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FOREWORD 

.• The test facilities and techniques described herein are being used 
in studies conducted at the U. S. Army Engineer Waterways Experiment Sta-
tion under DA Project l-T-0-21701-A-046, "Trafficability and Mobility 
Research," Task l-T-0-21701-A-046-03, "Mobility Fundamentals and Model 
Studies," under the sponsorship and guidance of the Directorate of Research 
and Development, U. S. Army Materiel Command. 

Acknowledgement is made to Lt. Gen. A. G. Trudeau, former Chief of 
Research and Development, Department of the Army, who directed the initia-
tion of the study of the performance of soils tmder pneumatic tires; to 
Mr. R. C. Kerr, chairman, and Dr. Lester Goldsmith, Dr. L. C. Stuart, 
Dr. Robert S. Rowe, and Mr. C. J. Nuttall, members of the ad hoc committee 
that recommended the research program; and to Messrs. R. R. Philippe and 
R. F. Jackson, U. S. Army Materiel Command, and Mr. M. V. Kreipke, Office, 
Chief of Research and Development, who visited the Waterways Experiment 
Station and advised in the formulation of the research procedures. Per-
sonnel of the Land Locomotion Laboratory, U. S. Army Tank-Automotive Center, 
and of the U. S. Army Transportation Research Command, both of which are 
under the U. S. Army Materiel Command, maintained liaison and made valuable 
comments and suggestions. Messrs. C. J. Nuttall and C. W. Wilson of Wilson, 
Nuttall, Raimond, Engineers, Inc., served as consultants and aided in the 
formulation of the test program, design of the test equipment, and analysis 
of data. 

Testing to determine the performance of soil under pneumatic tires 
has been and is being conducted by personnel of the Army Mobility Research 
Branch, Mobility and Environmental Division, Waterways Experiment Station, 

3 

£11088 



under the general supervision of Messr~. W. J. Turnbull, W. G. Shockley, 
and S. J. Knight, and the direct supervision of Mr. D. R. Freitag. 
Mr. J. L. McRae directly supervised this project during a 12-month absence 
of Mr. Freitag, who was studying under a Research and Study Fellowship 
grant. Other personnel who have been actively engaged in the study are 
Messrs. C. J. Powell, A. B. Thompson, J. L. Smith, G. T. Easley, R. D. 
Wismer, G. W. Turnage, and SP-4 J. R. Wood, engineers, and Miss M. E. Smith, 
mathematician. This report was written by Messrs. McRae, Powe'll, and 
Wismer. Material assistance in the prosecution of the work was given by 
1st Lt. L. J. Lanz, Transportation Corps Liaison Officer. 

Col. Edmund H. Lang, CE, and Col. Alex G. Sutton, Jr., CE, served 
as Directors of the Waterways Experiment Station during the preparation of 

this report, and Mr. J. B. Tiffany was Technical Director. 
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SUMMA.RY 

This report presents introductory and background information on re-
search being conducted on performance of soils under tire loads, and 
describes in detail the test ·facilities and techniques used by the Army 
Mobility Research Branch, Mobility and Environmental Division, U. S. 
Army Engineer Waterways Experiment Station. It also includes a complete 
list of definitions of mobility terms with particular reference to those 
concerning pneumatic tires. 
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PERFORMANCE OF SOILS UNDER TIRE LOADS 

TEST FACILITIES AND TECHNIQUES 

PART I: INI'RODUC.TION 

Background 

1. The vehicle mobility research program discussed herein began in 
March 1959, when an ad hoc committee appointed by the Chief of Research 
and Development, Department of the Army, with Mr. R. C. Kerr as chairman, 
held its first meeting. This corrunittee was created to study the status of 
ground vehicle mobility research in the Department of the Army and to make 
recorrunendations as to how the research could be accelerated. Among the 
several recorrunendations of this committee were the following: 

a. Institute a "crash" research program at the Army Mobility 
Research Branch (AMRB)* test facility to evaluate the rela-
tive soft soil performance of currently available sizes of 
pneumatic tires. This study would produce data that would 
aid in the proper selection of tire sizes for a new family 
of Army vehicles scheduled for procurement within the next 
few years and would take precedence over the normal pursuit 
of the long-range objectives of the AMRB research program. 

b. Establish a permanent working committee that would encourage 
coordination of mobility research efforts by Ordnance Corps, 
Transportation Corps, and Corps of Engineers. The corrunittee 
would also make periodic reviews of progress and report to 
the Chief of Research and Development. 

2. The Chief of Research and Development concurred with the findings 
of the ad hoc committee and implemented them in a disposition form dated 
27 May 1959 to the Chiefs of the three Technical Services involved 

* At the time of the corrunittee's action this organization was designated 
the Army Mobility Research Center, Soils Division, U. S. Army Engineer 
Waterways Experiment Station. It is now known as the Army Mobility Re-
search Branch, Mobility and Environmental Division, U. S. Army Engineer 
Waterways Experiment Station. 
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(Ordnance, Transportation, and Engineers). Specifically, the U. S. Army 
Engineer Waterways Experiment Station (WES) was to complete the main test 
facility and activate the research program. The recommended review commit-
tee also was formed, with Mr. R. C. Kerr again acting as chairman. This 
committee met in September 1959 and recommended that additional necessary 
f'unds be provided. Representatives of the three Technical Services met in 
February 1960 to agree upon a definite plan of tests for the research pro-
gram. A copy of this plan is included as Appendix A. Briefly, it provided 
for testing with a range of tire sizes, under varying conditions of load 
and inflation pressure, on three representative types of soil. The tire 
sizes were chosen to provide variations of both width and diameter; loads 
and inflation pressures were chosen to cover the useful working ranges of 
the tires and the test equipment. The three soils chosen for testing were 
sand, heavy clay, and clayey silt, since these would be representative of a 
wide range of inorganic soils. All testing was to be done with treadless 
tires so that geometry effects could be evaluated independently of tread 
effects. Study of effects of tire treads and track configurations was to 
be deferred until a later date. The WES was directed to proceed with the 
research program in a letter dated 7 March 1960 from the Chief of Engineers, 
subject, "Plan of Tests, Performance of Soils Under Tire Loads" (see 
Appendix A). Steps were taken immediately to procure test tires and to 
develop operating techniques. Testing with sand was started on 6 June 1960, 
and full operating efficiency was attained by 1 August 1960. Testing with 
clay was started on 13 September 1961. No tests have yet been conducted 
with clayey silt. 

Purpose of This Report 

3. The purpose of this report is to describe the test appara-
tus, equipment, and techniques being employed in the main testing facil-
ity of the AMRB in the study of the performance of soils under moving 
pm:urna.tic tires, and to present definitions of frequently used words 
pe;r;uliar to this study to provide a reference for use in future reports 
of this series. 
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Previous Investigations 

4. The present research program was preceded by and now is being 
performed in conjunction with other related mobility research studies. The 
results of these studies have been or are being published. The studies in-
clude investigations of the deflection of moving tires, tests with rigid 
wheels, determinations of stresses in the soil mass under moving vehicles 
and stresses at the tire-soil interfa,ce, and laboratory studies of the 
relations among various soil parameters used in vehicle mobility research. 
The published reports dealing with these subjects are listed on the inside 
of the back cover of this report. 

Definitions 

5. Many of the terms used in this report and in several already-
published reports have not been rigidly defined heretofore. The following 
list defines these terms as they are now used at the WES and in this 
report: 

a. Tire geometry* (refer to fig. 1): 
Carcass diameter (d): Outside diameter, exclusive of 

tread, of the inflated but unloaded tire. Equals 
the rim diameter plus twice the carcass section 
height. 

Tire diameter: Outside diameter, including tread, of 
the inflated but unloaded tire. Equals the car-
cass diameter (d) plus twice the tread height at 
the center line of the cross section. In fig. 1, 
one-half of the tire diameter, i.e. the tire 
radius, is shown. 

Section width (b): Maximum outside width of the cross 
section of the inflated but unloaded tire. 

* These definitions are in general agreement with established terminology 
of the tire industry, but include some additional terms adapted specifi-
cally to the WES mobility program. 
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Loaded section width: Maximum outside width of the 
cross section of the loaded tire when the tire 
is resting on an unyielding, horizontal, plane 
surface .. 

Tire section height: Distance from the shoulder of the 
rim to the periphery of the tire, including tread, 
measured along the vertical center line of the 
cross section of the inflated but unloaded tire. 

Carcass section height: Distance from the lip of the 
rim flange to the periphery of the tire, exclu-
sive of tread, measured along the vertical center 
line of the cross section of the inflated but 
unloaded tire. 

Loaded carcass section height: Minimum distance 
from the lowest point of the lip of the rim 
flange to the unyielding level surf ace on which 
the loaded tire is resting, less the tread 
height. 

Tire deflection: Any displacement of a point on the 
tire surface from its position on the inflated 
but unloaded tire. 

Maximum hard-surface deflection (5MH)*: Difference 
between carcass section height and loaded car-
cass section height. 

Maximum in-soil deflection (5MS): Maximum deflection 
measured on the center line of the cross section 
of the tire as it moves in the soil. Its magni-
tude depends upon load, inflation pressure, and 
soil strength. 

Contact area: The portion of the tire in contact with 
the supporting surface. Interruptions of the con-
tact area due to tread patterns are considered 
part of the contact area. 

* 5 is often expressed in percent by dividing the deflection by the car-
cass section height and multiplying by 100. 
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Tire print: Contact area on an unyielding surface. 
Contact pressure: Load on the tire divided by the 

contact area. 
Contact length: Maximwn length of the contact area, 

measured parallel to the plane of rotation of the 
tire. 

Contact width: Maximwn width of the contac~ area, 
measured perpendicular to the contact length. 

Hard-surface rolling circumference: Forward advance 
per revolution of the loaded tire when towed on a 
flat, level, unyielding surface. 

Nominal rim diameter: Wheel diameter at the shoulder 
of the rim. This is the rim diameter figure 
which appears in the designation of the tire size 
(e.g. the 111611 in "6.00-16"). 

Rim diameter: Wheel diameter at the lip of the rim 
flange. 

b. Soil strength: 
Cone index: An index of soil strength obtained with 

the cone penetrometer. It is the unit load re-
quired to maintain movement o~ the cone-shaped 
probe normal to the surface of the soil. It has 
the dimensions pounds per square inch, and is 
usually given as an average value for a specified 
layer of soil several inches thick. 

and k¢ and n-¥- : 

n z 

Constants of the equation p = 

where p is pressure, z is 

sinkage, and b is the width of the penetrating 
plate. The equation is intended to approximate 
the plate-penetration test results. 

* See Land Locomotion Research Branch, R&D Division, Ordnance, Tank 
Automotive Command (Army), A Soil Value System for Land Locomotion 
Mechanics, Research Report No. 5, Centerline, Michigan, December 1958. 
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ct , cd , ca·, ¢t , ¢d , ancl ¢a"- : Constants of the~ 
equation s == c + p tan ¢ , which expresses the 
linear relation of shear strength s to normal 
pressure . p for a given soil. The subscripts 
t , d , and a denote the device (triaxial 
shear, direct shear, in-situ ring shear, respec-
tively) with which the data were obtained. 

c. Wheel performance: 
Torque (M): Torque input at the axle. 
Travel ratio: Ratio of the actual wheel advance per 

revolution to the theoretical advance per 
revolution. 

Slip: Unity minus the travel ratio where the theoreti-
cal wheel advance per revolution is taken as the 
hard-surface rolling circumference. Slip is 
usually expressed as percentage. 

Pull (P): The component, acting parallel to the 
direction of travel, of the resultant of all soil 
forces acting on the wheel. It is considered 
positive when the wheel is performing useful work, 
and negative when an additional force must be 
applied to maintain motion. Pull at any partic-
ular level of slip is denoted by-use of the 
letter P with a subscript specifying the per-
centage of slip. For instance, P20 is the pull 
at 20 percent slip. 

Maximum pull point (PM) (fig. 2): The point in a 
programed-slip test where the pull is a maximum 
(in the mathematical sense) on the pull-slip 
curve. 

Self-propelled condition: The condition in which the 
pull is zero and the torque input is just 

* See U. S. Army Engineer Waterways Experiment Station Technical Report 
No. 3-639, Strength-Moisture-Density Relations of Fine-Grained Soils In 
Vehicle Mobility Research, January 1964. 
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Fig. 2. Sample pull-slip and torque-slip curves for Yuma sand 

Towed condition: The condition in which torque input 
to the wheel is zero and the pull is negative. 

Towed point (figs. 2 and 3): The point in a programed-
slip test where the wheel attains the towed 
condition. 

Towed force (PT): Pull at the towed condition. 
Hard-surface rolling resistance: Horizontal force re-

quired to tow the wheel, under load and with 
transmission out of gear, on a flat, level, un-
yielding surface. This force includes wheel 
bearing friction and partial transmission losses. 
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Load (W): The vertical force applied to the wheel. 
Hub movement: Vertical movement of the wheel hub 

relative to the original soil surface. 
Sinkage (z): Maxirrrum depth to which the wheel pene-

trates the soil relative to the original soil 
surface. 

Rut depth: Depth of rut, relative to the original 
surface, after passage of the wheel. (May 
differ from sinkage because of soil rebound or 
fill-in.) 
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PAHT II: PHEPARA.TION OF SOILS FOR TESTS 
WITH PNEillIATIC TIHES 

General Layout of Soil Preparation Facilities 

6. A general view of the operational area of the main AMRB test fa-
cility~ showing the soil-processing plant, a straddle truck on which are 
mounted soil-processing tools, and soil cars, is shown in photograph 1. 
The soil cars are constructed of steel plate to the cross-section shape and 
dimensions shown in photograph 2; they are 27 ft long, and fitted with re-
movable endgates. Two cars, joined end to end, make up a test unit which 
is formed before soil placement is started. Holes are provided in the 
sides of the cars for mounting pressure cells or inserting electrical leads 
for test purposes. A gridwork of steel tracks on the floor of the test fa-
cility is used to move the soil cars about the facility as required. 

Procedure for Preparing Test Cars of Dry Sand 

7. Preparation of test cars of sand presents relatively few problems, 
primarily because all the tests are performed with air-dried material. Ac-
tual moisture content is usually about 0.5 percent of dry weight. Different 
degrees of soil strength are achieved by varying the density of the sand. 
Depending upon strength conditions desired, the sand is placed in the cars 
either in uniform layers and then finally screeded and vibrated on the sur-
face, or in individual layers which are screeded and vibrated as the fill-
ing progresses. Uniform deposition of each layer is achieved by placing a 

large 1/4-in.-mesh screen on top of the car and depositing the sand uni-
formly over the screen with a.tractor-mounted shovel, commonly called a 
front-end loader. This procedure is illustrated in photograph 3. Use of 
the screen assures a uniform distance of fall for each individual layer of 
sand; but, of course, the height of fall becomes progressively less with 
the addition of each new layer. Thus, in the initial condition the sand 
density is somewhat greater in the first layers placed than in the last. 
Compaction is accomplished by a vibrating skid unit consisting of an elec-
tric vibrator mounted on a steel baseplate that is long enough to span the 
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width of the soil car. This vibrator, which delivers blows of 1800-lb mag-
nitude at the rate of 3600 per minute, is pulled back and forth over the 
length of the car at a constant speed by an electricat towing unit built 
especially for this purpose (photograph 4). 

8. After placement of the sand, appropriate measurements are made 
to determine if the desired strength level and strength profile have been 
achieved. If not, further treatment, including scarifying or vibrating as 
required, may be given. Then the test cars are moved over the track sys-
tem to their proper position in the test lane, which usually consists of 
two approach cars and the two test cars; occasionally one or two additional 
cars may be included to accommodate an overrun of the test wheel. When the 
test cars have been positioned in the test lane, the endgates are removed 
and the cars are fastened to the other cars in the test lane to provide a 
continuous soil surface. During removal of the endgates, a certain amount 
of soil is spilled. Therefore, after the test cars have been fastened to 
the other cars the joints are refilled, tamped, and brought to grade by 
hand. 

9. Normally, two tests are run side by side in each pair of test 
cars. When these two tests have been completed, the test cars are rolled 
out of the line and the top 18 in. of the sand is removed by means of a 
special bulldo~er attachment mounted on a modified lumberyard straddle 
truck (see photograph 5). Then the sand is either put into a storage bin 
or used to reconstruct the test car. 

Procedure for Preparing Test Cars of Cohesive Soil 

10. The processing of cohesive soils is inherently difficult because 
both density and moisture content must be controlled. Different degrees of 
soil strength are achieved by preparing the soil at different moisture con-
tents. Load-independent soil conditions at each level of moisture content 
are approximated by compacting the soil-water mixture to a density such 
that nearly all the voids are filled with water. 

11. The initial preparation of material for use in the construction 
of a typical test car of clay begins on an outdoor, asphalt-paved, process-
ing area where the natural clay is turned and worked until it has been 
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air-dried to about 10 percent moisture content. It is then transported to 
soil storage bins in a building attached to the main test facility. Hori-
zontal augers sweep across the floors of the storage bins and feed the soil 
into a main auger which carries it to a bucket elevator. The bucket eleva-
tor raises the soil into an even-flow measuring hopper (photograph 6). At 
this point, the soil is metered onto a belt conveyor which raises it to the 
hopper of a disintegrator where the lumps of soil are broken to smaller 
sizes and dropped into a roller crusher. The crusher breaks the clods down 
to a maximum diameter of 1/4 in. and feeds them into a pug mill below. 
Water is metered into the pug mill at a predetermined flow rate and blended 
into the soil to provide both a uniform texture and the desired moisture 
content. The prepared soil issues continuously from the end of the pug 
mill into the soil cars, while they are propelled slowly back and forth by 
a forklift truck. This procedure allows the soil to be deposited fairly 
uniformly along the length of the test cars, as shown in photograph 7. 

12. The modified lumberyard straddle truck supports several soil-
working tools that can be mounted at either end of the truck. The tools 
include a set of pneumatic tires for compaction by rolling (photograph 8), 
a section of grader blade for leveling the clay surface (photograph 9), a 
drop-hammer compactor (photograph 10), and a special bulldozer-type blade 
for scraping soil out of the cars in the unloading operation (photograph 5). 
Since the pneumatic-tired roller does an effective job of compacting clay 
at the moisture contents normally used in this testing program, it is the 
compaction device generally used. First, enough soil is placed in the cars 
to produce a layer of approximately 6-in. thickness (after compaction). A 
tough membrane is placed over the surface of the uncompacted soil; the 
membrane is necessary to prevent the wet clay from adhering to and accumu-
lating on the compactor wheels. The straddle truck then propels the 
pneumatic-tired roller over the membrane-covered layer while pressure is 
applied on the roller by means of a cable-and-winch arrangement, continu-
ing until a density corresponding to that obtaining when about 95 percent 
of the void space is water-filled has been produced. The next layer is 
placed and compacted in the same manner, as is each succeeding layer. This 
procedure is repeated each time a test car is filled with soil. 

13. After construction is completed, measurements are made to 
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determine whether the desired soil conditions have been achieved. From 
undisturbed samples taken at selected locations in the soil car by means 
of a thin-wall piston trafficability sampler (photogr~ph 11), the soil 
moisture content, dry density, and degree of saturation are determined. 
Cone indexes are obtained to evaluate the soil strength profile. If the 
measurements reveal unacceptable variations in density and/or cone index 
but not in moisture content, the soil is assumed to have been mixed prop-
erly with water but to have received inadequate compaction. Therefore, it 
is removed from the cars but is immediately replaced and subjected to a 
compaction effort greater than that previously used. Occasionally, mois-
ture content measurements reveal unacceptable variation (horizontally or 
vertically), indicating improper mixing of soil and water. In such cases 
the soil is removed from the cars and discarded. 

14. The principal criteria used to judge acceptability involve: 
a. The range of dispersion of the strength at the soil surface 

in the horizontal direction and in relation to the under-
lying soil. 

b. The dispersion of the average strength values in the top 
6 in. of the soil as measured at different points in the 
test car. 

c. The magnitude of the average rate of change of strength with 
depth in the top 1 ft of soil. 

The actual numerical values allowed for these criteria and their develop-
ment as testing experience was gained will be described in a f'uture report 
of this series that will present the results of the initial tests in clay. 

15. As previously described for the sand tests, two complete tests, 
each consisting of five passes of the wheel in the same rut, usually are 
run side by side at the trartsverse quarter points of a set of test cars. A 
waterproof cover, kept in place on the surface of the clay except when a 
test pass actually is being run, prevents excessive loss of moisture. It 
has been found that if the soil is sprinkled lightly every other day the 
original moisture content of the soil, both in the mass and at the surface 
of the test bed, can be maintained and the density and strength of the soil 
are not altered by the traffic loads. l'his makes it possible to reconsti-
tute the test car for the next pair of tests by filling the ruts, rolling 
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the surface, and trimming it to a smooth, uniform surface. After each such 
reprocessing, all soil strength tests are repeated to define precisely the 
soil condition for the next wheel tests. Test cars of clay can be re-
processed in this manner only about. four times because some soil is lost 
in the leveling process and the surface elevation becomes lower with each 
reprocessing until the sinkage range of the test carriage is exceeded. 
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PART III: SOIL STRENGTH MEASUREMENTS 

16. One of the important decisions that had to be made in the early 
stages of the research program concerned the types of soil strength mea-
surements to be made. Since there is wide difference of opinion as to what 
constitutes a valid measurement of dynamic soil strength for mobility, it 
was necessary to adopt some kind of index that would quantify the soil 
strength accurately enough for correlation of experimental data. Experi-
ence has shown that cone penetrometer data have correlated well with vehi-
cle performance in field tests of actual military vehicles. This fact, 
coupled with the inherent advantages of the penetrometer's simplicity and 
light weight, and the large amount of worldwide data that has been obtained 
with it, led to its adoption as the primary strength-control device for the 
research program. In addition, it was decided that as many measurements as 
possible would be made with flat plate penetrometers and rotary-shear de-
vices, so that analysis methods proposed by other researchers, in this 
country and abroad, could be applied. Triaxial- and direct-shear determin-
ations also were to be made on representative samples, so that cohesion and 
friction values could be calculated. 

Cone Penetrometer Tests 

17. The cone penetrometer was developed at the Waterways Experiment 
Station for use in trafficability studies. The field instrument consists 
of a right-circular cone with an apex angle of 30 deg, mounted on the 
end of a rod that is, in turn, mounted on a proving ring and dial-gage 
assembly. As the cone is forced into the soil at a constant rate (6 ft 
per min), the depth of penetration is noted visually with the aid of 
markings on the shaft, and the force is read on the dial gage. The usual 
index of force is cone index, which is in units of pounds per square inch 
and is obtained by dividing load applied to the penetrometer by the pro-
jected base area of the cone. Cone index is recognized as an empirical 
number, and the units of pounds per square inch, while indicative of the 
dimensional nature of the index, are not to be regarded as shear strength 
or bearing capacity per se. The data obtained from a penetration test may 
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be plotted as cone index versus depth of penetration. Zero penetration is 
taken as the point where the base of the cone is flush with the surface of 
the soil. 

18. The projected area of the base of the cone used in the sand 
tests is 1/2 sq in., and the diameter of the shaft is 5/8 in. When this 
combination of cone and shaft was used in soft clay, the penetration hole 
collapsed against the penetrometer shaft, resulting in sufficient drag to 
cause erroneous readings. To correct this error, a 1-sq-in. cone on a 5/8-
in.-diameter shaft was used in the first 117 clay tests. Later in the 
testing program, it was discovered that a 1/2-sq-in. cone on a 3/8-in.-
diameter shaft also eliminated all adverse effects of shaft drag and was 
stiff enough not to bend under load; therefore, this combination was 
adopted for use in the remainder of the test program. Although these two 
cone sizes did not yield identical measurements of the soil strength, the 
difference was so small that a correction factor was not considered neces-
sary. The details of the study on results of cone penetrometer shaft-drag 
tests will be presented in a f'uture report of this series. 

19. A mechanized cone penetrometer was developed for laboratory use 
in mobility tests (photograph 12). A load cell was substituted for the 
proving ring and dial-gage assembly, and a gear-driven circular potenti-
ometer for the depth markings on the shaft, so that a continuous record of 
cone index versus depth of penetration could be obtained on an X-Y recorder. 
The load cell is mounted on a vertical shaft, and load is applied by an 
electric motor through a system of gears and threaded shafts that drives 
the cell, mount, and penetrometer vertically downward at a rate of penetra-
tion of 6 ft per min. The penetrations are made along the center line of 
the wheel path before the tests and also during the tests to detect any 
changes that might occur. 

Plate-Penetration Tests 

20. Plate-penetration tests are made with flat, circular plates of 
different diameters (1.4, 2.8, and 4.2 in.). The purpose of these tests is 
to determine size-scale effects on the pressure-sinkage relation in the 
sand and in the clay. The plates are forced into the soil by mechanical 
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meillls at a rate of 6 in. per min. (Note: As mentioned previously, the 
cones are forced in at the faster rate of 6 ft per min.) The plate pene-
trations are made on the center lines of the test cars rather than in the 
wheel paths to avoid excessive disturbance of the soil in critical areas. 

Vane-Shear Tests 

21. Vane-shear tests are conducted with the torque machine shown in 
photograph 13. This device is used to apply and measure the torque re-
quired to rotate the vane at various depths with no normal loading. The 
rate of rotation is about 7 deg per sec. The cylinder of rotation pro-
duced by the vane is 1.75 in. in diameter and 2.25 in. high. The applied 
torque is divided by the product of the area of the cylinder and its 
effective moment arm to provide an estimate of the average shearing resis-
tance of the soil. The tests are run on the test car center line. 

Ring-Shear Tests 

22. Ring-shear tests are conducted with the same torque machine. 
The shear ring has an outside radius of 7 in. and an inside radius of 
5-1/2 in. Grousers 3/16 in. high are mounted at angular intervals of 20 
deg on the base of the ring. The annular shear head is mounted on a ball-
spline shaft that is essentially frictionless, so that vertical motion can 
take place while torque is being applied. The grousers on the annular ring 
are pressed into the soil, and a predetermined normal load is applied by 
means of deadweights. The ring is rotated (at a rate of about 7 deg per 
sec) and a continuous record of torque versus angle of rotation is pro-
duced. Different normal loadings can be used to produce a family of curves. 
Tests are run on the soil car center line. 

Triaxial Compression Tests 

23. Triaxial compression tests are conducted on undisturbed samples 
extracted from representative cohesive-soil cars to determine the param-
eters ct and ¢t of the different soil strength levels used in the 
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program. Triaxial tests also are conducted on the cohesionless sand, but 
the sand test specimens have to be formed in the laboratory. The sand 
specimens are tested at several density levels within the range of densi-
ties used in the test cars. 

Moisture-Density Determinations 

24. Moisture-density determinations are made at three selected 
points in each test lane for at least the top two 6-in. layers (i.e. 0- to 
6-in. and 6- to 12-in. layers). A trafficability sampler, shown in photo-
graph 11, is used to extract the moisture-density samples of cohesive soil. 
This sampler excludes the top and bottom 1-in. segments of the sample from 
the density determination because of possible disturbance during sampling. 
However, the top 1-in. segment of the 0- to 6-in. sample is used for the 
0- to 1-in. moisture determination in the clay tests. Determination of 
sand density is accomplished with a steel box of a known volume that is 
care:fully forced into the surface layer, after which the sand is removed 
from the box by hand and weighed. The weight per unit of volume can then 
be computed. 
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PART IV: TEST EQ,UIFMENT, TIRES, AND TESTING TECHNIQUE 

Test Carriage 

25. The primary research instrument used in determining the per-
formance of soils under tire loads is the test carriage of the main facil-
ity, built especially for testing under a variety of loading conditions. 
The test carriage is supported by solid rubber-tired rollers 0n a pair of 
accurately aligned and graded overhead rails that are, in turn, suspended 
from cantilever columns and crossarms (photograph 14). The carriage is 
towed by an endless steel cable that is fastened fore and aft to the 
carriage, passes up over pulleys at the ends of the track system, and is 
driven by sheaves mounted on a platform above the overhead rails. Photo-
graph 15 shows a section of the test lane with soil cars in place and the 
carriage positioned directly under the towing cable drive mechanism. The 
speed of the towing cable can be varied continuously from zero to about 30 
fps, and the cable and pulleys can be shifted transversely across the width 
of the soil cars, along with the test carriage, so that the traffic lane 
can be established at any transverse position in the cars. 

26. The test wheel is mounted in the lower frrune assembly, which 
consists of an inner and an outer frame (see photograph 16). The entire 
assembly is fastened to the upper frame by columns and roller assemblies 
so that free vertical movement of the wheel is possible. Both the wheel 
and the transmission are suspended from the inner frame. The inner frame 
is fastened to the outer frame at all four corners by specially built load 
cells, mounted vertically, which also serve as hinges and allow relative 
movement of the two frames longitudinally. These four load cells measure 
the vertical load on the wheel and are connected in a bridge circuit so 
that torque effects will be canceled. The relative longitudinal movement 
is opposed by a load cell mounted horizontally between the two frames so 
that the reading from this cell is a measure of the pull, which may be 
positive or negative (see definition on page 15). 

27. Load can be applied to the wheel by the addition of deadweights 
or by Bellofram pneumatic cylinders mounted between the upper and lower 
frames. The Bellofram assembly consists of an outer cylinder and 
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loosr:-fi ttln[~ rii;~ tun j uirir;rJ tr)w~thcr e.nrl :~ealecJ against air leakage. As 
the piston movcrJ throu1~h t:hc lrc:ngth of the r;ylinder, the Bellofram or mem-
brane turns in;;idc out, thu;] r~liminatlnr~ wall friction as experienced in an 
ordinary piston-and-cylinrler arranr'.crnr;nt. Thr; travel of Uw piston is 
fairly long, but the system i:::; ;;inr~le-acting :io Uw.t two cyllnde;rs are re-
quired, one for upward force and one for downward. The test carriage 
utilizes one pair of cylinclrjrs at the front and anotl:v.:r rJair at the rear. 
The air storage tanks, which are visible on both side;; r_;f the UIJI>er framr:; 
in photoc;raph 16, provide a reserve air supply to compc:n;:;ei,tc: for rnovr::rncnt 
of the loading cylinders caused by increasing sinkage of U1e whc:el as it 
progresses down the test lane. 

Test Carriage Instrumentation 

28. The carriage is instrumented to measure torque input to the 
wheel hub, vertical movement of the axle, dynamic tire deflection, wheel 
revolutions, and carriage position, in addition to the horizontal and ver-
tical forces described in paragraph 26. A sample recording of these mea-
surements is presented in fig. 4. Provision also is made for recording the 

profile of the soil surface before traffic is applied. Torque input for 
most of the tests is provided through a mechanical transmission mounted on 
the axle of the wheel and a hydraulic motor. Most of this equipment is 
visible in photograph 16. A transmission driven directly by an electric 
motor has also been used, and for special applications a chain-driven aux-
iliary reduction gear can be mounted. The transmission is restrained from 
rotating about the axle by a lever arm of known length attached to a load 
cell that is anchored to the inner frame; consequently, the load cell out-
put signal can be calibrated.to indicate the reactive torque directly. 
Axle movement is measured by circular potentiometers mounted on the outer 
frame and geared to rack gears mounted on supports from the upper carriage. 
There is an assembly for this purpose at both front and rear of the lower 
carriage; the front assembly is visible in the lower left corner of photo-
graph 17. Tire deflection is measured by two linear potentiometers that 
are mounted through the rim and spaced 180 deg apart radially around the 
wheel (photograph 18). The signals are transmitted through a slip ring 
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mounted on the axle (see photograph -19). Wheel revolutions are recorded by 
a stationary photoelectric cell and a perforated circular disk that rotates 
with the axle, and carriage position is indicated by a photoelectric cell 
on the upper frame, which is actuated by tabs spaced 1 ft apart on the 
overhead rails. 

29. All the measurements made with the soil-test instruments and the 
test carriage originate as electrical signals. These impulseG are relayed 
through cables to the temperature- and humidity-controlled instrumentation 
room (photograph 20) and into the recorders. Several different types of 
recorders are employed with the selection determined by the nature of the 
data and the manner in which they are handled. Soil strength data usually 
are recorded on X-Y recorders. This provides a plot of the dependent 
variable versus the independent variable, e.g. pressure versus depth or 
torque versus angle of rotation. The data from the test carriage are 
recorded as a function of time by a direct-writing light-beam oscillograph 
(see photograph 20). Where desired, selected items of information gained 
from the test carriage can be recorded simultaneously on a magnetic-tape 
recorder. These data can then be played back to be recorded on the direct-
writing oscillograph at a slower speed or to plot one value against another 
on an X-Y recorder. 

30. The operation of the test carriage during a test run is con-
trolled by a specially constructed programer which causes the forward speed 
of the carriage to conform to a preselected value or to vary through a pre-
determined pattern. Another programer has been constructed to sense the 
actual speeds of the carriage and the wheel and to convert these values 
into the slip ratio. 

Test Tires 

Variables 
31. Tire geometry. A primary tire variable is tire geometry. Tires 

with various overall diameters and widths are included in the program. 
Tests are being conducted with tires of the same diameter but different 
widths to determine the effect of tire width on performance. The effect 
of tire diameter on performance is being investigated in a similar manner 
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by using tires of the same width but different diameters. Other tires have 
extremely large or extremely small diameter/width ra.tios. The various di-
mensions used to quantify tire geometry are shown in fig. 1, page 12, and 
are discussed briefly in Part I under 11Defin:Ltions. 11 

32. Tire flexibility. Tire flexibility is a complex variable that 
incorporates the effect of other variables such as load, inflation pres-
sure, and ply rating. For a given tire geometry, different c.ombinations 
of load, inflation pressure, and ply rating can yield the same value of 
radial deflection of the tire. This deflection is usually quoted as a 
percentage of the carcass section height; thus, percent deflection, as it 
is called, becomes a primary variable for defining tire flexibility. 

33. Tread. The last tire variable considered is tread. Tires with-
out tread are used almost exclusively because they eliminate the nonuniform 
pressure distribution caused by tread lugs, problems of cleaning in clay 
soil, etc. A few tests have been run with a treaded tire, however, to gain 
some information on the possible effect of lugs. 
Tires used 

34. The tires used exclusively in the test program until June 1963 
were as follows: 

1.75-26 bicycle tire, buffed smooth 
4.00-18, 2-PR,* buffed smooth (originally motorcycle-tire tread) 
4.50-18, 4-PR, buffed smooth (originally motorcycle-tire tread) 
6.00-16, 2-PR, buffed smooth (originally automobile-tire 

highway tread) 
6.00-16, radial ply, buffed smooth (originally directional bar 

tread) 
6.00-16, radial ply, with directional bar tread 
6.00-16, solid rubber tire, buffed smooth (originally non-

directional bar tread) 

9.00-14, 2-PR, molded smooth 
9.00-14, 4-PR, buffed smooth (originally automobile-tire 

highway tread) 
9.00-14, 8-PR, molded smooth 

* PR indicates the ply rating specified by the manufacturer. 
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5.00-12, 2-PR, buffed smooth (originally directional bar tread) 
4.50-7, 2-PR, buffed smooth (originally industrial studded tread) 
4.50-18, 4-PR, buffed smooth, mounted in dual configuration 
16xl5-6R, 2~PR Terra-Tire, molded .smooth 

35. In addition to the tires listed above, which are predominantly 
commercially available tires with the treads ground off, a special series 
of tires has been constructed to certain geometric specificattons so that 
for a single diameter several widths are available and for a single width 
two diameters are available, etc. All these tires were molded without 
tread. Tests were begun with these tires in June 1963. They are denoted 
by the suffix "G." A list of the available tire sizes and ply ratings in 
this special series follows: 

4.00-7G, 2-PR 
4.00-20G, 2-PR 
6.00-16G, 2-PR 
9.00-14G, 2-PR 

9. 00-14G, l+-PR 
9.00-14G, 8-PR 
12.00-8G, 2-PR 
12.00-14G, 2-PR 

Testing Technique 

36. The tests performed in this program may be classified in one of 
two main categories: constant slip or programed slip. A constant-slip 
test is one in which a preselected slip value is introduced and maintained 
mechanically, or it may be a towed test in which the slip value, although 
not mechanically controlled, varies so slightly that it may be considered 
constant for practical purposes. The vast majority of the tests conducted 
to date have been of the programed-slip type and usually involved a uniform 
increase in slip throughout a pass of the wheel. Fig. 5 is a schematic 
diagram illustrating how this is accomplished. Power is applied to the 
axle of the wheel at the beginning of the approach cars; the desired rotary 
speed of the wheel is attained almost instantaneously and is held essen-
tially constant throughout the pass. At the same time, power is applied to 
the towing cable so that the carriage is accelerated through the length of 

the approach cars and enters the test cars traveling faster than the wheel 
is propelling itself. This results in negative slip or skidding. At the 
beginning of the test cars a photoelectric cell engages the carriage-speed 

32 



program unit, and the speed of 
the towing cable is reduced 
linearly with time until the 

carriage is brought to a 
standstill near the end of the 
test cars. This produces slip 
that varies linearly with time 
and ranges from some negative 

value at the beginning of the 

test cars to a large positive 
slip near the end of the cars. 
It is necessary to adjust the 
automatic programer by experi-
mentation so as to obtain suf-
ficient negative slip at the 
beginning of the test cars to 
cause the towed point (figs. 2 
and 3, pages 16-17) to occur 
well within the test cars. 

37, It has been recog-
nized that the programed-slip 
technique is a departure from 
the usual method of developing 

the pull-slip relation and 
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Fig. 5. Speed and slip diagrams 

that in the programed-slip test each pull-slip state exists only tran-
siently. These considerations have made it mandatory that the technique 
be verified in terms of the test results obtained. Therefore, special 
tests were conducted to develop comparisons between data from programed-

slip tests and data from constant-slip tests. Furthermore, comparisons 
were made between the data from programed-slip tests with the single-wheel 

test carriage and data from constant-slip tests with an actual multiwheel 
vehicle. The results of these tests indicate the programed-slip tests to 
be valid. They will be discussed in subsequent reports as appropriate. 

38, In either type of test, the first step in the testing procedure 
is to establish zero positions for all the recording traces and to record 
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them at the beginning of the oscillogram for each pass. The transducer 
signal representing each important variable is then calibrated to ensure 
that the instrumentation is working properly and the calibrations are re-
corded on the chart. Next, a zero profile of the soil surface and the dy-

namic unyielding-surface readings of the tire~deflection gages are recorded. 
All these calibration procedures are performed with the aid of a "launching" 

platform placed just ahead of the first approach car. This platform has a 
plane, level, sheet steel surface, can be raised and lowered electrically, 
and has provisions for applying calibration loads to the wheel. 

39. Before traffic and after each pass of the wheel through the soil, 
cone index measurements and point gage profiles are made in the traffic lane. 
Additional measurements, such as moisture-density determinations, vane 
shear, and in-situ ring shear, are made as required. Checklists for in-
strumentation procedures and carriage operations are kept to ensure that 
all the routine operations are accomplished. 



PART V: DATA PROCESSING 

40. Because of the tremendous volume of data involved, their effi-
cient processing requires extensive use of the latest electronic devices 
and techniques for each step in the operations from recording to final cal-
culation and tabulation. The various operations are discussed briefly in 
the following paragraphs. 

Marking Oscillograph Charts 

41. Interpreting the traces on the oscillograms is a highly impor-
tant operation. This step takes place immediately after the test. The 
operation is primarily one of identifying the towed, self-propelled, maxi-
mum pull, and other points pertinent to test analysis. Several factors 
make this task an exacting one. First, the oscillogram must be scrutinized 
for any irregularities, such as abnormal speed variation, abrupt changes 
in vertical wheel movement, or fading in the load or torque levels. Also, 
it sometimes happens that the test does not run exactly as planned, e.g. 
the towed point may occur too near the beginning of the test lane. Such 
occurrences may invalidate all or part of the test. Finally, in every case, 
the inherent unevenness of the individual oscillograph traces must be 
smoothed for the data readers. 

Reading Data 

42. Reading test data from the analog traces of the oscillograms and 
X-Y recorder plots and translating them into accurately scaled digital 
quantities are important and time-consuming operations. Major effort has 
been made to automate this procedure and to develop efficient techniques. 
The physical reading of the charts is performed on two data reducers that 
are capable of reading actual distances on the charts and of converting 
these distances to the proper units of measurement through the medium of 
infinitely variable scale ranges. The output of the readers is normally 
typewritten numbers, but it can be punched cards or tape. Equipment in 
the reader room is shown in photograph 21. 
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43. It has been found advisable to read each chart twice in order to 
reduce the incidence of reading errors to tolerable levels. When the two 
readouts have been completed, the engineer who marked the charts compares 
the two versions and resolves any differences by a manual check of the 
doubtful readings. He then transfers the data tabulations to special for-
mat sheets from which the information can be entered on punched cards for 
further processing. Two carbon copies are made of the format sheet; one is 
used for day-to-day preliminary analysis work and the other is stored in a 
remote area to guard against complete loss of data in case of fire. 

Retrieval of Data 

4lt. When the test program was initiated, it was specified that 
summaries of all the test data would be forwarded to the Land Locomotion 
Laboratory, U. S. Army Tank-Automotive Center, and to the U •· S. Army Trans-
portation Research Command for analysis and evaluation. The data also are 
sent to Wilson, Nuttall, Raimond, Engineers, Inc., consultants. This re-
quirement for transmitting a large volume of data was a significant factor 
in determining how the data would be handled after being read from the 
charts. A system has been developed which involves punching all pertinent 
test data onto cards and assembling a permanent master retrieval deck. It 
is possible to extract any desired items of information for listing in tab-
ular form or to perform computer operations with them. The data-transmittal 
sheets are printed directly by the computer, utilizing information which is 
extracted from the retrieval deck. This system of storing data has proved 
to be very effective and has made it possible to do a great deal more anal-
ysis work with the time and people available than would have been possible 
without it. 



Photograpr. 1. Operational area of ma~n test facil~ty. So;:-procesring plant is 
at rifht rear and tirE' test fac.i-:ity i', a~or 5 ~i't wa" :;_ 



Photograph 2. End view of soil car with endgate removed, showing dimensions of car 



Photograph 3, Front-end loader spreading Ywna sand on screen during filling of soil cars 



Photograph 4. Surface vibrator and propelling unit used for compacting sand 



Photograph 5. Bulldozer attachment for removing soil from cars, 
shown mounted on modified straddle truck 
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Photograph 6. Fine-grained soil processing plant 



Photograph 7 . Clay soil being discharged from pug mill into soil car 
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Photograph 8. Pneumatic- tired compactor 
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Photograph 9. Leveling blade 
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Photograph 10. Drop-hammer compactor 
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Photograph 11 . Trafficability sampler 
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Photograph 12. Mechanized cone penetrometer 



Photograph 13 . Torque machine with vane - shear head 



Photograph 14 . Overhead rail system for test carriage 
showing cantilever supports 
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h 15. Photograp soil cars ·t·on on . ge in posi i Test carria 



Photograph 16. Left side view of test carriage with wheel resting on launching platform 



Photograph 17. Hydraulic-drive system for wheel on test carriage 



Photograph 18. Linear potentiometer adapted 
for tire- deflection measurements 
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Photograph 19. Slip- ring connector mounted on axle 
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Photograph 20. Instrumentation room with multichannel oscillographs, 
analyzers, and magnetic tape recorder 
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Photograph 21. Data-processing equipment including data tYIJewriter, 099 data reducer, 
teleducers and program unit, and 10-channel calibration unit 
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PLAN OF TESTS 

PERFORMANCE OF SOILS UNDER TIRE LOADS 

FEBRUARY 1960 

Introduction 

1. The proposed. plan of tests described. herein modifies and. super-
sedes the plan of tests on performance of coils under tire loads cubmitted. 
by OCE to Chief, R&D, in DF dated. 10 July 1959, subject, 11Acceleration of 
Research in Off-Road. Ground. Mobility . 11 The modifications are the result of 
discussions held. by representatives of Ordnance Corps, Transportation 
Corps, and. Corps of Engineers at a meeting in OCE on 10 February 1960. The 
plan as submitted has the approval of all participants at the meeting re-
garding the objectives and. general methods for accomplishing them. It is 
recognized. that exact details regarding many specific phases of the experi-
ments could. not be spelled. out a.t the meeting, but must be governed. by re-
sults of the program in its early stages. The plan is thus considered. to 
be flexible and may be changed. from time to time. While tliis plan ad.-
mitted.ly does not cover the subject of soil behavior under tire traffic in 
a general comprehensive sense, it is nevertheless considered. that the d.ata 
forthcoming will be of considerable value in the development of basic rela-
tions between conventional-type tires and. the soils on which they move. 

Facilities 

2. The major portion of the proposed. experiments will be conducted. 
in the cmall-bin testing facility at the Army Mobility Research Center. A 
photograph of this facility is shown as inclosure 1. The facility is ad.e-
quate for testing single wheels up to 32-in. diameter at loads to 2000 lb 
and. speeds to 20 mph. Instrumentation is installed. that permits measure-
ment of the forces, speeds, and. sink.ages involved. in the motion of a. wheel 
through a soil. 

3. A special apparatus also is available for tests on large single 
tires up to 50-in. outside_ diameter, with loads to 6000 lb and speeds to 
about 5 mph. A photograph of this apparatus is shown as inclosure 2. The 
apparatus shown is making a test using a rigid wheel 6 in. wide and 48 in. 
in diameter. This apparatus also is instrumented for forces, speeds, and 
sinkages. Minor modifications will be made that will permit tests using 
tires of 60-in. diameter at loads up to about 10,000 lb. 
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SUBJECT: Plan of Tests, Performance of Soils Under Tire Loads, 
February 1960 

Objective 

4. The objective of this research program is to determine the be-
havior of three soil types when subjected to traffic of a limited. number of 
tires. In moving toward. this objective, several tires will be used. to in-
troduce variations in size, proportions, and. inflation pressure. These 
variations will be examined. under a. range of vertical loads a.nd. traffic 
speeds. The interrelations between behavior of soils and tire traffic will 
be sought in terms which will permit an extrapolation of results to soil 
conditions a.nd. tire traffic other than those observed.. Performance of the 
tires will be expressed. in terms of motion resistance, torque input, d.raw-
ba.r output, sink.age, and. slippage. Soil strength will be meacured. with the 
cone penetrometer, beva.meter; conventional shear apparatus, the British 
chea.r vane, and. be a.ring platec similar to those used by TRECOM. Soil 
moisture and. density also will be measured.. The principal data will be 
collected. for single tires not greater than 28-in. outside q.ia.meter. 

Details of Plan 

5. Details of the plan of tests a.re d.eccribed. in the following 
paragraphs. Other details, such as exact number of specified. testc to be 
conducted., may vary after the program has been started.. 

Tires 

6. The tires selected. for use in this soils investigation constitute 
a rational series of currently producible tires. They can be obtained. 
readily a.t mod.est cost. Tire rims recommended. by the Tire and. Rim Associa-
tion will be used.. The tires and. their pertinent characteristics are shown 
in the following tabulation. 

Section Rim Approximate Cross-
Width Dia.meter Over-a.11 Ply section 

Tire in. in. Dia.meter~ in. Ra.ting Shape Tread. 

A 4.50 7 14 2 Circular None 
B 4.50 18 28 2 Circular None 
c 6.00 16 28 2 Circular None 
D 9.00 14 28 2 Circular None 
E 12.00 10 28 2 Circular None 
F -)(- 28 2 Low-profile None 
G 18.00 26 56 8 Circular Existing and 

buff ed. 

* Section width of tire F will be widest procurable in 28 in. 0. D. size. 
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SUBJECT: Plan of Tests, Performance of Soils Under Tire Loads, 
February 1960 

Loads 

7. Three loads will be used. for each tire--a light loa.d., an 
intermediate load., and. a heavy load.. The selection of loads will be guided. 
generally by Tire and. Rim Association recommendations modified. as required. 
to compensate for differences in tire behavior under various soil condi-
tions. The same absolute loading will be used. on several different tires 
where feasible. Insofar as feasible, the maximum load. for a given test 
condition (soil strength, deflection rates (tire pressure), speed) will be 
determined.. For example, the heavy load. for the 4.50-18 tire might be 
equivalent to the intermediate load. for the 6.00-16 tire and the light 
loa.d for the 9.00-14 tire. A load. schedule will be prepared, with assist-
ance from consultants, before initiation of the program. 

Deflections 

8. Deflection ratio has been selected. as a variable. in this pro-
gram, rather than tire or contact pressure per se. Tire pressures will be 
used. as needed. to achieve desired. deflection ratios. Tire inflation and 
contact pressures will be recorded.. Deflection ratio, or percent deflec-
tion, is defined. as 

100 height of unloaded. tire section - height of loaded tire section 
X height of unloaded tire section 

At least three deflection ratios--high, intermediate, and low--will be 
used.. Exact ratios will be determined following an opportunity to develop 
a static tire pressure-deflection curve for each tire at each load.. De-
flection ratios will be selected. to represent inflation pressures below and 
above "critical" pressures as defined by Land Locomotion Research Labora-
tory. More than three deflection ratios will be employed if needed to de-
velop fully deflection (tire pressure) effects. For each tire, the same 
ratios will be used for all three load conditions. Several tires will be 
tested at the same ratios. 

Speeds 

9. Tests will be conducted at a low speed, selected. at 3 fps (about 
2 mph) to correspond. to the normal speed of military vehicles in very dif-
ficult terrain, and a high speed. which will be the highest speed. feasible 
in the AMRC facility for the largest tire and heaviest load., estimated at 
20 fps (about 15 mph). In a.d.d.ition, a few tests designed to develop more 
fully the speed effects will be conducted at an intermediate speed. (a.bout 
10 mph) under heavy load.s. 
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SUBJECT: Plan of Tests, Performance of Soils Under Tire Loads, 
February 1960 

Soils 

10. Three soils will be tested., a clayey silt, a. heavy clay, and. a 
sand. The clayey silt is a loess found. locally at Vicksburg and is typical 
of large areas throughout the world.. When very wet in its natural position, 
this near-silt soil is known to lose a considerable proportion of.its in-
situ strength under the action of a moving vehicle. The heavy clay is a 
typical alluvial clay. In nature, its characteristics do not change radi-
cally under the action of a test load.. The 8.and. i8 a desert dune sand. from 
near Ywna, Arizona, and is typical of many desert sands of the world.. 
Hand.ling and. preparation of the sand to consistent, desired. strengths in 
the test bins are not ex~ected. to be difficult'. Fine-grained soils, on the 
other hand, are expected to be difficult to hand.le and. prepare to consist-
ent, desired. strengths. Upon completion of the cand. tests, however, an 
ability to hand.le fine-grained. soils is expected. to have been achieved.. 
Inclosure 3 shows grain-size distribution curves for the three soils. 

Propulsion 

a. Fine-grained. soils conditions. At least two conditions of 
each fine-grained. soil will be examined. with all tires. At 
least two ad.d.itional cond.itions will be examined. under at 
least two tires. Ad.d.itional conditions will be examined. 
for other tires if results indicate the need. therefor. 

b. Sand conditions. All tests on sand will employ air-dried. 
sand. At least two cond.itions of strength or density will 
be tested.. At least two additional conditions will be ex-
amined. under at lea.st two tires. Ad.d.it;i.onal conditions will 
be examined. for other tires if results indicate the need. 
therefor. 

11. Testing will be accomplished. by towing the wheels and. by d.riv-
ing them. 

a. Towed-wheel tests. Each towed-wheel test will consist of a 
minimwn of ten passes in the same path. Data will be mea-
sured. for each pass. 

b. Driven-wheel tests. Driven-wheel tests will consist of de-
veloping the pull-slip relation from the self-propulsion 
point from low to 100 percent slip. Driven-wheel tests in 
sand. will consist of a minimwn of ten passes in the same 
path, and. data will be measured. for each pass. In fine-
grained soil tests, a sufficient number of passes will be 
run until the sink.age is stabilized. or reaches a depth 
limited. by the equipment. 
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SUBJECT: Plan of Tests, Perfor!11a11cc o.L' Soils Under 'l'ire Loa.Js, 
February 1960 

Miscellaneous Observations 

12. A few of the sand. tests will be selected. for the a.d.d.i ti on of 
color strata in the sand. for visual observation of displacements induced 
by the loads. Photographic coverage of all tests will be done by means of 
motion pictures and. still pictures. Visual observations will include be-
havior of the soil and. buckling point of the tires. 

Number of Tests 

13. It is estimated. that approximately 800 tests will be required. 
to accomplish the objective of the program. ·(The number of possible 
permutations is in the order of 1500.) The tests themselves can be made 
comparatively rapidly, once the soil has been prepared.. Preparation of 
the soil is expected. to be the major time-requiring phase of the operation. 
The fine-grained. soils will require longer time for preparation than the 
sand.. It may be possible to run two tests in the same soil bins when small 
tires a.re involved.. However, in e;eneral, the number of tests to be per-
formed. will be equal to the number of soil conditions to be prepared. 

14. As rapidly as they become available, the data will be assembled 
and submitted. to LLRL and TRECOM for analysis and evaluation. It is pos-
sible that some of the tests can be eliminated. as the results develop. It 
also is possible that analysis will indicate that additional tests should. 
be made. 

Time Schedule 

15. A time schedule is difficult to estimate because there has not 
been opportunity for sufficient "shake-d.ovm" experience in the AMRC small-
bin test facility, nor is the facility completely equipped at this time. 
From the limited experience gained so far, however, the best estimate ap-
pears to be one test per day in sand, or two tests per week in fine-grained. 
soils. On the basis of approval as of 1 March 1960, an estimated. time 
schedule is as follows: 

Begin sand tests 
Complete (265) sand tests 
Begin fine-grained tests 
Complete (530) fine-grained tests 

April 1960 
February 1961 
March 1961 
December 1962 

Every effort will be made to reduce the over-all time for this program. 
Hope lies in the possibility of conducting more than one test in the same 
soil condition, development of towed and self-propelled. data in the same 
run, and increased efficiency in handling and processing soils. 



SUBJECT: Plan of Tests, Performance of Soils Under Tire Loads, 
February 1960 

Ex;pected. Results of Test Program 

General 

16. No particular theory of movement of wheels in so~ soils was 
used. as background. in this test program. However, it is considered. that 
sufficient data will be collected to make progress toward. checking or 
validating existing theories. 

17. In general, the test program is expected. to provide results 
that will point the way to the selection of the proper tire size and. in-
flation pressure for a given load and. soil condition that will achieve the 
degree of mobility specified .. 

Data Presentation 

18. All data will also be presented. in complete detail in tabular 
form and. in d.irect comparison plots showing the effects of each variable 
individually, with all others held constant. A preliminary report, con-
taining all data, will be issued. at the conclusion of each of the sand. and. 
fine-grained soils testing phases. These will each be followed. within 
three months by a final report, including detail analysis, etc. Reports 
will be prepared. through joint LLRL-TRECOM-WES stud.ies. 

3 Incl 
1. Photo of Facility 
2. Special Test Apparatus 
3. Soil Classification Sheet 
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