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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) AND
METRIC TO U. S. CUSTOMARY UNITS OF MEASUREMENT

U. S. Customary units of measurement uscd in this report can be con-

verted to metric (SI) units as follows:

Multiply By
inches 2.54
squarc inches 6.4516
feet 0.3048
miles 1.609344
square miles 2.5899
gallons (U. S. liquid) 3.785
pounds (mass) 0.45359
Kips (mass) 453.5924
pounds (force) 4.4482
pounds (force) per 6.8948

square inch

pounds per cubic inch 0.2714

To Obtain

meters

square meters
meters
kilometers
square kilometers
liters

kilograms
kilograms
newtons
kilopascals

meganewtons per cubic
meter

Metric units can be converted to U. S. Customary units as follows:

Multiply

By

millimeters

0.0394

To Obtain

inches



ESTIMATING THE PERFORMANCE CAPABILITY OF 50, 000-LB-
CAPACITY CONTAINER HANDLER ON BEACH AND DESERT SANDS

PART I: INTRODUCTION

Background

1. Full-scale containerization of Army cargo is expected in the
years ahead to coincide with the growing fleet of containerships. In
current programs and exercises, equipment and procedures are being
investigated for discharging containers from containerships and moving
them across beaches in logistic over-the-shore operations. An inte-
gral part of the total containerizution program is the examination of
materials handling equipment being conducted by the Army Materiel
Command's (AMC's) Mobility Equipment Research and Deve opment Center
(MERDC) at Port Belvoir, Virginia.l

2. There is a requirement for development of a 50,000-1b*-capacity
rough-terrain container handler capable of operation in off-road
environments such as sand beaches and deserts. To develop such a pilece
of equipment effectively, there is a need for quantitatively identifying
the vehicle characteristics that affect its mobility and thereby establish
optimum design criteria. To aid in equipment development, a Model 824B
wheeled dozer manufactured by Caterpillar Tractor Co. was equipped with
a container handler mast in place of the dozer blade assembly (Figure 1).

3. The modified 824B (referred to throughout this report as the
CAT 824) was subsequently tested on natural sand beaches at Fort Story
and Little Creek, Virginia. Results of these tclt02’3 indicated that
performance of the CAT 824 over the beaches was marginal to poor when the
standard construction equipment tires were operated at the manufacturer's

recommended high tire inflation pressures but was greatly improved when

* A table of factors for converting U. S. Customary units of measurement
to metric (SI) units and metric to U. S. Customary is given on page 4.



50,000-1b rough-terrain container handler

Figure 1.



it was equipped with radial-ply tires capable of operating at low inflation
pressures. In that test program vehicle performance in terms of maximum
drawbar pull, maximum slope negotiable, and go or no-go were related to

the soil strength parameter cone index. Results of these performance
tests wvere compared to performance estimated with an empirically derived
formula that is currently used in the soil submodel of the AMC comprehensive
ground mobility model (called AHC-?I)." The study reported herein vas
conducted to obtain some first order general estimates, from the Lictle
Creek teu:mg,3 of the expected performance on other beach or desert sands;
and 1f expected performance was on a marginal or submarginal basis, to
determine the engineering effort that would be required in terms of soil
stabilization to make those sands usable to some acceptable level of

performance.

Purpose

4. The specific purposes of this study were to:
a. Summarize worldwide beach and desert sand conditions and
1..ate these to probable performance capabilities of the
50,000-1b-capacity container handler CAT 824 (gross weight,
160,000 1b).

b. Review msthods to improve the properties of beach sand
to render it trafficable for wheeled vehicles having s!ngle

vheel loads in excess of 50,000 1b.

Scope

5. For the analysis of worldwide beach and desert sand conditions,
the literature was searched for existing information in the form needed
for vehicle performance evaluations. Except for information on the
areal distribution of sands, the majority of usable data is contained in

four U. S, Army Engineer Waterways Experiment Station (WES) rcportl."'-8



From data in these reports three statistical analyses of the variations in
soil strength that occur in dry-to-moist sands were obtained. The three
analyses are: (a) variation according to sand type (beach sands only),
(b) variation according to the location of the sand on a beach, and (c¢)
variation between beach and desert sands (quartz sand only). Also included
in the analyses is a discussion of the areal distribution of beach and
desert sands.

6. For the analysis of effects of soil stabilization on perform-
ance, a review was made of factors affecting sand stabilization and
some of the more practical stabilization methods are discussed.

Definitions

7. Certain terms used in this report are defined below.
Soil terms pertaining to classificationg

8. In the Unified Soil Classification System, the words "cobbles,"
“gravel," "sand," and "fines (silt and clay)" are used to designate the
size ranges of soil particles. The gravel and sand ranges are further
subdivided into the groups presentcd below. The limiting boundaries
between the various size ranges have been arbitrarily set at certain

U. S. standard sieve sizes.

a. Cobbles. Soil particle sizes larger than 3 in.
b. Gravel,
(1) Coarse gravel. Soil particles that range in size
from 3 in. to 3/4 in.
(2) Fine gravel. Soil particles that range in size from
3/4 in. to No. 4 sieve (4.76 mm).
c. Sand.

(1) Coarse sand. Soil particles that range in size from
No. 4 sieve (4.76 mm) to No. 10 sieve (2.0 mm).

(2) Medium sand. Soil particles that range in size from
No. 10 sieve (2.0 mm) to No. 40 sieve (0.42 mm).

(3) Fine sand. Soil particles that range in size from
No. 40 sieve (0.42 ma) to No. 200 sieve (0.074 mm).
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Fines (silt or clay). Soil patticle sizes smaller than
No. 200 sieve (0.074 mm).
Coarse-grained soil. A soil of which more than 50 percent

(by weight) of the particles will be retained on a No. 200
sieve (larger than 0.074 mm),

Fine-grained soil. A soil of which more than SO percent
(by weight) of the particles will pass a No. 200 sieve
(smaller than 0.074 mm).

Symbol "SP." A clean sand (containing less than S percent
fines) predominantly of one size or a range of sizes with
somc intermediate sizes missing.

Symbol "SW." A clean sand with a wide range in particle
sizes and substantial amounts of all intermediate particle

sizcs,

Soil terms pertaining to stabilization

9. Soil terms pertaining to stabilization are as follows:

(-2

)
I
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California Bearing Ratio (CBR). A measure of shear
strength and bearing capacity of soil. It is determined by

comparing the bearing value obtained from a penetration-
type shear test with a standard bearing value obtained on
crushed rock. The standard results are taken as 100 per-
cent, and values obtained from other tests are expressed as
percentages of the standard.

Angle of intern 1 friction (¢). A measure of the shearing

strength of soil .a an internal surface that is propor-
tional to the normal pressurc.

Bearing capacity, ultimate. The average load per unit of

area on a footing required to produce failure by rupture
of a supporting soil mass.

Cohesion (c). The shcaring strength of soil on an internal
surfacc that is indopendent of the normal stress.

Cohesionless soil. A soil that has shearing strength due

vi‘marily to internal friction and has negligible cohesion,
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The soil can be identified as having little or no cohesion
when submerged.
Cohesive soil. A soil trat has shearing strength due

primarily to cohesion and negligible internal friction.
This soil can be identified as having significant cohesion
when submerged.

Compaction. The densification of soil by means of mechan-
ical manipulation, which results in the reduction of air
voids in the soil.

Coulomb's equation. The relation between the shear
strength, s, of soil and the effective stress, o, on an

interna) surface. Thc equation is written s = c ¢+ o
tan ¢ , where ¢ is cohesion and ¢ is angle of internal
friction,

Dry density (unit dry weight or bulk density) (yd). The

weight of soil solids, Ns » per unit of total volume of

soil mass, Vi s that is, 6" "s/vT'
Percent saturation (S). The ratio, expressed as a per-

centage, of the volume occupied by water in a given soil
mass, Vw » to the total volume of void space; that is,
S = [Vw/(vw + Va)] 100 where Vw and Va are volumes
of water and air, respectively,

Plasticity. The property of a soil that allows it to be
permanently deformed without cracking or appreciable
volume change.

Relative density, D,. The ratio of the difference

betwcen the void ratio of a cohesionless soil in the
loosest rate, Crax ° and any given void ratio, e , to
the difference between the void ratios of the soil in the
loosest statc, Cpax and in the densest statc, ¢
that is, Dr = (e - e)/(e..x -e. ).

min ;

max ain

10



m. Shear strength (s). The maximum resistance of a soil to

shearing stresses.

n. Void ratio (e¢). The ratio of the volume of void space
to the volume of solid particles in a given soil mass,
VS ; that is, e = (Va + V;)/Vs.
O0. MNater content (moisture content)(w). The ratio expressed

as a percentage, of the weight of water in a given soil
mass, H; » to the weight of solid particles, "s ; that is,
W= (W /W) 100.

p- Wet density (unit wet weight)(yw). Weight of the soil

solids and water, NT » per unit of total volume of soil

mass, VT ; that is, Yy © NT/VT.

Soil terms pertaining to trafficability

9.

Soil terms pertaining to trafficability are as follows:
a. Trafficability. The capacity of a soil to support the

traffic of military vehicles.
b. Bearing capacity. The ability of a soil to support a

vehicle without undue settlement of the vehicle.
Traction capacity. The ability of a soil to resist the

(L]

traction elements of a vehicle to furnish the necessary
thrust required for propulsion and steering.

-9

Cone index (Cl1). An index of the shearing resistance of soil

ob.ained with a cone penctrometer. The value represents
the resistance of the soil to penetration of a 30-deg

cone with 1/2-sq-in. base area (actually load in pounds

on cone base area in square inches).

Critical layer. The soil layer in which the cone index

is considered the most significant measure of traffica-
bility. Its depth may vary with the soil strength profile
and with certain vehicle characteristics such as weight,

jo

tire/track size, etc.

11



Cone penetration resistance gradient (G). An index of
soil strength for essentially coarse-grained soils (sands).

U]

It is the slope of the curve of penetration resistance

versus depth, averaged over that depth range in which changes

in soil strength significantly affect vehicle performance.
g. Liquefaction. The puddling and drastic reduction in

strength of saturated (although initially firm) sand
under loading. The combined effects of wetness, structure,

and fineness of the sand and on presence of silt
may prevent the sand from draining fast enough to main-
tain intergranular friction when a dynamic load is
applied, thus causing pore pressure to develop and the
sand to liquefy.
Beach terms
10. Beach terms used in this report are as follows:

a. Foreshore. That part of the beach ordinarily traversed
by the uprush and downrush of waves as the tide rises
and falls,

Backshore. That part of the beach between the foreshore
and the forward dune apron (if present) of the shoreline.

e

c. Forward dune apron. The concave seaward slope of a line
of dunes.
d. Dune area. An area of wind-deposited sand inland from

the forward dune apron. Coastal dunes may be active or
partially stabilized by vegetation.
Sand moisture classification terms
11, Sand moisture classification terms are as follows:
a. Dry sand. Sand that is light-colored, loose, and free-
flowing when poured from the hand. Dry sand usually
occurs on the surface of all components of beaches,

except the foreshore, but never extends deeper than
5 in, before becoming moist. Sand classed as dry on the

12
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Vehicle terms

basis of visual observation usually contains less than
1.5 percent moisture by weight,

Wet sand. Sand on the foreshore that is wetted by waves
but is not under a finite depth of water at all times.
Wet sand exhibits some cohesion, and free water can be

squeezed out of it.
Inundated sand. Sand covered by water at some specific

time. A spot on the foreshore inundated at one moment
during the uprush of a wave will become wet a few seconds
later when the wave recedes,

Quick-condition sand. Loose, wet, or more commonly,

inundated sand that becomes liquefied under a moving

vehicle.

12. Vehicle terms used in this report are as follows:

a.

10 |=

| B

|®

Vehicle performance. The maximum drawbar pull that a

vehicle can exert or the maximum slope it can climb on
a given soil condition,

Pass. One trip of a vehicle over an area.

Immobilization. Failure of a self-propelled vehicle to

travel forward over sand, although it could possibly

back up in its ruts, Immobilizations are also considered
to occur whenever the drive wheels begin to jerk vio-
lently and the vehicle progresses forward very slowly.

Maximum towing force (maximum drawbar pull). The maximum

amount of sustained towing force a self-propelled vehicle
can produce at its drawbar under given test conditions.
It is termed 'tractive coefficient" when expressed as a
ratio of the drawbar pull (in pounds) to the gross weight
of the vehicle (in pounds).

Slip. The percentage of tire or track movement ineffec-

tive in advancing a vehicle forward.

13
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Vehicle cone index (VCI). An index assigned to a given

vehicle, based on certain vehicle characteristics, that
indicates the minimum soil strength in terms of rating
cone index (for finc-grained soils) or cone index (for
coarse-grained soils) required for a prescribed number
of passes. VCl for coarse-grained soils is distinguished
from VCI for fine-grained soils by the addition of an
"S." Furthermore, numbers are used to distinguish the
VCI's for one inflation pressure from another, e.g.
VCIS-35 and VCIS-72.5 are the VCI's for 35- and 72.5-psi
tire inflation pressures on sand, respectively. VCIS
applies to one pass only-VCI for fine-grained soil is
identified for a given number of passes by a subscript;

i.e. usually VCI1 or VCISO.

14



i —

M — = -— -

PART 11: ESTIMATE OF VEHICLE PERFORMANCE ON
NATURAL SAND BEACHES AND DESERTS

Vehicle Data Considered

Vehicle characteristics
13. Only one vehicle, the modified CAT 824 (Figure 1), was con-

sidered in this study; however, the approach followed in the analysis
for the CAT 824 could be followed for other vehicles 1f desired. The
CAT 824 is a modified 3248 wheeled dozer (paragraph 2), intended to be
used as a container handler by replacing the dozer assembly with an
overhanging mast capable of lifting 8-ft by 8-ft by 20-ft containers
from the top.

14. Pertinent vehicle characteristics are given in Table 1.
Certain other characteristics not given in the table were desired but
were not available for inclusion in this report, the main one being tire
deflection-load curves for both standard and radial-ply tires.

Vehicle performance data

15. Based on results of the tests in reference 2 (paragraph 3)
and performance estimated with empirically derived formulas (Table 2),
performance paramcters for various soil strengths were determined as
described below. For this report it was desirable to use maximum slope
negotiable as the performance parameter. The conversion from maximum
drawbar pull to maximum slope negotiable (maximum pull in percent of
pross welight minus 2 percent equals maximum slope negotiable) has been
established in previous reports on sand trafficability.7’8

16. Performance at 72.5-pai average tice inflation pressure. The
recommended tire inflation pressures with standard tires was 90 psi for

the front tires (heaviest axle load when loaded to capaciiy) and 55 psi

tor the rear tires. The average inflation pressure was thus 72.5 psi,

one of the values used in the analysis. Results of analysis of data in

15



reference 2 indicated that measured and predicted performance of the

CAT 824 could be correlated best with cone index of the 0- to 12-in. layer.

Pertinent data from those tests are shown in the following tabulation.
Maximum Slope

Cone Index Maximum Negotiable, §
Test 0- to 12-in. Drawbar (Maximum Pull
No. Layer Pull, % Minus 2%)
4 223 5.4 3.4
S 371 10.0 8.0
6 35S 13.2 11.2
12 223 3.8 1.8
13 358 7.0 5.0

17. In addition to the above data, results of three tests (two
maximum drawbar pull tests and one maximum slope negotiable test) reported
in reference 3 for 72.5-psi inflation pressure are summarized in the
following tabulation. The analysis in reference 3 also shows that at
inflation pressures of 72.5 psi the critical layer is the 0- to 12-in.

layer.
Maximum Slope
Cone Index Maximum Negotiable, §
Test 0- to 12-in. Drawbar (Maximm Pull
No. Layer Pull, % Minus 2%)
31 192 4.0 2.0
32 192 4.5 2.5
38 182 - 7.3

18. The cone index data in the two tabulations above are plotted
versus the maximum slope negotiable data in Figure 2, along with the
computed performance curve, using the maximum slope negotiable formuls in
Table 2. Although there is some scatter, the data points fit the computed
curve rcasonably well; therefore, the curve will be used in subsequent

analyses as the performance curve for 72.5-psi average inflation pressure.

The computed VCIS-72.5 of 146 will also be used.

16
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19. Perfromance st 35-psi averags tire inflation pressure. The
performance curve for 35-psi average inflation pressures was not as easily
derived as the curve for 72.5 psi. Previous test tesultl3 indicate that
the critical layer is the 0- to 6-in. layer for inflation pressures less
than sbout 45 psi. Development of the 35-psi performance curve is given
below. Data considered were from reference 3 and are summarized in the
following tabulation.

Average Cone
Tire Index Maximum Slope
Inflation 0- to Maximum Negotiable, %
Test Pressure 6-in. Drawbar (Maximum Pull
No. psi Layer Pull, 2 Minus 2%)
Standard Tires
3% 35 64 12,0 10.0
41 35 66 11.5 9.5
42 35 66 12.0 10.0
49 35 105 - 14.2
50 35 92 - 14.0
51 35 83 - 14.2

20. The cone index data above are plotted versus the saximum slope
negotiable in Figure 3. Also shown in Figure 3 are the predicted and the
experimental performance curves for 35-psi inflation pressurs.

The upper (predicted) curve was determined from the maximum slope negotiable
formula in Table 2. The lower (experimental) curve vas determined

primarily as the line of best fit through the data points that would also
parallel the predicted curve. As indicated by the msasured data points,

the predicted curve is too optimistic; therefore, the experimental perform-
ance curve will be used for subsequent analyses. Performance data on
radial-ply tires at 35-psi were not available, but comparisons of
performance between standard-ply and radial-ply tires at the same

inflation pressures indicate better performance with the radial-ply

18
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tire. It is very possible that radial-ply performance data would fit
the predicted 35-psi curve. Also, it is very possible that in order
for the vehicle equipped with construction equipsent tires to operate
at low inflation pressures, radial-ply tires will have to be used. For
the present, however, it is believed that the more conservative,
experimentally developed 35-psi curve should be used. Therefore, for
subsequent analysis herein, maximum slope negotiable will be used from
experimental curves and VCIS-35 1s considered to be 31.

Sand Data

21. Available beach and desert sand data from previously published
reports that were pertinent to the analysis herein are susmarized in
Table 3. Sands with usable data were primarily of quartz origin; however,
data from sands of volcanic and coral origin are also presented. The data
in Table 3 were compiled from individual tests. Usually for a given test
the cone index value for the 0- to 6- or the O- to 12-in. depth was the
average of at least five penetrations or 15 individual cone index
readings in an approximate 10-ft by 25-ft area. The values of cone index
range are values obtained from individual sets of cone index profiles
readings taken in the sampled area, and the average cone index values
are the average values of all individual tests. The sand data vere obtained
during vehicle testing programs rather than specifically for the purpose
of statistical analysis; hence, some areas are more heavily represented
by data than others. Also, loose, soft sands were deliberately sought in
most vehicle programs, so there is some bias in that direction; this fact
should be recognized when data herein are compared with the probable
occurrence on a worldwide or a more localized areal basis.

Analysis of Data

22, The analysis of data covers: (a) frequency of occurrence
of cone index ranges ou natural sands, i.e. according to beaches,

portions of beaches (foreshore, etc.), and deserts; (b) estimates of
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performance of the CAT 824 on the sand areas listed in (a) above; (c) world-

wide distribution of sand beaches and deserts; and (d) discussion of
bcach stabilization for trafficability purposes.

Frequency of occurrence of cone
index ranges on natural sands

23. The frequency of occurrence of cone indcx ranges in the 0- to
v-in. layer was compiled for and reported in reference 8. The cumulative
frequency of occurrence of cone index ranges of dry-to-moist sand in the
0- to 6-in. layer has been reproduced in Table 4. Data from the same
tests also were used to compile the cumilative frequency of occurrence of
cone index ranges in the 0- to 12-in. layer (Table 5). The number of
samples in each sand area ¢ tegory are shown at the bottom of Tables 4 and
5. Cone index values were grouped into ranges of 10 units each, as shown
in the tables, and the cumulative percentages were computed for each sand
area category. Data presented in Tables 4 and 5 are shown as frequency
distribution curves in Figures 4-17. The curves were drawn by plotting
the midpoint of cach cone index range versus the cumulative frequency.

24. On the average, for a given layer (0- to 6- or 0- to 12-in.)
quartz sands arc stronger than volcanic sands, which are, in tum,
stronger than coral sands. For specific becach areas (forcshore, etc.),
quart: sands are the strongest, with volcanic and coral sands having
generally the same strength. In a comparison of frequency distribu-
tions of strength of quart: beaches (including all beach areas) and
deserts, the strengths of the 0- to 6-in. layers are about the same, and
the beach 0- to 12-in. layer is stronger than the same layer of desert
sand.

Estimate of performance of
CAT 824 on natural sands

25. Measured and predicted performance capabilities of the CAT 824
on specific beach areas arc Jdiscussed in paragraphs 15-20. By using
the predicted performance curves, the probability of the vehicle to go
if it encounters a specific situation can be estimated. In Figures 3 and

2, respectively, it was determined that VCIS-35 = 31 and VCIS-72.5 = 146.

This means that cone indexes of 31 and 146 are required for the vehicle

21
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to travel on level sand at tire inflation pressures of 35 and 72.5 psi,
respectively. Figure 18, reproducing Figure 15 for illustration here,
was entered on the cone index axis at values of 31 and 146, and the ordinate
of percentage of occurrence of strengths greater than indicated is read
at 95 and 72 percent, rospectively. Thus, the vehicle can travel on 95
or 72 percent of the level portions of the beaches measured, depending
upon the inflation pressure uscd.

20. To account for slopes, the performance curves in Figures 3 and
2 can be convert~d to a maximum slope negotiable-slope index graph, as
shown in Figure 19, by sctting VCIS-35 and -72.5 to zero and rcading the
curves for increasuvd cone index requirements (VCIS-P) when a specific
slope is considered. For example, in Figure 18 if a 5 percent slope is
encountered, then the effective cone index (ECI) becomes 48(31+17) and
221(146 + 75) for 35- and 72.5-psi inflation pressures and the percentage
of the quartz beaches negotiable reduces to 76 and 13 percent, respectively,
for the two inflation pressures.

27. Table 6 lists performance estimates for selected slopes
on the beaches, beach areas, and deserts shown in Figures 4-17.

Areal distribution of beach
and desert sands

28. To determine the arcal extent of beach and desert sands that
have becn measured for trafficubility purposes (Table 3), a desk study
was performed and results arc discussed in the following paragraphs.

29. Distribution of beach arcas by continents. Information on

the length of coastil beich sands on a continental basis was obtained
from references 10 and 1i. The percentages of total coastal lengths
covered by sand or other coarsc-grained particle size materials are

tabulated below.
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Sand Beaches**
lTotal Coastal Cumulative Percentage of
Continent Lcngth, Miles*® Length. Miles Total Coastal Length

Africa 18,950 4,040 21
Asia 13,870 3,180 8
Australia 12,120 1,370 11
Europe 23,120 2,730 12
N. America 46,915 6,460 14
S. America 17,830 1,600 9

TOTAL 162,805 19,680 12

* Excluding islands.
** Excluding islands but including barrier beaches, barrier islands,
and coastal dunes.

Total coastal lengths were obtained from reference 10; the cumulative
length of beaches from the world map in reference 11 at a scale of
1:25,000,000. Time did not pecrmit the determination of sand becaches that
were bordered on the inland side by cliffs or marshy/swampy areas that
would limit over-the-bcach operations. Nor were time and information
available to determine thc probable distribution of sand strengths (cone
index) or slopcs on a continental basis,

30. Distribution of beach arcas in contiggpus U. S. Information

on distribution of beaches in the contiguous U. S. was obtained from a
series of National Shoreline Studies conducted by the Corps of Engineers
(references 12-17). These studies contain detailed information by states
on the physical characteristics of the ocean coastlines as they pertain
mainly to beach erosion. For the study hercin, the information has been
summarizcd, and only the Lortions pertaining to ocean coastline lengths
arc presented; this includes portions of bays and estuaries directly
exposed to ocean wave action. The total coastal length in most cases

includes the shorelines of offshore islands. The following tabulation

shows, by states, the total length of ocean coastline and the length and

percentage of the total that are sand beaches.
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Sand Beaches

Total Coastal Cumulative Percentage of
State Length, Miles Length, Miles Total Coastal Length
Maine 2500 60 2
New Hampshire 15 12 80
Massachusetts 207 178 86
Rhode Island 190 140 74
Connecticut* 270 145 54
New York 136 135 99
New Jersey 124 124 100
Delaware 25 25 100
Maryland 31 31 100
Virginia 90 82 91
N. Carolina 320 320 100
S. Carolina 187 187 100
Georgia 92 87 95
Florida 1266 781 62
Alabama 46 46 100.
Mississippi 33 27 82
Louisiana 810 365 45
Texas 373 361 97
California 1342 623 46
Oregon 352 256 73
Washington 301 236 78
u. S. 8710 4221 48

* The National Shoreline Study does not consider the Connecticut shoreline
as cxposed to ocean wave action because of protection by Long Island
but for the study herein it has been included.

31. Desert sand areas. Information on desert sand areas was
obtained mainly from references 18 and 19. The term '"desert' is commonly
applied to rcgions characterized by meager precipitation, scanty vegetation,
and limited human use. Deserts are highly varied in arca, altitude,
landforms, geology, and other physical features. Surface materials
include base bedrock, plains of gravel and boulders, and vast tracts of

shifting sand. Wind-blown sands, commonly thought to bc typical of

deserts, actually make up only a small percentage of the total desert
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area in a given location. Thc following tabulation gives, by conti-

nents, the percentage of desert areas that are sands.

Sand Desert,
Continent Percent of Total Land Area
Asia (includes Middle East) 6
Africa 10
Australia 15
North America <]
South America <1
Europe <1

32. In Africa, the Sahara Desert has about 300,000 sq miles of
active dunes. One third of Saudia Arabia, approximately 400,000 sq miles
is covered with active dunes. Vast tracts of sandy desert exist in central
Asia, extending from Israc! and Syria castward through lran, western
Pakistan into Saudi Arabia, and northeastward into Mongolia.

33. Of possible importance from a sand trafficability standpoint
are other active and stable sand rogions not found in true deserts.

For example, stable sand dunes are found in Nebraska and nearby states
that cover approximately 18,000 sq miles. Sand dunes that are stable
are usually sparsely covered with vegetation, and surface disturbance,
such as vehicular traffic, could cas. !y cause the surface to become
unstable and react to traffic in a manner similar to that on beach and
loose desert sands. The following tabulation shows, by continents, the
percentage of total arcas that are covered by active and stable sand
regions (including sand deserts).
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Total Land Active and Stable

Area, Square Sand Regions
Continent Miles* Percentage of Total Land Area

Asia (includes Middle East) 17,035,000 15
Africa 11,635,000 19
Australia 2,974,500 31
North America 9,435,000 11
South America 6,860,000 6
Europe 3,850,000 <1

Total 51,789,500 Average 14

®* Total land areas vary slightly depending upon source of information

Summary Discussion

34. Only one vehicle, the CAT 824, was considered in the analysis
of vehicle performance on natural sand beaches and deserts. Since tire
inflation pressure is the most important vehicle characteristic affect-
ing performance, two extremes of inflation pressures were used.to
illustrate this effect. An average inflation pressure of 72.5 psi (90
psi in the front tires and 55 psi in the rear tires) was the highest
pressure used and is an average of the manufacturer's recommended
inflation pressures for the vehicle operating at maximum load. The
lowest inflation pressure that allowed certain operational capabilities
in sand was 35 psi, s value attainable by using radial-ply tires. The
minimum cone indexes that will permit travel over level sand were deter-
mined by experimental results to be 146 fov 72.5-psi inflation pressure
and 31 for 35-psi inflation pressure.

35. From data available, the frequency of occurrence of cone
index values was determined for beach and desert sands. The data did
not, however, provide for the determination of frequency of occurrence
of slopes (another important factor affecting performance).

36. By using the vehicle performance-cone index curves and the

curves of frequency of occurrence of cone index ranges on related sands,

the performance of the CAT 824 was estimated for certain surface
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slope values. For example, at 35-psi inflation pressure on quartz
beaches, the vehicle can negotiate 95 percent of the level areas. If,
however, a slope of 5 percent is encountered, the area negotiable is
reduced from 95 to 76 percent. At the high inflation pressure (72.5
psi) for the same quartz beaches and for level and 5 percent sloping
surfaces, the negotiable areas are 72 and 13 percent, respectively.

37. The total coastal length of all continents is estimated tu be
162,805 miles; the cumulative length of sand beaches was determined to
be 19,680 miles, or 12 percent of total length. The 12 percent value may
not seem significant, but it is well known that in most areas, shore
operations are conducted or. sand beaches. Assuming the 19,680 miles of
sand beaches as 100 percent of possible operating dreas and that all the
beaches are quartz sand (coral and volcanic sands are found mainly on
Pacific islands not included in this distribution), then if slopes greater
than 5 percent are not encountered, the amount of operational beach
distance for the CAT 824 is 14,957 (19,680 x .76) miles when operating at
35-psi inflation pressure and 2558 (19,680 x .13) miles when operating at
72.5-psi inflation pressure. A similar analysis can be made for the
contiguous United States where 48 percent (4221 miles) of the shorcline
are sand beaches. Again assuming all beaches are quartz sand, if slopes
greater then 5 percent are not encountered, the amount of operational
beach distance is 3208 (4221 x .76) miles when operating at 35-psi inflation
pressure and 549 (4221 x .13) miles when operating at 72.5-psi inflation
pressure.

38. On a worldwide basis, of the total land mass, approximately
14 percent or 7,250,530 (51,789,500 x .14) square miles are sand regions
(both active and stable). Assuming that operations in these sand regions
would require the CAT 824 to negotiate slopes no greater than 10 percent
(upped from 5 percent in the previous analysis since operations on inland
sand reglon are likely to encounter steeper slopes than operations on
beaches), then of the 7,250,530 square miles of sand regions, the CAT 824
at 35-ps{ inflation pressures can negotiate 4,060,297 (7,250,530 x .56)

square miles and at 72.5-psi fnflation pressures none of the sand regions

could be negotiated.
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PART IIl: STABILIZATION OF BEACH SANDS FOR OPERATION OF

CONTAINER HANDLING EQUIPMENT

39. A vheeled vehicle engaged in transporting containers from and

to landing craft at beach sites must satisfactorily negotiate four

different sections of ground:

2.

b.

40. The

factors:

The submerged sections of beach between the landing
craft and the shore.

The moist section of the beach that is covered by water
at high tide or subject to waves' uprush (foreshore).
The dry section of the beach above the limit of uprush
at high tide (backshore).

The dune area, which may be sand dunes, a cliff, a bog,
etec.

trafficability of a soil depends on three principal

The soil must have sufficient bearing capacity to
support the vehicle.

The soil must have sufficient tractive capacity to
develop the resistance between the soil and a vehicle's
tires or tracks required to provide forward thrust.

The rolling resistance due to the interaction of soil
and a vehicle must not be greater than the forward

thrust that the vehicle's power train can develop.

41. Immobilization might well result from bearing failure of
the sand beneath the wheels, cumulative rutting, or liquefaction or

flowing of the saturated sand beneath a tire operating in or about

the surf line.

Primarily then, the in situ strength characterization

of a particular beach sand and the extent and type of the anticipated

operation provide the basic constraints of container handler mobility
at beach and inland transfer points. With these constraints evaluated

or judiciously

estimated for a given beach site, the logical sequence

{s to determine whether the beach will allow a completed mission;

44



if not, vhat options are available for improving (i.e. stabilizing) the
beach so that it will.

42. The purpose of this part of the report is to review various
methods that might be considered in expediently and successfully
improving a specific beach to permit container handling by the CAT 824.
General guidelines will be discussed for evaluating those properties of
in situ beach sands pertinent to over-the-beach mobility and an introduction
to the various stabilization methods specifically applicable to beach sands
and vehicle traffic. The intent is not to present complete beach stabil-
ization design criteria, as in some instances the state of the art has not
been sufficiently developed for this particular problem. Rather this
section will serve as an introduction to beach stabilization, while
attempting to identify areas for further investigation, exploitation, or

evaluation.

Factors Affecting Beach Stabilization

Characteristics of beach
materials

43, Although most beaches are composed of sandy materials whose
composition and sizes may vary widely. The cohesionless beach materials
may range in size from fine sands to larger gravels and shell fragments,
they may be well graded or poorly graded, and they may consist predoaminantly
of quartz, carbonate, or volcanic materials. Landings may also have to be
made on beaches composed of fine-grained soils, such as silts and clays.
When these latter types of soil have a relatively high water content, they
become soft and plastic and are termed "muds." Mud flats present serious
trafficability problems, and their characteristics are very different
from those of sandy beaches. Only sandy beaches will be addressed in this
report.

44. On sandy beaches, the soil consists of noncohesive, relatively
coarse (diameter greater than 0.02 mm), rounded grains containing in

their voids variable amounts of moisture and air. On the beach back-
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shore the sand is practically dry with the water content increasing
gradually as the sea is approached, becoming saturated near the limit
of uprush. The water in the voids has the same average composition as
the sea water.
Strength properties of sands

45. General relations. The strength of clean sand is primarily
a function of internal particle friction which is defined as the angle of

internal friction, ¢ . The degree of compaction or void ratio, degree
of uniformity of the sand, and the angularity of the grains effect the
magnitude of ¢ and the value of ¢ decreases with increasing uniformity
of the sand and increases with increasing angularity of the grains. For

a given sand, the greater its density (the more compact the sand), the
higher is the angle of intcernal friction. The range in ¢ values of a
sand from a very loose condition to a very dense condition may be as much
as 10 deg.

46. The bearing capacity of sand increases rapidly with increas-
ing values of the angle of internal friction, ¢ . A small increase in
the sand's density results in an increase in the angle of internal
friction and a considerable increase in bearing capacity. The bearing
capacity also is considerably increased Lf the loaded area is below the
adjacent ground surface. This increase, due to the depth of the loaded
area, is substantially greater for sands than for saturated clays.

Sands which are not trafficable by vehicles equipped with pneumatic tires
operating at manufactuers recommended inflation pressures very often can
be made operational by reducing the tire pressure. A reduction of the
tire pressure results in the development of two interrelated events that
effectively reduce the required bearing capacity. Reduction of the tire
pressure results in a lover pressure applied over the loaded area and the
contact area is increased, with corresponding increases in both the length
and width of the loaded area. In a dry state the bearing capacity of

sand depends mainly on the angle of internal friction of the soil and the

size of the loaded area.

47. The bearing capacity is considerably reduced if the ground-

water table is at or near the sand surface. In such a case, the
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bearing capacity of soils is directly proportionate to the unit weight,
the bearing capacity of a submerged sand is only about one-half that
of the same sand above the water table. From the trafficability stand-
point, the important effect of liquefaction is the loss of supporting
capacity of soil. On a beach, the saturated sand near the water's edge
may become "quick" by vehicular traffic developing pore pressure in the
sand mess. As a result a vehicle will sink and become immobilized. The
degree of liquefaction resulting from vehicular traffic depends on the
initial density and degrec of saturation of the beach material, and amount,
intensity and area loaded by the vehicle traction elements.

48. In the moist statc, the bearing capacity is increased hy the
addition of apparent cohesion of the sand mass. This apparent c¢. .esion
is due to the surface tension in menisci between sand grains, causing an
increase in intergranular pressure and a corresponding increase in strength.
The frictional strength due to the menisci causes the phenomenon uf
bulking in moist sand. A moist suand will possess some shear strength
due to the menisci even though no external pressure is applied to the
soil. This intergranular pressure is completely lost if the sand is
dry or submerged. On a beach the apparent cohesion of the moist sand
makes the moist section more trafficable than other sections of the
beach. Even close to the water's edge, menisci will tend to form a
few seconds after the water has receded and apparent cohesion will rapidly
develop. Provided liquefaction does not occur, the moist section of the
beach will have a higher bearing capacity than either the dry or submerged
sections, thus irrigation of dry sand to a moist condition will improve
its trafficability.

49. An idealized model. In 1935, Casagrandezo introduced the

"critical void ratio" concept to explain volume change of sand during
shear deformations. Casagrande noted that loose sand undergoes a volume
increase during drained shear; he concluded that at sufficient shear
deformations, the volume decrease of a sand in a loose state and the
volume increase in a dense state would tend to produce the same "criti-

cal density" or "critical void ratios" at which a sand will undergo any
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amount of deformation without producing any further change in the volume
or effective shear stress. Figure 20a illustrates the above relation

in which the density and the deformation are plotted as functions of
the stress. At large deformations, the densities (or void ratios) and
shearing strengths of the loose and dense sand conditions approach a
common constant value. Research by 'l'aymr.zl Casagrandc.zo and
Castrozz indicates that for fine sands under relatively low confin-

ing stresses (such as near the surface of a beach), the critical den-
sity exists within a rclative density range of about 30 to 50 percent.

50. It appears reasonable to postulate that the action of a wheel
traveling over a sand beach (Figure 20b) will initiate shearing stresses
causing changes in the volume of the sand in the immediate vicinity of
the wheel. The total wheeled vchicle system applies complex shear strains
and stresses to the supporting medium. Nevertheless, a safe hypothesis
is that the passing of a loaded wheel constitutes work and imparts energy
to the soil. If a beach sand exists in a dense state, sufficient work
deliverced to the sand by the wheel would result in a relation such as
that of curve A, Figurc 20b. Notc that as the energy input increases,
the density of the sand in the vicinity of the wheel decreases toward
some constant value, which implies that performance functions will also
approach uniform values. Of course, cnergy input will depend on the
vehicle's physical load, soil properties, and number of tires and power
input to the running gear. However, if all variables are held constant,
repetitive traffic will incrcase the energy input. Conversely, if a beach
sand exists in a loosc condition, increasing energy input (curve B,
Figure 20b) will result in greater dcnsification and enhance trafficability
properties, provided the beach will support the initial traffic.

51. The above discussion assumes that the tirec will not become
immobi le because of wheel load and dynamic motion forces exceeding the
unsurfaced sand's bearing capacity. Obviously, if the strength and
bearing capacity required for vehiclc passage is greater than that

possible for a particular beach sand at its critical density, then

immobi lization can be expected, regardless of the beach's existing
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density prior to traffic. For the high loads analogous to the container
carriers, this assumption is probably not valid, especially for beaches
comprised of loose soil. Classical static bearing capacity of sand
would indicate that an angle of internal friction, ¢ , in excess of

45 deg would be required to prevent fajlure. The ¢ for beach sand
even in a very dense configuration would most likely not exceed 45 deg.
However, bearing failure is acceptable as long as sinkage does not

prevent mobility.

Prediction of 1 aificability on Beach Sands

Higstorical prediction systems

52. Basically the problem of moving and handling containers across
sand beaches is one of terra mechanics. In this country scveral method-
ologies have emerged since World War II that are directly related to the
problem, On the one hand the problem was investigated from the development
of pertinent soil-vehicle intcractions as required for vehicle design and
evaluation purposes. On the other hand the approach was to develop
expedient surface cover or stabilization materials that could be used to
achieve a comparatively high leve! of performance.

53. A selected bibliography concerning soil stabilization and
surface cover material is presented in Appendix A.

54, The above methods of improving the natural environment to
permit trafficability have developed from the results of different
needs and objectives. For example, a flexible or rigid pavement usually
implies a somewhat smooth and permanent traffic artery is desired. The
thickness and composition of these surface treatments depend on not
only the in situ soil strength, but also the magnitude and repeatability
of the anticipated vehicle traffic. Site or route selection is governed
vherever possible by high natural soil strengths. However, off-road

movement is not concerned with traffic lane performance per se and, most

likely, not even with the ease of ride as long as locomotion is sus-

50



tained within a reasonable time frame. Although the strength of the
natural soil to be traversed is generally the principal concern, whether
in pavement design or off-road mobility ¢valuation, vastly different
performance criteria have emerged, primarily because of the differing
objectives and constraints.

Measurement of engineering performance
parameters of beact sand

55. Avallable beach stabilization methods and techniques require
the application of a number ot diversified engineering analytical prucedures,
each requiring specific values in characterizing soil behavior. A survey
of any speclfic area of on- uor off-road engineering will reveal that often
not only do differing analytical procedures of equal rationale exist, but
also each procedure may have more than one means of determining and
evaluating soil behavior. Obviously, to function properly within the
present state of the art, some¢ form of reference datum would be desirable
when of necessity various procedural methods and their respective data
base requirements must be brought to bear on a single solution. Table 7
lists jome of the princlpal strength parameters of soil used in various
design/performance evaluation schemes,

56. General correlations among the three shear strength parameters
given in Table 7 are nonexistent chiefly because the needs to be satis-
fied by each method vary and because values obtained from CBR and cone
penetration resistance measurements are indicators of shear strength,
whereas the Mohr-Coulomb (¢-c) relation is a verified failure criterion.
CBR is an index of the bearing capacity of a soil, which is used in the
design of flexible and rigid pavements. The correlation of cone pene-
tration resistance with CBR has been found to be reasonably consistent
for fine-graineJd plastic soils, but no consistent correlation has been
obtained for granular soils. For specific soils or soil types, numerous
correlations have been madc between CBR and ¢-c , and to a lesser
extent between cone penetration resistance and ¢-c . However, a
definite void exists in correlating CBR, cone penetratiun resistance,

and s-c for a purely cohesionless soll such as beach sand.23'25

Abundant ¢-c and cone penetration resistance data are available for a
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predominantly fine quartz sand from the Yuma, Arizona, area. This sand
has been used for the past 15 years at WES in laboratory mobility research
programs. Unfortunately, very little information exists in terms

of CBR data on Yuma sand. From a few field CBR tests obtained in the
Yuma, Arizona, are323 and some laboratory testing performed during the
preparation of this report, an estimated relation between CBR and density
of Yuma sand was established (Figure 2la). 1t is generally conceded that
the most prevalent dependent property of a sand's shear strength is its
density. For Yuma sand, Figures 2125 and 2224 fllustrate relations among
the various shear strength parameters discussed and Yuma sand density.

57. The WES cone penetrometer was developed more than 20 years
ago as a device to obtain an index of strength of surface soils for
trafficability studies and airfield construction. Basically, the instrument
consists of a cone with a basc diameter of 0.80 in. (2.0 cm) and an apex
angle of 30 deg, attached to a shaft that is about 3 ft (1 m) long and
has a smaller dlameter than the cone,

58. For i{llustrating purposes the relation between cone penetration
resistance and depth of homogeneous purely cohesive (e.g. saturated clay)
and purely cohesionless (clean beach sand) soils are shown in Figures 23a
and 23b. Cone penetration of a saturated cohesive clay will mobilize the
soil's undrairod shear strength, and then achieve constant value 1ndependent
of applied stresses as shown in Figure 23a. Hence, after surface effects
have been eliminated, the relation between cone penetration resistance
and depth is a unique value, as illustrated in Figure 23b.

59. The available shear strength of a cohensionless soil is
directly dependent on the applied stress (Figure 23c); therefore, con-
stantly increasing forces must be applied to a cone penetrometer as it
moves vertically through a sand medium (Figure 23d). This increased force
is necessary to mobilize the sand's shearing resistance attributed to
increase applied stress from the weight of the soil's overburden.

60. At WES, cone penetration resistance in sand {s described in
two ways: {irst, penetration resistance gradient G , defined #s the

gradient (or slope) of the curve of penetration resistance versus depth;

and sceondly, the average of penetration resistance q. developed over
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some interval of depth. The depths found to be the most critical to
pneumatic tire performance are 0-6 in. or 0-12 in., wvhere the zero reading
is taken when the base of the cone is flush with the sand surface. A
different value of average penetration resistance will be obtained depending
upon the depth interval; however, if the resistance-depth relation is
linear, then a multiple x of the depth interval will produce xq, of
penetration resistance. For a homogeneous sand, the two forms of penetra-
tion resistance are directly related. For cxample, the relation between
q. and G (Figure 21b) for Yuma sand was found to be [ P 3.66 G ,

when q. is expressed in lb/in.2 and G in lb/ln.3 Obviously, if the
density of the sand medium were increased, a larger gradient value would
result (Figure 24a). Similarly, the value of q, would increase directly
as previously shown.

61. One natural phenomenon of sand beaches and their influence on
cone penetration resistance needs further discussion, i.e. if the density
of the sand increases with increasing depth (a valid assumption for sand
beaches), the shear strength parameter, ¢ , likewise fncreases because
the angle of internal friction for a given sand type is primarily a
function of density., As {llustrated in Figure 24b, the penetration
resistance versus depth relation is no longer linear, {.e., G 1s not
constant; also qc's at differing depth intervals cannot be directly
related. Finally, the linear relation between G and 1. no longer
exists. In situations where density of beach sand varies with depth, it
is imperative that density profiles be obtained to complement cone
penetration resistance data.

62. Relating penumatic tire performance to some 'critical depth"”
has been found to depend on many factors, but generally speaking, the
zone of full mobilization of shear strength has been found not to
exceed | to 1,5 times the tire diamcter. This depth-of-interest
criterion applied to the CAT 824 with an unloaded tire width of 30.5 in.

would exceed the capacity of the WES hand~held cone penctrometer. Since
“each sand normally increases in density with depth (the upper 4 in. of

beach sand is gencrally dry and loose inland of the surf line) and in

56



s

-~

o ki e R

Cone Resistance

gty
\\ "y *'Surface Readings"
v 0 s s s
z/2
2| q,
P |
a h]
J| Gl
|

a. Influence of sand density on cone penetration resistance

Cone Resistance

Depth

'

b. Representation of cone penetration resistance as soil dcnauiy
increases with depth

Figure 24. Cone penetration in sand

57



consideration of the loads and tire sizes, shallow penetration relations
should be used with extreme caution. Preferably, cone penetration
resistance data should be obtained below the 18 in. depth.

Estimating critical depth
63. A mathematical model for pneumatic tire-soil interaction

developed and reported by Karafiath26 was used to determine the effect
of sand strength on the traction performance of a single powered tire
and to examine the slip line geometry of the tire for a given sand
strength. The data input was simpiified and constrained to conform to
the following assumptions of Karafiath's model:
a. The tire travels in a straight line at a constant, low
velocity.
b. A "stcady state" exists in the soil and the soil's
behavior can be described as perfectly plastic.
c. The tire load is constant; that is, there is no inter-
action between tire and suspension system.
d. The terrain is smooth and level.
64, Pertinent tire data used in this analysis (from Table 1) and
power requirements are as follows:
a. Tire radius = 3,225 ft
Tire width = 2,542 ft
Most adverse single tire load = 66,500 1b
Tire deflection = 25 percent

Tire inflation pressure = 72.5 psi

™ ® |a o |or
5

Tire slip = 20 percent
65. With the above variables held constant, the strength of the
sand in terms of cone penetration resistance gradient, C , was varied in

four increments from 7.5 to 15.0 lb/ln3. The relations for tire-sand
26

interaction developed by Karafiath“” were based on single wheel labora-
tory test data conducted by WES on Yuma sand. Hence, this analysis as-
sumes that the hypothetical beach under investigation consists of cand
with physical and engineering properties identical to those of Yuma sand.

Performance of a single tire/wheel with the above characteristics was

examined at four penetration resistance gradients from 7.5 to 15.0 G,
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66. Figure 25a 1llustrates the relation between pull coefficient
(pull/tire weight) and sand strength in terms of G as determined with
Karafiath's soil-tire model. The curve drawn through the data points

indicates that a sand strength equivalent to a G value of 7.5 lb/ln.3

is necessary to achieve positive pull (i.e. useful work). From Figure 21b

a G of 7.5 lb/iu.3 results wvhen Yuma sand has a relative density of
about 75 percent.,

67. Regardless of the beach stabilization procedurc chosen or
available to improve a beach for trafficability, the depth of stabili-
zation (i.e. stabilized section thickness or for layered systems, the
equivalent thickness) is perhaps of prime importance. Figure 25b
illustrates qualitatively the geometry of the analytical plastic slip
planes beneath one of the carrier's tires and indicates the depth
within the soil mass undergoing shear displacements due to the dynamics
of the vchicle's rotating tire. AMC-71 (paragraph 3) provides a means
for assessing vehicle-soil conditions against mobility requirements;
however, it does not provide the boundary geometry of displacea soll
directly beneath a vehicle's tires. Although the analytical method of
the type presented herein does not determine the thickness or strength
requirements to stabilize a beach material having substandard traffica-
bility properties, insight can be galned as to the depth of tire-soil
interaction and thereby establish an important parameter in designing
a stabilized section to upgrade the beach material for trafficability

purposes.

Beach Stabilization for Trafficability Purposes

68. ?Previous discussion has indicated the high probability that
many sand beaches around the world would permit only marginal operations
or cause complete fmmobilization of heavily loaded container carriers.
The process of improving the properties of soils by physical or chemical
means to meet specific necds is known as "soil stabilization." Beach

stabilization for trafficabtlity purposes might be classed under three
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broad groups:

a. Densification (or mechanical consolidation), wherein a
mechanical process is used to pack soil particles closer
together with air or water being expelled from the soil
mass. The principal parameters of cohesionless soils
affected by compaction are instantaneous settlement and
increased shearing resistance.

b. Alteration of the soil structure or individual soil
particles by adding nonsoil mixtures to the soil to
improve its trafficability characteristics.

c. Surfacing of the beach to provide a structure whose
primary function is to spread the concentrated load of a
vehicle's wheels sufficiently so that the underlying soil
can support the load without failure or excessive
deflections.

Densification

69. A soil with the most favorable engineering characteristics in
terms of maximum density and shearing resistance is obtained when the
voids in coarse aggregates are filled with sand, the voids in sand are
filled with sile, and the voids in silt are filled with clay. (Care
should be taken that the clay portion of the mass is not excessive or

of such an abnormally active nature that it destroys the bearing capacity

of the compacted mass.) The success of this granulometric improvement

depends on availability and selectivity of the proper soil types, design

of a suitable mix, and determination of the correct amount of water

required for achieving optimum compaction characteristics. Of course,

this method cannot generally be considered an expedient means of stabilizing

a beach lane suitable for traffic. Space does not permit full discussion

of mix design and construction methods for granulometric stabilizatiom.

This methodology is common In highway and airfield engineering and is

well documented within those disciplines (see Appendix A).

70. Densification of in situ beach sands by mechanical means
involves the compaction of the soil by some type of equipment that must

have the necessary mobility characteristics to operate on the natural
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beach. Tractors and vibrating equipment are moet satisfactory for
cohesionless soils and sheepsfoot rollers for cohesive soils. Vibratory
compactors are the most effective means of densifying sand; however,
they are completely ineffective in or about the surf line (i.e. operating
in totally saturated sands). Achieved density depends on the vibratory
roller's characteristics, the roller's rate of travel, and the number of
passes applied to each lift. Generally, the rate of travel is between
1.5 to 2.5 ft/sec. Important roller characteristics include roller static
veight, operating frequency, and centrifugal force generated. For thin
sand lifts (1 to 2 ft) a lightweight roller operating at high frequencies
is desirable. Conversely for thicker compacted 1lifts, a heavy roller
operating at low frequencies would be most beneficial. Improvement in
densities down to a depth of 10 ft in loose sands have been teportedz7
with 8-10 coverages of very heavy vibrating mechanical compactors (20-25
kips); however, the upper 1 ft or so of material tended to loosen under
the action of the roller making this rather sophisticated construction
equipment ineffective for improving sand beaches for trafficability
purposes. This particular example was included in this discussion to
illustrate the danger of adapting equipment and procedures developed for
other engineering problems.
Alteration of soil structure

71. Many different methods for admixture stabilization have been
proposed but few are in current practice. But for improving sandy beaches
for the specific task of supporting container carrier traffic, omly
those admixture stabilization methods under the general heading of cementing
will be considered in this discussion. Stabilization by cementing consists
of using agents that bond the soil particles together without alteration
of their chemical composition. The most pronounced benefit is an increase
in strength by providing or increasing cohesion; when the cementing agent
is relatively rigid, the modulus of elasticity of the soil can be increased
and its compressibility decreased. Care should be exercised in selecting
cementing agents for stabilizing beach sands to assure that the potential
agent is not adversely affected by the salinity or llkalinlfy of beach

material.
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72. Soil-cement stabilization. In soil-cement stabilization Port-

land cement is used to form a mixed-in-place concrete or mortar in which
the soil is the aggregate. In a given operation the proper mix is
determined by a trial procedure to obtain the required durability and
strength. However, a mixture of 4-6 percent by dry weight of Portland
cement added to clean beach sand would normally produce a compactable
medium capable of obtaining sufficlent strength to support the operation
of the CAT 824 (see paragraph 84). . Compaction may be very difficult and
care should be exercised that segregation of sand and cement does not occur.
Approximately 7 days would be required for proper curing of a compacted
cement-stabilized section. A typical 7-day unconfined compressive (UCC)
strength of 130 psi could be expected for a 5 percent cemeut mixture with
beach quartz sand. If the cement content is doubled (i.e. 10 percent) a
7~-day UCC strength of 500 psi would be expected.28 This method is not
recomended for use in the wet portion of a beach.

73. Lime-fly ash stabilization. Lime-fly ash resembles soil-

cement in that pozzolanic cement is created by the reaction of lime on

the silica of the fly ash. Typical requirement for sand beaches is
10 percent by weight of a mix consisting of two parts ash to one part lime
mixed with the sand and compacted in the same way as Portland cement.

74. Bituminous binders. Bituminous binders have found wide use

in stabilizing sandy soils containing little or no clay, such as sand or
shell beaches. Usually, asphaltic cutbacks such as RC-1, RC-3, MC-1, and
MC-3 are used in amounts varying from 4 to 7 percent by weight. Wet
sands are not generally suitable for such binders because of the
difficulties encountered during mixing and because the addition of
liquid in excess of the water naturally present can render the soil
impossible to compact. One method to partially alleviate this problem
is the addition of 1 to 2 percent by dry weight of hydrated lime, which
promotes adhesion between the bitumen and the wet sand.

75. The Florida Highway Department uses the following relation to
determine the amount of emulsified asphalt base required to stabilize

clean quartz sand for traffic:?®
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P = 0.75(0.05A + 0.10B + 0.50C)

where

P = percentage of emulsified asphalt based on sand dry weight.

A = percentage of sand retained on a No. 10 sieve.

B = percentage of sand retained on sieves between No. 10 and

No. 200.

C = percentage of sand passing a No. 200 sieve.

76. Aniline and furfural. Aniline, a liquid coal-tar derivative,
and furfural, an organic liquid refined from corn, in the ratio of two

parts to one, react to form a deep-red viscous resin that hardens to a

solid slowly by polymerization. The liquids are added separately to the
soil and mixed intimately, and the total mixture is then compacted. The
rate of reaction can be controlled by catalysts, the more successful ones
being FeCl3
within a few hours after the stabilizer is applied.

and pentachlorophenol, such that the sand can be trafficked

77. The amount of stabilizer that must be added to the sand ranges
from about 3 percent by weight of the dry sand for those sands of
intermediate fineness and uniformity to about 7.5 percent or even 10 per-
cent for sands with larger specific surfaces, such as those derived from
shells or coral.

78. Urethane. Recent unpublished studies at WES have shown that
certain members of the urethane family hold great promise as stabilizing
agents. One particular compound sprayed on an area of plastic clay of
high water content and containing frec water (i.e. a mud hole) permitted
traffic after 5 min. of curing. A mixture of 5 percent polyurethane by
weight and a clean fine-to-medium size sand produced compressive strengths
comparable to that of concrete after 4 hr of curing. Current work is
needed to define the engineering properties and develop practical and
expedient means of applying urethanes to beach sands,

Surfacing by temporary roadways
79. 1f a particular beach cannot be stabilized sat!sfactorily by

expedient means, temporary bridges or roadways can be constructed,

stretching from the landing craft to the stable sand on or beyond the
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backshore. In the sense of improving soil properties, the construction
of a temporary roadway cannot be considered a method of soil stabiliza-
tion. However, since the function of a temporary surfacing is essen-
tially the same as that of a stabilized soil, a brief description of
several types of temporary roadways should be mentioned.

80. Mats. Coansiderablc effort has becn devoted since World War
1! in a continuing development of steel and aluminum landing mat used
to provide surfacing expeditiously for aircraft operation. The criteria
for soil beneath landing mat have been developed for clays having a CBR
of 4 or greater. The extrapolation of these criteria to cohesionless
soils is not pussible, primarily because of basic and {nherent differences
in rthe reaction of cohe~!ve and cohesionless =0ils to lateral confinement.
The relations of beach sand properties to landing mat performance is not
completely known, and both theoretical modeling and field measurements
are quite obviously needed. However, landing mat will confine the sand
and as a general rule the confied sand will have adequate bearing capacity.

81. Meshes. Plastic or steel meshes may be used to provide
restraint to shearing ferces in a soll, and the reduction of lateral
strain in cohesionless soils. Tie strain is directly related to the
elasiic modulus of the mesh. Plastic meshes are subject to creep, for
which adequate design data are not available. However, these plastics
can tolerate great strains (up to 100 percent) without rupture at any
loss of fiber strength.

82. A mesh of suitable strength and durability is laid directly on
the ground and 3 chosen depth of fill is placed thereon. The depth of
fill should not exceed the least dimension of wheel contact area, but
should extend to slip planes calculated from active and passive pressures
caused by the wheel action. Either the mesh should be returncd continuously
into the next layers of fill, or the ends should be well securea. Choice
of mesh size Is made according to the mean soil particle size. For sands,
arching which is assumed, the size of mesh openings should not exceed five
times the mean diameter of the sand particles.

83. A logical extension of using meshes to improve trafficability

over sand beaches might be the development of a flexible framework of
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thin-walled right cylinders, each having a diameter less than one half
the tire width and a length of about 1.0 to 1.5 that of the cylinder's
diameter. Such a framework constructed of reinforced fabrics could be
deployed on the beach to form a traffic lane for container carriers and
the openings filled with beach sand to form a deterrent to lateral move-
ment of the sand as wheel loads are applied.
An example of beach stabilization

84. Ass « that a beach iIs suitable for stabilizing with Portland

cement and the appropriate type and amount of stabilizer has been deter-
mined. The next step is the determination of the required desigr thickness.
For discussion purposes assume that a quartz beach sand having an average
foreshore slope of 5 percent and a cone index of the 0- to 6-in. layer of
45 psi has been selected for a site in which CAT 824 will be used to
transport 50,000-1b containers across the beach's foreshore to an assembly
area. Figure 3 indicates that a cone index of approximately 50 would be
required for the CAT 824 with 35-psi tire pressure to negotiate one pass
a 5 percent slope, Therefore, this particular beach with an average cone
index of 45 psi would offer only marginal or no-go mobility to the CAT 824.
Further assume that the engineering properties of this hypothetical beach
sand are the same as those of Yuma sand. It is not necessary (only
convenient) to make this assumption. Helzer25 has illustrated that good
correlations of cone penetration resistance exist for different sands at
the same relative density. Best correlation exists for sands having
similar physical properties, i.e. mineral composition, a regularity of
grain shapes, and gradation characteristics. Hence, the relations
between cone penetration resistance and relative density for one sand
can be used to predict the cone penetration resistance and trafficability
performance on another sand by knowing the relative density of the latter
sand. Enter Figure 21b at a cone pene ration resistance of 45 psi; an
abscissa value of dry density of 101,7 lr/ft3 is noted. Use this value
to enter the abscissa of Figure 2la and 1ove upwar: the curve then
horizontally to the ordinate; a CBR value of 2.2 resulits.,

85. Compared to laterally confined sand mediums, significant bearing

resistance will not develop in sands if the deforming loads are applied to
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an uncunfined surface. Although a 10-1b surcharge was placed on the
loaded surface of the laboratory test specimens used in developing the

CBR versus density relation illustrated in Figure 2la, somewhat higher

becring values are no doubt realized for subgrade sands which are totally
confined beneath pavement or stabilized sections. Unpublished field CBR
tests were performed at Eglin Air Force Base, Florida on a poorly graded

fine to nadium sand beneathe existing {lexible pavements by cutting through

4
i
4
i

the sectic. and performing CBR tests at the surface of the sand subgrade.

CBR values generally ranged from 4 to 14 for these in situ surface subgrade

+

tests. References 29 and 30 were used to extrapolate a design section
trom the assumed situation. Paragraph 7-2-b of TM 5-822-530 provides
guldance for assigning a design index based on typical magnitudes and

composition of expected traffic for a flexible pavement. The largest

— T

fork!lift truck considered is for a gross weight of 50,000-1b and assigned
a design category V1; a 120,000-1b tracked vehicle is assigned the highest
design category of VIl. Combining these two categories with various
traffic volume rates, the specifled design index varied from 7 to 10. A
flexible section can be derived via the use of a pavement design graph
that relates CBR and design index to required thickness. Table 7-2 of
reference 29 provides cquivalent stabilized material thickness for
various combination of soil and stabilizers based upon total thickness
required of conventionally designed flexible pavement sections. The
following tabulation is based on a flexible pavement design index of 7, CBR
values of the unstabllized coarse grained subgrade of 2.2, 4, and 9, and

Portland cement as the stabllizlng agent.

Conventional Cement
Design Thickness Stabilized
of Flexible Pavement Section
CBR Scction, inches inches
2,2 41 23
4 24 14
9 17 11

The required section thickness (whether flexible pavement or soil-cement
section) exponcentially decays as CBR increascs; hense for numerically small

values of CHBR, the required thickness is quite sensitive to relative small
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changes in the CBR as illustrated in the above tabulation. As previously
mentioned, the CBR test unreasonably penalizes the surface strength of
clean sand; nevertheless, the CBR method is the most prevalent design and
construction control procedure currently employed in military engineering
construction. Immediate need exists for determining the relations between
CBR and sand behavior as a construction material.

Development of user manual for
<.and beach stabilization

86. Briefly stated, the priancipal problem of off-shore container
discharge extends from the contailnership to the backshore line of com-
munication (LOC) or rear assembly area. A joint Army-Navy venture is
actively developing the technology to utilize fully the benefits of con-
tainerization methods. Equipment used for transporting containers over
the beach and the improvement of that beach when necessary represent items
of this emerging technology that must be actively pursucd and formulated
into practical technolegy. Material handling concept developments in the
theater of operations have been somewhat hindered due in part to the
rapid growth and development of containerization technology.

87. A definite need exists for providing those persons responsible
for the planning and the execution of over-the-beach operations with
specific guidance pertaining to beach stabilization. Selection of one
of the previously discussed stabilization methods would depend on the
specific beach involved, as well as the mission requirements as pro-
Jectecd through the tactical and logistical constraints. Hence, adequate
stabilization guidance must be sensitive to the actual situation as the
adoption of any one stabilization method is scenario-dependent. There-
fore, a finite number of scenarlos should be established and used to
evaluate concepts, existing containerization technology, and identify
research needs. Established scenarios will allow the analysis of the
following variables during the selection of the various stabilization methods.

a. The time available for stabilizing the beach.
b. The amount of ship space available to transport the

stabilization material, equipment, and personnel.

in

The local availability of stabilizing material.

o

Specific beach properties.

Anticipated 1ife expectancy of beach traffic.
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PART 1V: COONCLUSIONS AND RECOMMENDATIONS

Conclusions

88, Based on analysis of data herein, the following conclusions are

drawn:

a.

jo

e

e

On the average, for a given layer (0- to 6- or 0- to 12-in.)
quartz sands are stronger than volcanic sands, which are,

in turn, stronger than coral sands. In a comparison of
frequency distributions of strength of beaches and deserts
(quartz sands only), the strength of the 0- to 6-in.

layers are about the same, and the beach 0- to 12-in. layer
is stronger than the same layer of desert sand (paragraph 24).
By using vehicle performance curves and curves of frequency
of occurrence of sand strength developed herein, performance
of the CAT 824 can be estimated on an areal basis (Table 6).
For example, at 35-psi inflation pressure it can negotiate
95 percent of the level quartz beaches, and at 72.5 psi

it can ncgotiate only 72 percent of the level quartz beaches
(paragraph 25).

If a 5-percent beach slope is encountered, the percentages
of quart: bcaches negotiable reduces to 76 and 13, respec-
tively, for 35- and 72.5-psi inflation pressures (paragraph
26).

On a worldwide basis, thc total coastal length of all
continents is estimated to be 162,805 miles and the
cumulative length of sand beaches was estimated to be

12 percent (19,680 miles) of the total length. Assuming
beach operations are possible only on sand and that slopes
greater than 5 percent will not be encountered, then the
amounts of operational bcach distances for the CAT 824 are
14,957 miles (9.2 percent of the total) when operating at

35-psi inflation pressure and 2558 miles (1.6 percent of
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the total ) when operating at 72.5-psi inflation

pressure (paragraph 37).

On a worldwide basis of the total land mass, approximately
14 (7,250,530 square miles) percent is covered with sand
regions. Assuming that operations in these regions would
require the CAT 824 to negotiate slopes not greater than

10 percent (inland sand egions have steeper slopes than
beaches), then at 35-psi inflation pressure, 56 percent
(4,000,297 square miles) of the regions could be negotiated;
and at 72,.5-psi inflation pressure, none of the regions
could be negotiated (paragraph 38).

For the contiguous United States if slopes greater than

5 percent are not encountered, of the 4221 miles (48 percent
of the total) of sand beach 3208 miles (4221 x .76) are
negotiable by the CAT 824 at 35-psi inflation pressure and
549 miles (4221 x .13) are negotiable at 72.5-psi inflation
pressure (paragraph 37).

Practical stabilization of beach sands may be achieved by
densification of the sand, by the introduction of cement-
ing agents to increase the sands' bearing capacity, or

by construction of temporary roadways (paragraphs 68-83).
Current design and evaluation methods employed in stabi-
lization of natural soils for enhancing construction
material used in road and airfield construction are not
entirely applicable for designing expedient stabilized
beach sand sections for transportation throughways

(paragraph 84).

Recommendations

89. It is recommended that:

_a.o

The current system for predicting vehicle performance in
sand and the frequency distributions of strength curves
in sand be used to estimate the performance of other

materials handling equipment.
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Research be performed to determine the performance
capabilities of the CAT 824 and other materials handling
equipment on other surface media, such as fine-grained

solls and snow.

Additional sand beaches be characterized for trafficability

purposes to enhance the present data base.

Analytical engineering relations be developed to properly
appraise deficlent or marginal sand beaches that might be
transformed, by stabilization, into acceptable traffic
throughways. These¢ relations would rely heavily upon
currently used measured of performance such as the
California Bearing Ratio, cone penetration resist-

ance, and triaxial compression testing. This approach
should preserve the more familar and established forms

of design parameters yet produce the analytical framework
and supplementary engineering data base specifically
needed In beach sand stabilization for transportation
purposes.,

Performance of cxisring landing mat placed on a natural
beach sand and subjected to trafflic from container
carriers be evaluated.

The many natura! and synthetic resins presently available
be evaluated for stabilizing beach sands.

Expedient, expandable, and economical means be developed
for using meshes or other lateral restraining devices
that would signiflcantly reduce sinkage of wheeled con-
tainer carriers, which results from the lateral displace-

ment of the traversed beach sand.
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Table 1

50,000-1b-Capacity Container Handler Vehicle Characteristics

205 (MAX LIFT)

£
: 1€t
4 9

Component Weight Data, lb

Front Axle 18,000
Rear Axle 32,200
Lift Mast 14.000
Mast Carriage 6.100
Containcr Handler 6,800
Counter Weights

Rear Tire Ballast 4,000

Above Rear Bumper 17,300

Below Rear Bumper - 0,000

= MAST PIVOT
g —

LG Location,’ in.

*WEIgbt and Tilt X 2
Empty (Carry - 12°) 53 27
Loaded (Carry - 12°) 108 35
Loaded (Full Height - 0°) 113 104

Mast and Carriagc Data
Maximum Tilt Forward - 2°
Maximum Tilt Back - 12°
Load Capacity - 50,000 1b
licight (w/mast extended) - 325 in,
Side Shift - 7.75 from center
15.50 total
(Continued) (Sheet 1 of 3)
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Table 1| (Continued)

Assembled Unit

Weight Data, 1b Physical Dimensions (not shown above) in.
Empty Width (without lift attachment) - 124
Front axle 44,700 Width (with lift attachment) - 242
Rear axle 65,300 Height (with mast) - 207
. Length (less mast attachment) - 290
fotal 110,000 Length (with mast attachment) - 388
Loaded

Front axle 133,000
Rear axle 27,000

Total 160,000
Tire Data

Standard Tires - Goodyear Super Hard Rock Lug
29.5-29, 40-PR. Undeflected outside
diameter = 77.4 in.; undeflected width
30.5 in,

Radial-Ply Tires - Michelin Steel Cord, Two Star Rating
29.5-29 XKB

Load, Inflation Pressure, Contact Arca, and Ground Contact'Pressuies

Standard Tire Radial-Ply Tire
Intlation Contact Ground InfTation Contact Ground
Pressure Arca Pressure Pressure Area PredSure
Load/Tire psi sq in. psi ~ psi sq in,  psi
66,500 90 708 93.9 80 856 77.7
35 965 68.9 62 943 70.5
SO 1048 63.4
40 1149 57.9
32,650 55 487 67.0 S0 689 47 .4
35 598 65.6 35 809 40.4
25 942 34.7
29,900 62 401l 64.8 .- - -
S0 483 61.9 .- - -
35 $37 55.7 -- - -
22,350 -- - - 80 396 $6.4
-- - - 62 459 48.7
-- - - 50 S03 44.4
-- - - 40 580 38.5
13,500 S0 248 54.4 50 a8 34.8
35 329 41.0 25 S5le 26.2

(Continuced) {Sheet 2 of 3)
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Table 1 (Concluded)

Miscel laneous Data

Horscpower (fly wheel) - 300 at 2060 rpm

Transmission - Singlce-lever power shift, plunetary type; 3 fwd 3 rev
Maximum forward speed - 18.5 mph

Steering - Articulated frame; muximum angle 30°

Final drive - all<heel planctary

Ground clcarance - 37 in,

{Sheet 3 of 3)



Table 2
Pata Form tor Computing Haximum Nel Drawbar Jull (DHP ‘") aximum

Siop2 legotiable (Smr\,) and Towed Motion pesistance (MR) for
theeled Yehicles in Sands

Vehicle

Basic Fauatiuns

y o S e LIRS -2 y o - o =
DBlcu % of vehic'e wt) 28.87)(1 4 10.101(2 1.52)(3 o61x,. Xs

o v : - [ - 8 - =
Sm‘x(p) ?8.8“1 + 10.10‘(2 1.)2x3 0.¢ IX.‘ X6

MR (% of vehicle wt) = (22.20 + 0.92X,) - gs.n +0.372 %) * (4)] -
Vehi le Characteristics and Cone Index

(1) Gross wt, (with max

payload) 1b (¢) liorinal tire width, in.
(3) Ria diancter, in. (4) No. of powered tires
(Y) Tire ply rating (6) Tire inflation pressurc, psi

(‘1) Cone index of critical layer
X Fuactors

X, : strength factor - log (7) = (loparithn to the base 10)

)(2 = contact area factor = log 8(—))- =

a ,
xa contact pressure factor - 0.607 X (6) + 1.35 (}ﬂrﬁ)\’_’;_iﬂ)_ %h.93 = .

X, = wheel dianeter factor = X., x(2) + (3) = (1f avatlable, use

undeflected outside tire diameter as X )
X, = sace as (4)

3
X, = saze as (6)

X5 = 43.82 for maximum net drawbar pull cozputations

X = 45.82 for maximum slope negotiable

x_ - Nominal tire width, in. ir >2.h factor (7) = 2.0
7 Rlm d{ameter, in. it <.h factor (7) = 5.0

DAP 28.87(____ ) +10.10( ) - 1.92( ) - 0.6)( ) - 43.82

a2

—— e ——

S * P8.87(____ ) ¢ 10.0(_ ) - v ) - 0.0 ) - 45.82 =

¢ Ruzdersg in parenthesis ,ag. Cale e reh Q)0 characteristic, cone Index,
or X factor to ucse.
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Densification
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3. Headquarters, Department of the Army, "Utilization of Engineer
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Equipment,” T™ 5-331-E, Vol A, Aug 1967, Washington, D. C.

Soil-Cement

4., MHansen, N. G., Soil Cement Roads, National Roads Board,
Wellington, New Zealand, 1960,

S. Hutchinson, G. G., "Cranulometric Properties of Cement Stabilized
Sands,” Journal, Soil Mechanics and Foundations Division, Proceedings of
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6. Portland Cement Association, Soil Cement Construction Handbook,
Chicago, Ill., 1956.

Bituminous Binders
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2). Ingles, O. G. and Metcalf, J. B., Soil Stabilization - Principles
and Practice, Wiley and Sons, New York, 1973.
24. Headquarters, Department of the Army, "Asphalt and Concrete
Equipment,” TM 5-331-E, Vol D-1, Apr 1965, Washingtom, D. C.
25. ——___» "Engineer Speci=1 Purpose
&nd Expedient Equipment,” TM 5-331-E, Vol E, Feb 1969, Washington, D. C.
26. » "Construction in the
Theater of Operations,"” ™ 5-302, 15 Dec 1969, Washington, D. C.
27. » "Control of Soils in
Military Construction,” T™ 5-541, Sep 1954, Washington, D. C.
28, » "Soil Stabilization for
Roads and Streets,”" EM 1110-345-304, 31 Jul 1961, Washington, D. C.

Al



In accordance with ER 70-2-3, paragr=3h 5-{(1)(v),
dated 15 February 1973, a facsimile catalog card
in Library of Conmgress format is reproduced below.

Rush, Edgar S
Estimating the performance capability of 50,000-1b-
capacity container handler on beach and desert sands, bv
Edgar S, «ush jand' Gary N. Durham. Vicksburg, U. S.
Armv Engineer Waterways Experiment Station, 1975.
1 v. (various pagings) {llus. 2/ cm. (U. S. Waterways
Experiment Station. Miscellaneous peorer M-75-8)
Prepared for U, S. Army Mobility Equipment Research and
Development Center, Fort Belvoir, Va.
Includes bibliographies.
l. Beaches. . Container handling equipmeat. 3. Deserts.
4. Sands. 5. Soil stabilization. 6. Soil strength. 7. Traf-

ficability. B. Vehicles. I. Durham, Gary Neil, joint
author. TI1. U. S. Army Mobility Equipment Research and
Development Center. (Series: l!. S. Waterways Fxperiment

Station, Vicksburg, Miss. Miscellaneous paper M-/5-8)
TA7.Wism no.M-75-8
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