usually improves with traffic
even though the cone index does not necessarily increase. Average cone
indexes for each test are shown in table 9.

Moisture content

82. Quantitative moisture-content determinations were not made for
each individual test because the small variation in moisture content that
might have occurred between tests on the same component of a beach did not
Justify the time required to make such measurements., However, a qualita-
tive moisture c.ntent in one of the five categories defined below was
selected fur each test on the basis of appearance and feel of the sand and
is shown in tables 3-8. Quantitative measurements of moisture content were
made for each major test area, and are tabulated in paragraph O,

83. The five categories of qualitative moisture cortents are defined
ags follows:

a. Dry scud. Sand that was lightecolored, loose, and free-
flowing *hen poured from the hand was termed "dry." Dry
sand usually occurred on the surface of all componentc of
the beaches except the foreshore, but seldom extended dseper
than 5 in. before becoming poist. Where test data zre
available for comparison, sand classed as dry on the basis
of visual observation contained less than 1.5 moisture by

k. m_%”"uoist“ sand usually lay directly beneath the
dry sand o It was usually durker in color, showed
slight cohesion, cnd was cooler to the touch. In general,
moist sand vas found to contain about 1.5 to 5.0 per cent
moisture by weight vhen actual mcisture=-content determinu-
ti.as rere made,

S ! snde, Sand on the foreslore that vus being wetted by
vaves bit vas not under & finite depth of vater during the




time of testing was termed "wet." Wet sand exhibited a
considerable amount of cohesion,and free water could be
squeezed out of it.

d. JIpundated send. Sand covered by water during the time of
testing was terrmed "inundnted." This term refers to that
portion of the foreshore at the time actually covered by
water from wave action. NVIE: A spot on the forechore
"{nundated" at one moment during the uprush of a wave might
become "wet" a few seconds laier when the wave receded.

e. Quick-condition sand. lcouse, yielding, wet, or more com-
monly, inundated sand that had water flowing through it
vertically and became liquefied under the moving wheels
of a vehicle (thereby causing immobilization of the vehicie)
wvas termed "quick.” (Erosion of the sand away from the
wheels contributed to the immobilization.)

A discussion of the effect of sand in these {ive moisture categories on
vehicle performance is presented in paragraphs 90 and 91,

84, Quantitative moisture contents for beaches on Oahu and the Yuma
Test Station and dune areas are shown in the following table. Moisture
coritents for Camp lejeune tests are shown in table 9 and are averages uf
several moisture-content values obtained in a series of tests on the same
area of beach,

Moisture Content (Per Cent)

g

in,
Location 0-3 12~ Remarks
Qahu

Makua Peach

Foreshore 59 T.2 8.4 6.8

Berm crest 308 hc6 ‘6.9 503

Berm mk.low 2.2 306 h36 hoh

FYorvard dune apron 2,2 3.2 kW4 4,6

Dune area 1.2 3.4 4,1 7.2 12« to 18-in, depth con-

tained some silt

Mokulsia Peach

1 -eshore 6.0 708 7.6 ik

Bers crest 5¢7 6.0 6,7 <«=-

Forvard dune apron l.1 1.9 hos adaded

Dune area 07 26 5.5 o=

(nsar vater) Sl Al 260 ee-
Poreshore (inland) 7ol 139 23,6 <o 3= t0 12=in, depth com-

(W)
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Moisture Content (Per Cent) (Cont'd)

?‘m’xg in,
location 0-3_  3- =12 12-1 Remarks

Oahu !Cont‘d!
Crescent Beach
Area 1 ‘Cont'di

Berm crest 5.7 7.3 8.3 10.1
Forwvard dune apron 0.9 3.4 4,8 3.9
Crescent Beach, Area 2

Foreshore 10,5 13.6 20,5 2h 4 6~ to 18-in., depth con-
tained free water

Berm crest 11.3 8.1 17.1 0.3 6= to 18-in, depth con-
tained free -rater

Berm backslope 565 Be3 == 7.8 '

Forvard dune aproa 1.8 2.8 L 3.9
Buni:er Reach, Area 1

Foreshore L, €5 8.5 ok
Berm crest hel L3 5,2 OoT
Berm backslope 1.1 1.9 3.6 Le2
Forward dune apron 009 109 h03 hol

Bunker Beach, Ares 2
Foreshore 5 ol 7. 9 10014 70 2
Berm crest 9.6 8.3 8.8 Bl
Berm bﬂCkSlope 3.8 1‘06 5.6 7.3

Drone Beach
Foreshore Lf.: 59 8.’-& cas
Bem crest h08 602 6c6 adad
Forward dune apron 0.5 1.0 5.1 c--
Dune area 0-5 207 hcs bt

0=  §=12
Yuma, Arizona
Test Statio. area 1,0 1.6
Dune arca le9 1,1

5. The slope for each test area 'ms determined as described in
paracraph 9. If a vehicle negotiasted a 2lop2, several slope readings were
rade in the areu of maximm. alope; hovever, if the vehicle vac immobilized,
sloje readings were made along both sides of the vehicle at the site of the
izmobilization, Clope mecsurements for each test are shown in tables 3-8,
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Rut depth
86. Rute-depth measurements were made for most tests; however, they

are not reliable as a measure of vehicle performance in cases of immobili-
zation or difficult travel because in some immobilizations the vehicle was
allowed to spin its wheels longer than in others. In tesds wvhere the
vehicle left a smooth rut, the rut depth wvas measured as the vertical dis-
tance from the original sand surface to the tottom of the rut., ihere
spinning occurred and the rut surfece wvas not easily distinguishable, the
rut depth vas determined by measuring from the center of the wheel to the
originael sand surface and then subtracting that distance from the distance
betveen the center of the wheel end the tottom of the tire, which wus
determined vhile the wheel was resting on a flat rigid surface. Rut-cepth
reasurements for each test are shown in tables 3-9, and several rut con-
figurations are shown in figs. 41 and L2,




e, y sand, Malnm Beach,
ton M37 truck

b, 2-in. dry sand, moist
belov, Makus Beach,
3/h=ton M37 truck

¢, Moist sand, Makus Beach,
2-1/2-ter 211 truck




b.

Moist sand dune ares,
Yuma, Arizova, 2-1/2-
ton M135 truck

Wet sand, Crescent Be:
2-1/2-ton M215 truck

W
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PART III: ANALYSIS OF DATA

87. The data collected in this test program are anslyzed under four
headings: Single Sglf-propelled Tests, Toving Tests, Towed-vehicle Tests,
and Notes and Observations. The conditions and assumptions upon which the
analysis i1s based are described in the following section,

g8is of is

Send types
88. Three principal types of sand were tested in this program:

coral, volcanic, and quartz, The coral and volcanic sands vere tested in
the Pacific islands, and the quartz sand was tested in the vicinities of
Yuma and Camp Lejeune. Field observations and preliminary analysis of the
data revealed no significant dilference in the performance of the test
vehicles as a result of sand type; therefore, all similar vehicle tests on
sand are grouped together for analysis purposes,
Sand-trafficability caterories

89. 1In the pilot study, T 3-240, 13th Supplement, tuvo broad cate-
gories of sands were recognized from a trafficability stendpoint, clean
sands, and sands with fines, roorly drained, OJand in the latter category,
when nearly saturated, reacts to traffic in a manner similar to fine-
grained soils. It generally contains more than T fines. From the sand
data reported herein it is apparent tlat all soils tested were in the
clean-sand category. The sand in the Ywa dune areu contains nbout 7%
{ines and may possibly react as a sand sith [ines, poorly drained, but it
is in a desert area vhere the moisture content of the soil dnoes not attain
a high enough level to permit a poorly drained condition to develop.

. ETCIIT .~ B .
¥ . S : AGE A8
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9. These categories are defined in paracraph 83. It was expected
that the moisture content of a sand would play an iiportant part in its
trafficability characteristics. Dry sands were expected to be loogse and
ﬁem;teb‘rmmmmm shearing action cf a vheel and
thus have joor traction cspacity, HMolst sands vere expected to have
bearing capacitics at least as high as that of dry sand and higher tractior
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capacities because of increased cohesion between grains due to capillary
pressures, OSome increase in trafficability was expected with further in-
crease in moisture content for the same reason. However, at some stage of
increasing moisture content (at or near ssturation), it was expected that
the intergranular pressure would be partially relieved by the development
of pressure in the pore water and that the bearing and traction capacities
would be reduced. This condition was anticipated in inundated or sub-
nerged sands because of buoyancy. In sands with a definite flow of water
throagh them, and especially an upward flow or gradient, liquefaction of
the sand and immobilization of the vehicle were expected., It was further
anticipated that the various degrees of trafficability described above
could be measured with the cone penetrometer.

91. As will be brought out subsequently, the general pattern of ex-
pected behavior described above did occur in these tests. However, the
variation in trafficability with moisture content was such that the sands
could be grouped into two categories according to their moisture content,
wvith a third category representing high moisture and a pressure condition
of the void pore water. The two categories according to moisture content
are "dry-to-moist" and "wet-to-inundated.” The third category is referred
to as a "quick condition."

92, As will be discussed later, separate curves of cone index vs
vehicle performance were drawn for the two categories, and results of the
tests conducted on quick-condition sands were plotted with the results of
tests of the vet-to-inundated category sands.

Immobilization

Dry-to-moist sapds, During this test program nc immctilizations
in vhich a vehicle had to be towed awvay by another vehicle occurred on dry

and moist sanis. In cases in vhich a vehicle could no longer move forwvard,
it vas alvays able to back out in its owvn tracks. In some cases a vheeled
vehicle wvas almost immobilized but was able to inch itself forwvard slowly
vith violent jerks and a great amount of vheel slip. However, for amalysis
purposes, these two conditions were considered to be immobiliszsations.

9. Het-to-inundated sands. Seversl wheeled-vehicle immobilizations
mmwﬁuwammwmmww
hicle operated in the surf, (Thess sand conditions are referred to as

R e i i ==
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quick conditions in this report.,) These vehicles were completely immobi-
lized and had to be towed from the test area.

95. Yuma dune sand., Tests at the Yume dune area presented a problem
not previously encountered in that a vehicle occasionally could travel over
an area for which the cone index-slope combination previously determined
indicated that the vehicle should become immobilized. In such tests slight
shear planes usually appeared in the ruts, indicating that immobilization
was imminent. !/hen this happened the tests were rerun as follows: the
vehicle was allowved to come to a complete stop on the slope, and if it
could not progress from this stopped position, the vehicle was considered
to be immobilized., Cone index criteria for vehicle performance on sand
dunes are, therefore, somewhat conservative. The fact that the vehicle
could traverse an area the first time was probably due to the momentum it
developed on the gradually increasing slores typical of the sand dunes,
Critical soil layer

96. Previous tests on coarse-grained soils (™ 3-240, 13th Supple-
ment) indicated that the best correlations of vehicle performance with cone
index measurements were obiainel for the O- to 6~in, sand layer. Ctlher
layers were considered in this analysis but none showed better correla-
tions; hence, the O- to 6-in, layer 18 used as the critical layer in this

analysis also,
Single Self-propelled Tests .
Data used and method of analyois

97. The single self-propelled vehicle test program included a total
of 885 tests. A summary of data and test results is presented in tables
3=7.

98, Uhere applicable, test data reported in TM 3-240, 13th Supple-
ment, were also used in this analysis. The data used were results of tests
on three trucks, a 3/h=ton vith 9.00x16 tires, a 2-1/2-ton vitl 9.00x20
tires (dual), and a 2-1/2-ton vith 11.00x20 tires (single), sin-¢c those
data wvere considered cosparable to data collected during the current test
programe. Some of the 13th Supploment data on these vehiclss were re-
evaluated on the tasis of sand condition. Data vere not used from tests
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conducted on (1) prepared sand slopes, (2) sands with more than T fines,
and (3) crusted desert sands where immobilizations were reported to have
occurred after the first pass was completed. Crusted sands were not tested
in the current test program. Thc curves of cone index vs slope reported
herein differ only slightly {rom corresponding curves presented in the
13th Supplement.

99. The method of analysis and the factors considered in this
analysis are the same as those described in T™M 3-2. , 13th Supplement.
In brief, the factors considered were soil strength, slope, and vehicle
characteristics. Soil strength is important in that it reflects the soil's
bearing capacity as 'well as its capability to prermit a vehicle to develop
the necessary traction force to propel the vehicle forward. 1In this report
soil strength is expressed in terms of cone index. o vas considered as
a factor because of the increased soil strength required for a given vc-
hicle to negotiate a slope as compared to that required on level terruine.
Furthermore, no level, dry or moist sand condition wus foundi that would
cause complete immobilization of the vehicles tested; therefore, slopes
vere used to obtain vehicle immobilizaticns. A change in tire pressure
materiully affects the performance of wheeled vehicles; therefore, this
vehicle characteristic vvas also considered as a factor.

100, The method of analysis consisted in plotting the slope and cone
indeyx. pertinent to all tests with the same’vehicle at the same tire pres-
sure, and indicating vhether or not immobilization occurred. A line vas
then drawn that essentially separated the immobilizations and nonimmobili-
gtlons. This line thus represented the maximum slope that the vehicle at
the given tire pressure ccull climb, over a range of cone index conditions.
Clear-cut separation of immovilizations and nonimmobilizations vas not
always possible. Consequently, the line was drawn so that the majority of
immobilizations would plot above and to the left of the line. In so doing,
m3.y nonimmobilizntions also plot above and to the left of the separation
line, The curve is therefore somevhat conservutive, The final position of
the 1ine was aliso influenced by similar lines for the same vehicle at other
tire presswwes. Curves for the same vehicle at various loads and tire
pressures were combined into a family of curves.
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Cone index-slope-tire
pressure correlations

101, Cone index-slope-tire pressure relations were established for
five trucks having tire sizes ranging from 7.00x16, 6-ply rating, to
14,0020, 12-ply rating. The tire pressures used in the test program
ranged from 10 to 45 psi. A maximum of LO-45 psi was used because littiu
or no change in contact area occurred at tire pressures greater than 4O psi
and hence little or no change in vehicle performance. Ten psi was used as
a lower limit because at pressures less than this, the tire was subject
to rim elippage or excessive tire buckling. The relations established for
the various vehicles and tires tested are described in the following

paragraphs.

102. 1/4-ton, lxh, M3BAL with 7.00x16 6 PR tires. The following

tabulation gives the mumber of tests of the M38A1 at the various tire pres-
sures shown for which data were taken from table 3 and plotted in plate 5
or 6 according to sand moisture conditions.

of Tests Plotted
Tire "-P—&hte 5,"_2_55”- 6, Dry-

Prossure, psi torimmialed Sand towmist g

30 1 10
20 3 19
15 0 25
10 13 19

Total 27 13

The results of the five tests at 25 psi and one test at 5 psi are not

‘plotted because of the small number of tests performed at these tire

pressures.
103, Twenty-seven tests were run on the wet-to-inundated sand, with
a gross vehicle weight of 2975 1b and three tire pressures, An exsmination
of the data plots in plate 5 shows that four tests in vhich immobilization
occwrred 40 not plot on the proper side of the curve. Plotted i{n fig. 1,
test 3-49® (cone index of 39 and slope of 64) was an immobilization that
occwTed vhile the vehicle wvas traveling at about a U5-deg angle to the
slope face, causing & vehicle side tilt of 104, Had the vehizle been

& Pirst naber refers to table mmber, and secund mmber refers to item
maber in that table.
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operated perpendicular to the slope, it probably would not have been inmo-
bilized, as indicated by the location of the plotted point in regard to the
separation line. No explanation can be given for test 3-55 (cone index of
62 and slope of 16%) plotting incorrectly in fig., 2. In fig. 3, tests 3-71
(cone index of 62 and slope of 1T%) and 3-4O (cone index of 22 and slope
zero) piot incorrectly. These were tests in which the vehicle was oper-
ating on the foreshore and when the sard was inundated by surf, the vekhicle
began to sink although cone index measurements indicated that it should
have traveled with ease. In test 3-71 the vehicle was operating perpendice
ular to the water's edge, and it is believed that excessive sinkage was
probably due to a combinatiuvn of liquefaction beneath the wheels and ero-
sion of sand around the wheels by the surf. In the case of test 3-40, the
vehicle was operating parallel to the water's edge, causing it to assume

a side tilt of 13.

10k. The results c  the 73 tests run on dry-to-moist sand with test
vehicles orerating at 2975 and 3125 1b, at four tire pressures, are shown
in plate 6. Two imuobilizations plot with the nonimmobilizations: in fig.
2, test 3-8 (cone index of 62 and slope of &%), and in fig. 3, test 3-18
(cone index of 76 and slope of 10%), both of which were run on Bunker
Beach, Oahu, No reason can be given for these tests plotting as outliers,
Eleven other tests on Bunker Beach plot on the correct side of the curve,

105. A comparison of plates 5 and 6 indica* . that the 1l/L-ton 1138A1
performs better on wet sands than on moist or ury sands. For example, at
20-psi tire pressure and on soil having & cone index of 40, it can climb
a 164 slope on wet sands but only a 3% slope on dry sands.

106, On the basis of one test at 5-psi tire pressure (3-kl, not
plotted), the M38A1 performance was improved by lovering the tire pressure
belov 10 psi, but tire life would probably be greatly reduced because of
side-wvall buckling and rim slippage.

é=ton, 4x4, M37 vith 9,00x16 8 PR tires, ‘‘he tabulation on
the folloving page gives the mmber of tests of the M37 at the various tire
pressures shown for :/hich data vere taken from table 4 and the 13th Supple-

- ment, and vlotted in plates 7 and 8 according to sand moisture. PFourteen

of the tests listed inm table s are not plotted in plates 7 and £. PFour of
these tests (tvo at M0-psi, ous at 0-psi, and one at 15-psi tire pressure)
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were run on negative slopes. Nine were run at miscellaneous tire pressures
and (o not justify extra plots. One test (4-108) on wet sand at 20 psi was
not plotted because it is obviously in error.

Tire No. of Tests From No. of Tests

Pres- 13th Supplement Plotted rom Table 4 Plotted
sure Plate 7, det-  Plate 8, Dry- Plate 7, llet=  Plate 8, Dry-

psi to-inundated Sand to-moist Gand to-inmundated Sand to-moist Sand

45 0 (o] o) 15
40 0 7 0 16
30 0 o] 0] 49
20 2 3 7 50
15 0 5 G 56
10 0 L 17 51

Total 2 19 3C 237

108, Thiriy-six tests were run on wet-to-inundated sands at tire
pressurds of 40, 30, 20, 15, 10, and 8 psi. Datu jlots (plate 7) were made
only for the 20-, 15-, and 10-psi tire pressures since oniy one test was
run at each of the other tiyxe pressures. Tvo hundred and forty-five tests
were run on dry-to-moist sand (only 237 tests are plotted in plate 8),
mainly at tire pressures ol 45, )G, 30, 20, 15, and 10 psi. Curves sepa=-
rating the irmobilizaticns from the nonimmobilizations for both wet=toe
inuncted sands and dry-to-moist sands are shown [or each pressure for
which « ~ough data are available,

10y. For the et and inundated sands (plate 7), three tests resulted
in immobilizations shece the vehicle should have traveled, Test 475 (cone
index of 23 and slope of zero), plotted in rir., 2 of plate 7, wus an immo-
bilization due to liquefaction,and cone indexcs taken around the vehicle
did not actually indicate the very soft conditionc that probably existed
ishen the ~~h: :le became immobtilized. '

110. Fig. 3, plate 7, reveals three tests uvn vet=to=inundated sand
that are rot on the roper side of the curvei. Test L9k (cone index of 23
»nd slope of %) wags another immobilization due to liquefaction. No ex-
planation can be ziven for the other two tests plotting incorrectly.

111, On dry 2nd moist sands the (37 vas tested at four gross wveights,
56ks, €06T=6275, T085-Th17, and TP05 1b (see plate 8). All tests are
plotted tozether zince ¢ variation in weight apparently did not signirie
cantly alfect vchicle performance, even tests, one eac! at tire prussures
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of 40, 30, 20, and 10 psi and three tests at 15 psi, indicate immobilizn-
tions where they should not have occusred according to the separation
curve. Four of these occurred at the Yuma dune urea; tests L-176 and
he2hh at 15 psi, test 4=234 at 30 psi, and test L=239 at 20 psi. For test
L=148 (cone index of 62 and slope of 1%) on Iwo Jima at 10 psi, the trucl
was operated on a % tilt, which may have caused the immobilization.

112, The family of curves for the vet and inundated sands, fi.;. 4
of plate 7, indicates that there is little difference in vehicle _erform-
ance at 10, 15-, and 20-psi tire 'pressures below a cone index of 30, The
family of curves for dry and moist sands, fig. 7 of plate &, indicates a
different pattern. The vehicle performance improves more betwveen 10 and
15 psi than between 15 and 20 psi, but even at 10 psi the IM37 cannot climb
as steep a slope on any given strength of dry-to-moist sand as it can at
20 psi on wet sand.

113, 2-1/2-ton, 6x6, M21l1 with 9,00x20 8 FR tires, The following

tabulation gives the numcer of tests of this vehicle for which data were
taken from table 5 and the 13th Supplement and plotted in plate 9 according
to tire pressure and sand moisture,

No. of Tests ] No. of Tests
From 13th Sup- From ;mable 5 Plotted
Tire plement Plotted Het=to~ Dry=to-
Pressure, psi Dry-to-moist Sand inundated Sand moist Sand
ks o L 2L
30 L 0 11
20 3 0 7
15 Lo 9 5
10 T 11 2k
Total 15 15 0

Results of nine tests on dry-to-moist sund shovn in table 5 'rerc not
plotted in plate 9. PFour of these tests at 50-psi and two at 32-pci tire
pressure iere not plotted because of an insulficient mmber of tests at
the respective tire prersures; three tests, two at 45 psi and one at
10 psi, vere run un negative slopes and therefore were not plotted.

1k, Ppifteen te::s vere run on wet-to-iamndated sands at tro vehicle
veights, 13,120 and 18,.20 1db, and t/o tire pressures, 45 ani 10 psi.
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Eleven of the fifteen tests are at 10 psi,and an approximate separation
curve between immobilizations and nonimmobilizations .s shown for theue
pointe (fig. 5, plate 9). The curve shows the M211 to be capable of
climbing two to three times stveper slopes at cone indexes of 20 to €0 in
wet sand than on dry-to-moist sand. Data on wet-to-inundated sands are
insufficient for establishin; curves for other t.re pressures.

115. One hundred and nine tests run with the M21l at vehicle weights
of 13,120 and 18,120 1b on dry-to-moist sands are plotted in plate 9. All
tests at the same tire pressure are plotted together since variation in
weight apparently did not effect performance. Separation curves were de-
veloped. Of the tix tests that indicate immobilizations where they should
not have occurred, five were run in the Yuma dune area and were reported in
the 13th Supplement. The other, test 553 (cone index of 38 and slope
zero), shown in fig. 3 of plate 9, was an immobilization on the berm crest
of Makua Beach, Oahu. In this test, the vehicle was operating on a W%
tilt, which no doubt hindered its forward progre:ss.

116, 2-1/2-ton unnumbered truck with six 8,25x20 tires, Four tests
were conducted with this vehicle on two Kwajalein beaches. These tests are
listed in table 5, items 112 through 115, but as stated earlier no plots
are shown because results from such a limited number of tests are incon-
clusive, A comperison «f results of these tests with results of tests of
the 2-1/2-ton M21). at 45 psi and the M135 at 4O psi shows that these test
results are not out of place.

117, 2-1_/2-ton truck with 11,00x20 12 PR tires, Various models of
2-1/2-ton trucks with 11.00x20 tires have been tested during the sand traf-
ficability program. Supplement 13 reports tests on three models: 134,
Mi7, and M135. The M135 was agnin tested during this test program (at
Yuma). The M215 2-1/2-ton truck wus tested on the Oahu Island beaches and,
as mentioned in paragraph 55, although it is normally equipped with dual
tandem 9.00x20 tires, for this test program it was equipped with 11,00x20
tires,

118, The tabulation on the following page lists the mmber of tests
from table 6 and the 13th Gupplement that are plotted in plate 10. Three
tests, one at 50 psi and two at 18-1/2 psi, were nut plotted. The three
tests on wet-to-inundated sands (tests 6-17, =36, =55) were plotted,but no
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separation curve rould be constructed for them. Tests 6-17 and 6-36 at
20 psi were nonimmobilizationes on Creecunt foreshore; test 6-55 at 10 psi
vas an lmmobilization due to liquefaction oi' the sand vhen hit by surf,

No. oi Tests No. of Tests
From 13th Sup- From Table € Plotted
Tire piement Plotted Yet=i0- Dry-to=-
Pressure, nsi Dry-to-moist Sand inundated Sand moist Sand
Lo 1 14
30 1 Ly
20 26 2 ch
15 - 16 L5
10 13 1 43
Total T0 3 210
119, /, total of 213 tests were conducted in the current prosram on

dry-to-moist sand at vehicle weights of 12,450, 14,950-15,0C0, 17,320-
17,450, and 19,820-20,500 1b. All tes!s are plutted together, however,
since a variation in weights apparently did not affect vehicle rerforrance,
The plots also include T0 tests from the 13thl Supplerent.

120, Twenty-nine of the total number of 200 tests on dry=-toe-ncist
sand do not plot properly. Eight of these tests are irmobilizations rhere
the vehicle should have traveled, and three of these eight tests are from
the 13th Supplement, The five remaining immobilizations that do not plot
properly occurred during the 1957 test program at Yumn; ore test can be
seen in fig. 2, plate 10; one in fig. 3; one in fig. 4; and two in fiz. 5.
The remuining twenty-one outliers are nonimmobilizations that plot above
und to the left of the separation curve, thus indicating that the curves
are somevhat conservaiive, Tesu records do not reveal any reasons for
these tests being outlicers,

121, Se- , M4l with 14,00%20 12 tires, Vehicle-performance
plots for the 5-ton Mil are sho'm in plate 11. Pigs. l-4 show rlots of
cone index vs per cent slope at four tire pressures (30, 20, 15, und 10
psi), and the family of tire-mresmgure curves is shown in fig. 5. This
vehicle vas tested only at the Yum dune nrea on dry-to-moist sand.

122, The tabulatiop on the follwring page lists the number of tects
of the Mkl at each tire pressure given in table 7 ant plotted in plate 11,
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Tire No. of Tests From Table 7
Precsure, psi ! B8t &

3

0
15
10

Total 167

123, The tests vere run at four vehicle weights, 18,115, 2k,275,
248,175, and 32,3t0 1lb, but all are plotted torcther as the variations in
weight did not affect vehicle performance. Tvelve tests do not plot on the
rrorer sice of the separaticn curve or near enough to it to be considered
borlerline tests, and tvo of these tests (in figs. 1 and 2, plate 11) ure
inmobilizations where the vehicle should have traveled. Test records do
not revecl any reasons for these testc being outliers,

124k, Suitable test areas with lov core indexes and flatter slopes
vere nct found in the sand dune area; theretore, the scparation lines for
the lov slopes are nerely estimated a2nd shown as dashed lines in the vari-
ous plots in plate 11,

Toving Tests

125, The toring tests with celfepropelled vehicles (five vheeled and
three trackea) rere conducted rrincirally on harroved sand lanes in the
Yume Test Station aree, with a few conducted on natural sand in the Yuma
dune arec, oumsary data and tect results for all toving tests are pree-
sented in tatlie &, i

127, The teéts were comxlucted to determine the relation tetween
tordinz ablility and varying weipghts and tire pressures of individual vee
Licles, and also to compare turing atilities of vehicles on harroved samd
and undisturbed sand. Huwever, ~han cc in the test progreon precluded con-
clusive testing on undisturbed sand; therefore, this snalysis deals only
2ith the horrosedezand tests, =lthourh :ta trom a few tests on undisturbed
sund wre incluled inm table 2.

1&e imalysis of tovingetest data 1o presented by wvehicle tyjes:
vheeled vehicles atd trucied wehicles, Under each vehicle type the
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amlysis consists of (1) a comparison of maximum drawvtar pull with vehicle
characteristics, (2) drawbar pull vs slip, and (3) a comparison of computed
maximum dravbar pulls vs actual drawbar pulls measured on the test slopes,
i/heeled vehicles

128, Maximum dravber pul
Tventy-eight maximum-dravbare-pull tests wvere run on le¢vel harrcvwved sand ct
the Yuma Test Station with five vehicles at four different tire pressures
for each vehicle., The 2-1/2-ton M135 was tested with three loads; all
others were tested with their respective recommended crouss=ccuntry pay-

vs tire pressure and test weirhts.

Yoads, These tests and average maximum dravbar pulletire pressure curves
for eéch vehicle are shown in figs. 1-5, plale 12,

129, The maximum dravbar pull of a given vehicle increased rith a
reduction in tire pressure., The maximum dravbar pulls for all vehicles
tescted at 10-psi tire pressure ranged from 22..% of test weight for the
Se-ton M5! at 30,635 ib ur to 36.0% for the 2-1/2-ton il135 at 12,47 1lu,
The 3/4-ton M37 test (8-14) was not considered since examination of fig. 2,
late 12, shows this test is probably in error. At 30-psi tire jressre
the maximum drawbar pulls ranged frum 9.4% for the 1/Leton i33AL 1t 2975 1t
to 16,15 for the 2-1/2-ton M35 at 12,450 1b,

130. Fig. 3, plate 12, shors the effect of varying loads on the per-
foruance of the 2-1/2-ton M135 truck. As the load was increased in ap-
proximately 5000«1b increrents, the maximmm Irawvbar pull decreased about
2.5, at all tire pressures. The maximum percentaze of pull develojed ‘ras
34,0 at 10 psi and test weight of 12,450 1b (truck empty).

131, A comparison of the toving capabilitles of vehicles 0o similar
size but equipped vith different tires can be made Ly examining the data
for the two S5eton trucks (both tested 'rith a 10,0C0-l%: sayload) in figs. !
and 5, plate 12, The Seton 141l with 1L.,00x20 tires (cincle) had avout )
more dravbar ability at all tire pressures than the “=ton M54 with 11,C0x20
tires (dual),

, ; vheel 8lin, These tcots ‘mre run on the 2e1/2-
ton 135 at three locds and four tire pressures to Jdetermine the effect of
wvaryirg loads on its dravbar pulleslip characteristics. Results of tests
'rith the 135 are shom in figs. 1=3, plate 13.

133, inximum dravbar jull occurred at about 295 slip for all loads
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tested at 1l0-ps. tire pressure; as tire pressure was increaced, maximum
dravbar pull occurred at a lower percentuge c¢f vheel slip for all loads,
The rate of dccrease in maximum drawvbar pull in regard to increased tire
pressure wns uniform, and at 30~psi tire pressure rmaximum drawbar pull
occurred at about 15% wheel slip for all loads.

134, Comparison of computed maxirum dravbar null with actual drawber
pull measured in tests on harroved sand slopes, [iximumedrawber-pull date
shown in table 8 for the rive wheeled vehicles were used to determine the
correlation betveen computed and actual maximum drawbar pulls on slopes of
harruwved sand. The computed dravbar pulls on slopes vere develored from
reasured drawbar pulls on level sand by the formula:

P' s Pcos ¢ - ' sin ¢

where

P! = maximm dravbar pull on slope, computed

P = maximum dravbar pull on level, measured

W = gross weight of vehicle, 1b

# = angle of the slope, deg

135, Gixty deterninations of maximum dravbar rull vere made oun

harroved sand, 280 on level sand, and 32 on slopes, The [ollowing tuule
showrs the measured and computed results and the dilference betiween them,
A couparison of computed and actual tec recults is showm graphically vy

the round symbols in plate 1k,

leas Max
Dravbar Pull Cormputed
Tire on level Ca; , SJ , I'nx Drawbar
Pressure Item No. Slope Item No, 11 on piffercnce
1b o

psi 1 Table 8 _ % 1L, Table 8 slopes, 1t

1) 550 3 10 00 6 250 +50 5.0

16 1400 W 1 1000 15 751 ©326 2hey
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Meas [ox
DPravtir FPull lieas lax “ra :‘c@r Computed
Tire on level fand Pull on Slopec }ax Dravbar
Pressure Item No. Slope Ttem Mo, rFull on Difference

psi 1b Teble 8 _ ¢ b Table 8 glopes, ib _1lb o)

o T 1 RN S N

15 34C0O I 0 o 52 21k +144

5eT
10 5C0 47 10 32C0 53 3240 +40 1.2
10 L500 47 2 29500 5k 3040 -0 . b2
10 4500 L7 15 2LCo 55 eC 200 D.3

pe1/2-ton }M135 Truck - 17,330 1b

20 3200 66 10 1300 73 1LC0 +160 12,3
15 L300 6T 10 2CCo ™ 2529 +550 27.7
15 4300 61 1k 2C00 75 1855 -1k5 7.2
10 5200 72 10 3800 76 3450 350 9.2
10 52C0 T2 13 2 17 2923 +123 L.k
<0 Lzco ' 19L0 «f0 3.0
15 50C0 90 10 3C00 103 27130 =270 2.0
15 5000 50 12 2CCo 104 2260 +a£0 13.0
10 ¢oco 10C 12 3300 106 3260 40 1,2
10 £000 1C0 15 2000 107 2570 -3 1.2

10 €0Co 1C0 10 36c0 103 37<0 =20 2.1




136, From an examination of the preceding table it can be seen that
the computed dravbar pulls are usually slightly higher than those actvally
obtained in the tests. This is probably explained by the fact that even
though the sand vos essentially in the same condition t'or both slopes and
level lanes, the rear wheels sank deeper than the front ones on slopes,
thus increasing the actual slope that the test vehicle was attempting to
climb, ; |

137. The average percentage of absolute deviation between computed
and actual *<_.t results was 10,0, Considering sign, the computed pulls
vere an aerage . 5.7% higher than measured pulls. The large percentage
deviations for the lightieight 1/k-ton and 3/U=-ton truclis are probably
attritutable to the small magnitudes of the pulls and the relative inac-
curacy of the dynamometer in the lowv range.

Tracked vehicles

138. lLaximun drawbar pull vs vehicle test veight, Nine maximum-
dravbar-pull tests were run on level harrowved sand with three vehicles:
1i29C wezsel at 5970 1b and 6970 1b; 18eton MLA2 hi-speed tractor at 35,910
1L; and 38-ton % hi=speed tractor at 76,000 lL. Data for these tests are

presented in table 8,ana average drawbar pull for each vehicle is shown

rrapghically in plate 1%,

139, In these t«sts the tracked vehicles had o maximum dravbare-pull
atility ranging from 50 to €5% of their test weight. (The highest dravbare
pull ability of wheeled vehicles was around 3% hen operating at 10-pci
tire pressure.) The we~.cl, the lirhtest of the vehicles (5970 and 6970
1b) and th: one with the lovest contact pressure (1.9 and 2.2 psi), de-
veloped the highest dravbar-pull ubility (62=C#),; of the three tracked ve-
hicles testel., The i, the heavicst vehicle and the one rith the highest
contact pressure (76,00C 1b and 9.8 psi, respectively), developed the low=
est dravbar-pull ability (50%). Tests are needed on a wider range of vehi-
cles and sand conditions in order to clarify the relations between the max-
imum dravtar pull of tracked vehicles and the sand on vhich they operate,

1:0, prorbar oull vs trach slip. Tests vere run on the !i29C weasel
to snus the rélat;aas of dravbar pull, track slip, and vehicle weipht,
Tatle O lists tects on this vehicle for tiree sand conditions: befoure
harroring (tects 151-13?}, after one pacs of the harrov (tests 138-148),
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and after completion of harrowing (tests 149-155, and 161-176). One pass
of the harrow did not leave the test lane uniform enough in strergth for
reliable testing. Data from items 149 through 155 and 168 through 176 are
shown in fig. & of plate 13, in which drawbar pull is correlated with track
slip and changes in vehicle weight. This plot indicates no chanée ia track
slip for the maximum drawvbar pull when the vehicle weight i5 increased

1000 1b, i.e,, the trac}' slip at maximum drawbar pull for both weirhts is
37%. But for the same dravbar pulls below the maximum, track slip is
greater for the lesser weight.

141, comparison of computed and measured maximurm drawbar rulls on
harroved sand slopes. Computed maximum dravbar pulls on slopes vere devel-
oped from applicable measured maximum drawbar pulls on level sand by means
of the formula given in paragraph 134. line measurerents of maximum drawve
bar pull on slopes were made, A comparison of computed and actual test ree-
sults is shown graphically by the square symbols in plate li. The fullove
ing table lists actual test results, computed maximum draviar pulls, and
the differences t :tweei, the two.

Meas Max Drawbar leas Max Dravbar Computed
] Full on Jlope tox Diwdbar
Slope Item No. Full on Dif{fereiice
% b Table 8  3Slopes, 1b 1b

Seton M 5,970 lb, Contact Fressure = 1.9 nsi
3,250 146 20 2,000. 156 2,00C +.0 1.0
3,250 146 15 2,30C 57 ' 2,37 +C0 ol

) lea! 6,970 1b, Comtact Frcssure = 2,0 ;’:%i_
4,400 165 15 2,600 177 3,500 720 27,7
4,400 165 15 3,000 178 3,320 +320 L6

, MUAZ seed Tro 3€,910 1b, Contact Pressure ;

20,000 179 8 15,000 120 16,960 +15€0 12,1
20,000 179 12,5 15,000 181 15,262 +202 1.7

0,000 17 15 12,000 182 ik, 3c0 +23C0 127
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142, The average deviation (expressed as a percentage difference be-
tveen computed and measured drawbar pull) is 8,84 for all vehicles tested,
and for all tests the computed dravbar pulls are higher than those actually
measured. In examining the summary of test data in table 8 it may be noted
that cone index for tests of the two hi-speed tractors on level sand (items
179 and 188) was much higher than the cone indexes on slopes. Had the cone
irdexes on slopes been the same as on level ground the maximum drawbar
pulls developed might have been closer to computed results.

Towed~vehicle Tests

143, The towed=vehicle test program included tests on two- and foure
theeled trailers. One hundred and sixty-eight tests were run with five
trailers (three two-wheeled and two four-wvheeled), at loads varying from
empty to 1-1/2 times their payload capacities, and at four tire pressures.
/. summary of the test conditions and re.ults is presented in table 9,

14h, Tests vere conducted on asphalt pavement, undisturbed sand, and
disturbed sand. The analysis of data was made only for tests conducted on
sand, since tovinge-force requirements of all vehicles on asphalt were in thc
range or only 1.0 to 2,0, The towing force on asphalt is a measure of the
interncl mechanical friction of the vehicle vheels plus the external fric-
tional rolling resistancc of the sheels on a hard, essentially unyielding,
surface. In this report the forces (which were small) required to overcome
the internal resistance are included in the froes towing force required
on sand,

145. The results of iests on undisturted sand, made by towing the
test vehicle vith a long cable us descriled in paragraph 77, are shovn in
plate 16 as open symbols, Results of tests on disturbed san!, made with
the tect vehicle toved st cluse hitch behind the tuwing vehicle, ar~ shown
in plate 16 as closed symbols,

146, 7 r00d correlation exists between the toring “orce req ired,
cone index before traffic, and tire presoures for all vehicles. Appare
ently, aisturbance of the sand by the tovins vehicles had little or no

keﬁﬁ@ﬁ@%@%mﬁmm&ﬁmw;
the runge of cone indexes tested, rut deptd




change in strength occurred after passage of the test vehicle.

147. A family of tire-pressure curves for towing force required vs
cone index (before traffic) is shown in fig. &, plate 16. The curves (if
extrapolated) tend to converge at cone indexes above 200 and towing forces
below X, and "fan out" uniformly to a cone index of 75 (which is near the
lovest cone indexes measured) where the towing force required ranges from
106 at 10-pei tire pressure to 23% at €0-psi pressure, The averayge devia-
tion (in per cent towing force required) of individual tegts from the aver-
age line for each tire pressure is approximately 1,0%.

148, In summary, it appears that towing force required (per cent of
test veight) is a function of sand strength and tire pressure for the range
of vehicle weights tested (empty to 1-1/2 times payload capacity). The
effect of number of wheels (two or four), tire arrangement (single or
Aual), and number of axles (one or two) on towing force is small when con-
sidered independently of the effects of test weight, tire pressures, and
sand strength. Tests are needed of additional vehicles on loverestrength
sands and on sands different from those at Camp Lejeune in order to deter-
mine more fully the relations vetween vehicle characteristics and toving-
force requirements over a wide range of sand conditions,

8 ob at

] 149. During the course of the approximately 900 single self-
propelled vehicle tests on beach and desert areas, a few observations were
made of several immeasurable factors that nevertheless influence vehicle
mobility. These observations are discussed in the following paragraphs.

$yt

150. Several wheeled-vehicle immobilizations occurred on inundated
beach sands vhen slopes were about 1 and the beach face was immndated by
wave action. It is telieved that along with the slope factor, liquefaction
and erosion of sand from around the vheels by the surf coantributed to the
ismolLilisations. On seversl occasions when iawobilisations did not occur,
1t vas cbserved that the top 2 to b in. of sand in the ruts vas liquefied,
Bad the proper combimation of loading and draimags occurred simultansously,
smnd bezmath the vheels might have liquefied to a depth that would lawe




151, Observations of vehicles operating in the surf also revealed
that if a vehicle was stalled or purposely stopped for a few minutes,
erosion of sand frum around the wheels by wave action usually recsulted in
sn immobilization,

152, Immobilizations did not occur on inundated sands as long as the
vater wvas not moving over or through the sand, as in lagoon areas of clean
sand protected from the open sea or areas where water was trapped during
periods ol low tides.

Borderline conditions

153, Wheu a vehicle is immobilized in sani it is usually because of
traction failure. Traction failure is the inability of the sand surface
to resist the horizontal dynamic stresses epplied to it by a powered vheel
or traclk. Thus, the thrust necessary to propel the vehicle cannot be dee-
velored. Close observation revealed that a vehicle onerating on a slore-
strength combination borderline between immobilizations and nonimmo! 11izae
tions 7ill leave slirht shear planes in its rutc. These conditions vere
retested by reperting the operation parallel to the old ruts, but on the
rerun the vehicle -as allowed to core to a complete stop in the area under
question and start again. In nearly every case the vehicle could not cume
slete nassage throurh the area. This was done to check the zssumption that
the reason o vehicle usually nerotiated a borderline condition was that the
morentum it developed in malinz its arproach to the tect area carrled [t
through, In tests In which the vehicle did not leuve these slight chear
planes, it had no trouble _in moving from a storped osition. For tests run
on sand vhere the slaﬁe-strength corbinations were much below the bvorder-
line conditions, immobilizations occurred almost simultaneoucly rith the
bterinniny of traction fallure,

Zffects of veh.cle «

ISE. > Drest
istic that has the moust influcace on the perforrance of a ~lven vehicle in
sanue Careful adjustment of tire pressures ic essentizl in eopducting
azcuratle tests or obtainin~ the exyecsted periorrance {r a vehicle, It
wvas found that (n order to nchieve the acrurncy <desired, lov tire pressures
had to be mesgwwd vith a pressure age more scournte than the usual "stick
Aleae" st stick gages register only us lov as 17 joi and bave Leet




found in some cases to be as much as 3 psi off ot low pressuras.

155. Careful and constant regulating of tire pressures during
testing vas essential because of the tire=pressure changes that resulted
from chanres in tire temperature, At least four conditions 'rere en-
rcouplered that caused tire temperatures and hence tire pressures to vary
during testing: (1) changes in ambient air temperature during testing;

(2) operation of the tires in wet and inundated cond after the tire pres-
sure had been adjusted on warm dry sand; (3) starting tests on sand alter
the vehicle had been cperating on a hoard curface at high sreeds; and

(4) permitting vheels to slip for an ext.nded reriod of tine.

156, Tire pressure also apparently has an effect on the peculiar
action of vehicle "jerking" when traction failure occurs. For the 2-1/2-
ton and 5-ton trucks, the "Jerking" action was viclent at higher tire pres-
sures and much more gentle at the lover tire pressures of 10 and 15 psi,

157. Tire condition. /11 military vehicles tested vere equipred
with the standard nondirectional cross-country tire; hovever, the physical
condition of these tires varied considerably as soume were new, some re-
capped, and come had little or no tread. Although it is enersally thoucht
that tire condition has suome effect on vehicle performance, the observ:-
tions made during this test program d¢ not appear to becr this out. This
is indicated by the fact that although the same tires or vehicles ‘rere not
used for the complete test progrum, the performance of o given type of
vehicle and size of tire was conscistent.

158, The theory that tire conditions (within the range of tire cone
4itions tected) have little effect on vehicle performance in coarse-rrained
soils iz also supported by measurementc of the contact area of the tires on

3/u=ton M37 tested at Yuma. This vehicle vas equipped on one side rith
Lo nevly recapped tires and on the other side with two old, :rellevorn
tires; hovever, the contact areas for these tires were pictically the sume
at a given tire pressure, vith neither set consistently greater or smaller
than the otlwr, Some diflerence in the shape of the tire print was ap-
parent, hovever; vorn tires generally produce a morv ﬁcta’ag,dar pattern
than oy or nevly l'l*;appfﬂ tires.
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contained a slight bulge (convex upward) alongs the center of the rut sur-
facc. This bulge was approximately 1/4 to 1/2 in. in height with respect
to the depth along the sides of the rut wall. Puts made in tests in the
undisturbed sand areas at lov tire pressures showed an indication of this
bulge but it was not nearly so pronounced as in the harrowed sand. The
higher strength of the undisturbed sand yielded less to rutting and hence
less bulging occurred in the center of thc rut. This configuration, al-
though slight, may be a clue to the confining effect of the side walls of
the tire on the sand beneath the tire, and may be the cause of the improve-
ment in vehicle performance in sand when tire pressures are reduced,

160. Transmission type. Vchicles with both automatic and manual
transmissions were used throughout the test program. No conclusive obsere-
vations were made as to the advantage of one over the other from the stand-
point of vehicle performance., It is recognized, however, that the auto-
matic transmission does eliminate the "driver effect" more than the me-
chanical transmission by partially assisting in a smooth movement from a
stopred position on slopes. It may be possible that for a few tests near
the borderline conditions of cone index-slope as described in paragraph
153, the positive connection of the mechanical transmission may have caused
the tires to shear the sand surface initially and to start a process of
shearing that eventually led to immobilizations, whereas an automatic-
transmission type vehicle might not have become immobilized.

Sand strength

161, Tie use of the cone penetrometer and other instruments for
measuring the existing strength of the O- to 6-in. layer of soil was dise
cussed in the 13th Supplement of the "Trafficability of Soils" series., The
following paragraphs discuss the relations of sand strength (as measured by
the cone pcnttmtar) and other sand characteristics.

162, Ya peth wvith depth, The standard test procedure
for all vehicle tests included the collection of come index data to a depth
of 15 in. or greater vhensver possible. The best correlation between cone
inuex and vehicls performance wvas obtained by considering averags before-
traffic cons index for the O- to G=in., depth; mecsurements taken st the
surface, 3-in., and G-in. dapths are used in determining the average valus.
Except for a fev cases, the strength of a sand consistently increased with
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de=pth. It was found essentizl that the cone index be read at exactly the
correct depth. The increase in strength with depth is usually of suffi-
cient magnitude that, unless the cune index measurements are made with
coneiderable care, the results can be very erroneous, The follcwing table
shors an example of what would happen if measurements were made 1 in. telow
the prescribed depths., For this example it wvas assumed that the data shown
in table 6 for item 40 were correctly taken. Cone index was plotted
against depth,and a curve was drawn. Readings were then taken at depths

1 in. lover than those prescribed, and the two were compared.

Depth Cone Depth Cone
in, Index in. Index

0 2 1 9
3 38 4 62
6 128 T 10
o 20 10 28
Avg O- to G-in. layer 56 17

163+ An exemination of test 40 (cone index 56, slope 159, fig. 4 of
plate 10) reveals what would happen to this test were it plotted at a cone
index of T7 rather then at 56, The test was an $mmobilization that ~vould
plot on the wrong side of the line of separation if plotted at a cone index
of T7. The fact that large differences in average readings cun be intro=
duced by reading cone index values at improper depths may well explain why
some of the tests plot near or on the wrong side of the line of separation.

16k, Yariations of strength with moisture. As shown by plots of
vehicle slore-climbing ability vs cone index, a given vehicle at a given
tire pressure can operate more easily on a wet s:u4 than on a dry or moist
sand of equal cone index. This precludes any correlation that might be
attempted between strength (as measured by the cone penetrumeter) and ve-
hicle performance vithout considering moisture condition of the sand, Hove
ever, use of the cone index as a measure of expected vehicle performunce in
actual operation would give the lower limit of performance expected and, as
moisture content increases, the performance of the vehicle would increase
accordingly until a near-saturated state is reached and then the vehicle
performance is less predictadle. Any refinement that includes moist'ue
Mﬁmmm&wmwmwwﬁeﬁ
ability.
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PART IV: COHCLUSIONS AND RETOMENDATIONS

.
ol e el S e i

Conclusionc

155, The folloving conclusions are based on analysis of the data
collected in the three test programs reported herein. The basic guide for
these test programs vas the findings reported in the 13th Supplement of the
"Trafficability of 30ils" series; therefore, these conclusions arc also ap-

plicable for 21l coarse-grained soil tests conducted to date,

Single self-propelled
itheeled vehicles

a. Vehicle perforiiance expressed in cone index-slore climbing
ability terms is influenced by the moisture condition of
the sand., Vet=to=inundated sands are more trafficatle than
dry=-to-moist sunds., Inundated sands, however, are apt to
te in a quick condition if the water is in motion over and
tlarough the sand. Quick condition sands are not able to
supyort traffic,

be. The rerfourr.once of selfepropelled vehicles on dry-to-roist

sands, as defined by the cone index-slope climbing curves,

is the same regardless of sand source (quartz, volcanic, or
coral) or location (beach or desert).

c. Payload veriations from empty to 1-1/2 times the rated lucd
had no major effect on the slope-climbing ability of the
self-propelled. vehicles tested.

Towing tests with

self=-nropelled vehicles
2+ The maximu: dravbar pull for wheeled vehicles on level
harrcwed sand ranges between 20 and 4O of their gros.
welght; traclied vchiclec are capable of maximum dravbar
pul's of as much as 50 to (L5 of their iest weight.

b. Load increase on the 2-1/2-ton il135 from emuty to 10,000 1b
decreased the meximum toring=force ability by 2.5 of the
test weight at all tire pressures testedl, For a ziven
tracked vchicle (1/b-ton MEOC), an increase in test weight
of 1000 1t reduces the maximum toving=force ability by 3.9
of the test weight.

g+ The singie-tandem S-ton (%1 has a % higher drovbarepull
ability than the dualetendem Seton M5k,

ae Por uheeleu vehicles, maxirum drabar pull occurs at about
29 ‘hecl slip for all loads at 10-c{ tire pressure., At
30=1:81 tire pressure, raxirum dravbar pull occurs at
app.oximately 195 wheel sliv. Por tracied vehicles, track
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'oved=vehiclie tests
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slip is 37% at maximum dravbar pull for the 1/L-ton 1'Z9C
at two test weights, At lowver drawbar pulls, the percent-
age of track slip is less for the lighter load.

Tewing=force ability on horrowed sand slopes can be come
puted from test recults on level harroved sand, with an

average dlfference cf about 10% betveen actual and con-

puted results,

Toring=torce requirerents for ‘rheeled trailers can ue
correlated with cone index and tire prescure.

For the tirc pressures tested, sand disturbence Ly the
towing vehicle hac little effect on tosing-force reguire-
mentes rien the towved and toving vehicles are operated at
the caie tire pressures.

Recomrendaations

is recommended thot:

A rapid method be developed Tur confident recognition of
the three moisture conditions of sand that are immortant
from the trafficability stcndpoint==-dry to moist, vet to
inundated, and quicl: condition,

Additional single selfl-prorelled vehicle tests be made,
with emphasis on wheeled venicles of more than 5-ton
capacity. .

Detailed studies ol the eifect of vheel lcaé, tire pres-
sure, and other vehicle characteristics on perlurmence of
vehicles in sand be continued,

.Toring tesis on undisturbed sand with a range of nillitay
vehicles be conducted,

Additional towede-vehicle tesis, Including tests with
tractor-trailer combinations, be conducted.

Jork Le conducted on procedures o derive meuns of evala-
ating rerformence of vehicles not tested,

Vehicle tests on pravel teaches be concucted,

Corl: un cstimating the trafficabllity o mtected beaches .
Le continued. :
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Table 2

¥ehicle Date
¥ire Desc ion
Averege
Empty Approx Test Rim No. Tire Conmtact Comtact Average Tire
Weight load \Veight Width Diaa Ply of Fressure Area Pressure Priat ot
Vebicle b 1 b ja. in. Melsg Times _pei spine _peive [oglhWiE
Pacific Islands Test Progres
Self lled i iclastt
1/beton M38a1 2,62% 500 3,125 7.00 16 6 N 30 100.4 .l 6.5 5.0
bxh truck 20 13318 230“ Zoh e
15 16h.h - . 19,0 & 5.k
10 188.6 15.6 8.6 5.6
2 /beton M37 5,917 1,500 7,817 9.00 16 8 ) 30 224, 33.0 8.7 T.4
xh truck 20 ssaew “oon o oo
15 2971.8 24,9 10. 7.6
10 1.7 a.7 11.9 7.6
2el/2«ton M211 13,120 5,000 18,220 9,99 20 8 10 30 401.3 85.2 8.h  9.60
AXt Lruck 1‘0 “5“.9 39'5 9.0 9.9
15 508.7 35.6 9.7 10.0¢
: 10 591.5 0.6 10.9 1C.2s
2el/2-tan M2.5 14,820 2,500 17,320 11,00 20 12 6 30 399.0 l;g.lo 1.2 7.1
'5x6 Lruck 20 u906 .5 u.9 7!3
. 15 502,.2 4.5 13.0  7T.e
10 569.6 30.h b,k 1.5
5,000 19,820 11,00 20 12 5 30 k26,1 86,5 11.8 1.0
20 N 0.3 13.0 7.b
15 $30.5 7.4 13.0 7.5
19 B T 2.6 .5 7.6
?-lf'c‘-tm Ui 11,00 ‘*’-Exx} 15,&'11 8025 20 - 6 5!‘] snsme sose sBee coew
mmdered egt
5%6 truek
Yums Test Pro‘r_-l!
Ssif-propelied Vhweled Vehiclessd
1/beton M38A1 2,475 500 2,915 7T.00 16 6 & 30 98.6 ¥.2 6.7 b
bxb truck 20 121.7 26.b 7.5 b7
5 11,3 21.1 8.2 W8
: 167.5 17.8 9.2 5.0
i/heton M37 5,55 0 5,645 9%.0C 15 8 [ 10 1787 11,6 1.6 6,7
axh tryck 20 217.b 26,6 8.6 1.2
15 LY .8 9.1 1.5
10 290.9 19.b 0.2  T.6
750 6,215  9.00 16 8 [ 30 197.7 1.7 8.0 1.
20 2% 26.% 8.8 Te3
15 62.5 23,9 C P 145
10 306.0 20.5 10,1 1.6
1,500 71,085 9,00 16 8 b 30 221.1 1.8 ) 1.2
20 65,7 26,7 9e9 79
1 301.0 231.% 1947 S
v 338.8 20,9 1146 16
2,00 71,805 3,00 16 8 1) tte) 281,27 12.b Do Teé
2G 281.1 1.8 10.2 1.6
5 3176 2.6 10.7 1.4
i0 #631.6 2i.5 12.2 1.7
2el/2eton M1 12,65 0 L., 11,00 20 12 6 0 k.9 18, P9 6.3
b truckd .+ 3r12.8 2.5 10,7 6.6
15 L¥%.9 .5 1:.8 6,9
19 99,8 26,9 1249 Tl
9900 17,330 11.90 30 W2 6 0 M5.0 8.3 1.7 4.8
P53 bh 0 by T3 @28 1.2
15 kel Wk 13.9 7.5
10 637.7 7742 5.1 1.8
19,900 2,1% .20 29 12 6 w0 996,92 81,3 12,6 1
o 69, 156 18,9 T.7
1% 710.% ) 15.2 8.0
10 81,8 kg 8 174 8.
(Comt 1aed)
N - AR
® Dmtemmiasd fran tire prisks o & st surdnem,
@ Coptet by Sividiag test wight Yy Setal *amtart arms, soept vhere acted,
* Average of groatent Jongth and widia of ensh i,
" Bty wighte frm date @ orh whisle; t400 priste made for eae side of wehicle wmly,
¢ bml tisme o o ane fre GVovniniag width,
¢ Yehicios wighed wn platforn ssnies and Siee prints maie Por all time,
§ Total ewtert ares, g ~entart precenn, and eVeRIgR LI PEINL avt Grtemiard for 15,0000 and 25,5006
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Table 2 (Continued)

W
Averags

Empty Approx Test Ma No. Tire Contact Contact Averuge Tire
Seight load \VWeight Width Diam Ply of Pressure Area Pressure b, in,
Vehicle b b b in. _in. Mating Tires _ pa! sq in, _ pst
Yum Test Progres (Comtinued)
Seton Ml 18,115 2 18,11% 1h,00 20 32 6 30 568,0 3149 1.9 8.y
6’6 truck 20 68‘6.6 %.S 13-3 9.“
19 768,8 23,0 b, 9.5
10 915.9 19.8 6.3 9.9
5,000 26,275 14,00 20 12 6 30 689,6 35.2 13,3 9.b
20 492.9 8.5 1%.6 9.9
15 970.1 25.0 16,9 10.2
10 1197.2 20,3 19.9 10.7
10,00¢ 26,175 1,00 20 l¢ 6 ke 1957 350k 1.8 10.0
29 5.3 29.5 6.5 10.3
15 J052.b 26.5 17.8 10.7
15,000 32,380 14,00 20 12 6 30 9 9.9 3546 16.0 10.i
20 1018, ¢ 30.0 18,2 10.6
15 2.1 26.7 19.8 10.9
10 1680.2 21.9 22.6 11.3
Seton Mk 20,615 10,000 30,635 11.00 20 12 10 0 TT.ie 9.6 12.6 12,08
15 1128.4 7.2 16,7 13.1¢
10 1307.6 23,k 18.2 13.7
Self-propelied Trached Vehiclcsss
T ~One Treck $otE Trecks Average
Yeight » Total Contact Area Contact Pressure
S > i 01 o in. et
1/b=ton MRIC weasel 5,970 () 20 3,120 1.9
6,970 8 20 3,129 Qo2
18-ton MA2 hi-
truactor ¥%,910 126 b 6,068 6ol
B ou N5 hiespeed
tractor 76,000 176 2 7,754 7.8
_SOp _ajeune Test Program
So1f propeli-1 Wieeled Vehic
1/saton M38AL 2,715 20 2,915 7.00 16 ¢ b 30 98.6 30.2 G.T bb
h’“ truch 20 12} 01 bl Te5 b7
- 15 1bl,1 21,1 8.2 4.8
10 167.5 17.8 9.2 5.0
3/hetm N3T 6,067 0 6,067 9.00 16 8 . 30 178.7 1.6 7.8 6.7
bxh truck b+ 217.h 26,0 8.6 T.2
15 267.3 2.6 9.1 7.5
10 290.9 19.b 10.2 1.5
2} /240m WYS 12,850 5,000 17,50 11.00 20 12 6 30 b19,h b3 1.7 £.8
6= truck 20 494 ,0 3901 12,8 7.2
15 56641 30,6 139 7.5
10 617.7 T2 15.1 7.8
{ratiound) A
_— R
¢ Dl Sime am sonsiferd s e for drtemising vidth.
0 Yubicios wmighed @ pletfom smier.
$ Tonl emtart asme, averagr contert prvsomy, anl ovTage LIV prisd leagth anl vidth ase asouind 40 Wv e A

Yulln, Aris., date.
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Table 2 {Continued)

il
!!u Etc%p}.m
YETI's
age
?M cw-
: Tire Con= tact .
gty Approx Test Rim Prly Ho. Prese tact Prese Averuge Tire Distribation
Velght [oad VWeight Width Diam Mat- of sure Ares  sure Prist, in. cfﬂu%g 1b
Vehicle 1b 1 idb in. in. ing ‘gn: pei_ sg in, _pei E&E 10137 Tongue 8
Canp Lejeuns Test Progrea (Cuntinued)
Towsd Wheeled Vehiclests
1/keton M1O0 569 0 569 T.00 16 6 2 25 29.9 16,9 oo bk ¥4 Lol
cargo 2 .k 15,79 b7 4,6
trailer 15 37.7 13..9 5.0 o7
10 1.2 lz. A Y .7
2% 7% 1.00 3 6 2 25 1,0 22.09 4,8 b,2 15 07
15 8.6 18.9 5,1 LB
10 M, 15.08 5.6 5.0
500 1,127 7.00 16 6 2 25 L3.7 23,9 5T 5.0 10l 1,026
20 L7.1 21.5% 549 5.0
t5 %05 :.Bnm !3.0 5.;1'
.3 61.5 16.1% 7.0 5,2
750 1,211 T7.00 46 H 2 5 b7,0 2:.89 6.0 5.2 ol 1,217
2 51,2 21.0% 6.6 5.1
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