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FOREWORD 

This report was prepared by Dr. Dean R. Freitag, Acting Chief, Army 

Mobility Research Branch, Mobility and Environmental Division, U. S. Army 

Engineer Waterways Experiment Station. The report is essentially a thesis 

submitted by Dr. Freitag in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy in Engineering to the Graduate Faculty of 

Auburn University, and is a study of the performance of soils under tire 

loads. The study described herein was conducted under DA Project 

1-V-0-21701-A-046, "Trafficability and Mobility Research," Task 

1-V-027101-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. The program of tests was accomplished under 

the general direction of Messrs. S. J. Knight, and W. G. Shockley. 

Colonels Alex G. Sutton, Jr., CE, and John R. Oswalt, Jr., CE, were 

Directors of the Waterways Experiment Station during the period of prepara

tion and publication of this report. Mr. J. B. Tiffany was Technical 

Director. 
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Treadless pneumatic tires were tested in specially prepared soft soils 

with a single-wheel dynamometer that was instrumented to measure horizontal 

and vertical forces, torque, slip, and sinkage. The test tires were of 

different sizes so that the effects on performance of tire width and diam-

eter could be determined, and the tires were tested at three different de-

grees of tire deflection-. The load- on the- tj re_ was_ vari-ed_,_ but-- t-he speed-

of the test wheels was held constant. Two different soils were studied--a 

wet, frictionless clay and a dry, cohesionless sand. The soil strength was 

varied over the full practicable range, but with a minimum of variation 

within a test section. The cone penetrometer was used to measure the 

resistance of the soil in each case. 
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A dimensional analysis showed that many Pi terms were needed to de-

scribe pneumatic tire-soil systems completely. In this analysis four terms 

were measures of the performance of the system, and the remainder were the 

independent system parameters. However, the controls and restrictions 

placed on the test program resulted in the reduction of the independent Pi 

terms to four; and of these, one was relevant only to the clay; another, 

only to sand. The four dependent Pi terms were the pull number 
p 
W , the 

number z d , the torque number sinkage 
PT 

The independent Pi terms were w 

Q 
dW , and the towed force number 

number 

Gd3 

5 h , the clay loading number 

the shape number ~ , the deflection 

Cd2 
W , and the sand loading number 

w 
The experimental results showed, both for the clay and the sand, that 

the cone penetrometer measurement was a satisfactory means of describing 

the consistency of the soil, and that true scaled systems could be achieved. 

The data also showed the influence of each of the independent parameters. 

A single term was developed for each of the soils that combined all of the 

independent parameters and this term was shown to be related to the de-

pendent parameters. Curves delineating the following relations were 

developed: 

for clay 

and 

P z Q PT IG(bd) 3/
2 oJ 

W ' d ' dW ' W = f l W h for sand . 

These curves were verified by independent test data, including some from 

field tests with actual vehicles. 
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I . INTRODUCTION 

The Problem 

The world today is a wheeled world. A large proportion of the world's 

commerce moves overland at high speeds on the wheels of cars, trucks, and 

trains. Even the airliners that fly swiftly through the sky roll on wheels 

when they land and take off. 

Whenever possible, the wheeled vehicles travel on smooth, firm, un

changing surfaces prepared especially for them--sometimes at great expense. 

Without a good, all-weather surface, the traffic would be slowed by mud, 

ruts, and dust, and often could not move at all. Thus, prepared surfaces 

have been found to be economically justifiable if a large volume of traffic 

is to be carried swiftly, surely, and efficiently. There are, however, 

some very important circumstances in which it is uneconomical, undesirable, 

or impossible to restrict travel to prepared surfaces. The undeveloped 

regions of the world should not have to await the construction of roads 

before the land can be put to use. The practice of agriculture must be 

carried on in the fields, where the very objective of the travel in many 

instances is to create a loose, soft surFace. MiTitary operations, ih par

ticular, must be conducted off-road on the terrain that happens to lie in 

the zone of operation. Indeed, a crucial advantage accrues to the military 

force that can, in any season, negotiate the must unlikely and formidable 

terrain. In all these instances, the vehicle must be able to travel on the 

land as it is found. 

l 
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That motor vehicles designed for use on good roads frequently are not 

very mobile when off the road was a lesson soon learned. Early versions 

of vehicles specifically intended to be used off-road were ponderous, slow

moving machines. They were either track-laying crawler tractors or wheeled 

tractors with large steel wheels that had aggressive lugs. But in the 

early 1930s, the development of the large-diameter, low-pressure pneumatic 

tire initiated a change that is still in progress. By 1940, these large 

pneumatic tires had been installed on farm tractors, earth-moving equip

ment, and the large cargo trucks used by oil companies in desert regions. 

The applications were outstandingly successful in most instances. Large 

pneumatic tires on farm tractors proved so superior to steel wheels that 

these tires now are used on virtually 100 percent of the approximately 

5 million farm tractors in the United States (6).* 

The one critical factor in the acceptance of the pneumatic tire in any 

off-road application has been the ability of the tire to handle the re

quired loads on the softest soils that are frequently encountered. The 

vulnerability of a pneumatic tire to puncture is only a part of the reason 

why many military vehicles still are tracked rather than wheeled. Experi

ence has shown that wheeled vehicles as they are presently designed are 

much less mobile in extremely soft soils than are their tracked counter

_par_t_s. _However, no good reason seems to j)rohibi t developing a pneumatic

tired vehicle that would have mobility equal to that of a tracked vehicle. 

Unfortunately, no scientific method exists by which a tire can be selected 

that will be commensurate with the tasks expected of it. Tire sizes are 

* Numbers in parentheses refer to appended references. 
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selected by criteria that give the maximum loads permissible for accept

able tire life, rather than on the ability of the tire to perform useful 

work on soft soi1s. This is because no parametric equations exist to pre

dict the traction a tire will develop under specified conditions. Such 

equations are needed so that tires can be designed to obtain acceptable 

traction, and vehicles can be designed for the tires. Now, most commonly, 

a vehicle is developed, and then tires are selected that will fit into 

the space left for them. 

The task of developing the desired parametric equations is a formid

able one. The two principal entities in the system of a pneumatic tire 

and soil are complex and not readily treated analytically. The pneu-

matic tire consists of a multi-ply fabric, impregnated and coated with rub

ber, that has been forced into a roughly toroidal shape. In use, it is 

mounted on a rigid steel rim and is made taut with internal pressure. When 

carrying a load, it is distorted principally in one portion of its major 

circumference. Adequate theoretical analyses of the tire deformations and 

interface stresses have been made only for the comparatively simple condi

tion of a free-rolling tire on an unyielding surface. 

Soils on which the tire must travel are of infinite variety. Soil is 

a multiphase system composed of various proportions of inert mineral parti

cles, surface-active colloids, water, and air. The stress-strain-time 

properties of any sample of soil are very complex, and the problem of de

scribing soil properties in mechanistic terms is still the subject of in

tensive study. In nature, surface soils can range from a wet, sticky, 

cohesive clay to a dry, loose, cohesionless sand. Perhaps even more im

portant, the consistency of most of these soils will vary with rainfall 
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and with the effects of man's activities. Soils can at one time be race

track firm, and at another time be too soft to support any but the lightest 

loads. 

Since the complexity of the problem discourages hope for practical 

solutions on theoretical grounds, other avenues of approach have been used. 

Some broad approximations and assumptions found useful in analyzing track 

systems have been tried without much success. Field tests using actual ve

hicles have been run and empirical relations derived, but the extent to 

which these relations are valid and useful for design is unknown. Several 

investigators have employed scale models and dimensional analysis to study 

the problem. Those programs have provided some insight into the mechanics 

of the wheel-soil interaction even though some apparent contradictions were 

found. However, in all cases, the soil conditions were not varied signifi

cantly, so the tests were primarily of the wheel, and the role played by 

the soil remained largely unexplored. 

Purpose and Scope of Study 

The study reported herein had a dual purpose. First, it was intended 

to determine, for certain specific circumstances, a mathematical relation 

between the various pertinent tire and soil parameters and the parameters 

-t:rrat describe -ttre "behav±or of the pneumatie tire-soil'system. In particu-

lar, it was desired to identify the role played by the soil in terms of 

relatively simple measures of the pertinent soil properties. A second pur

pose was to demonstrate the applicability and the usefulness of dimensional 

analysis in experimental studies of a tire-soil system. 

The experimental program was conducted with a series of treadless 
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pneumatic tires representing a range of sizes and shapes. The load, tire 

deflection, slip, torque input, and soil consistency were controlled in

dependent variables. Two different soils, a wet clay and a dry sand, were 

utilized. Each is representative of a distinct class of soil known to 

cause severe mobility problems for wheeled vehicles. The consistency of 

the clay was varied by changing its water content and specific weight. 

The consistency of the sand was varied by changing the specific weight 

only. For the purpose of the analysis, the performance of the tire-soil 

system was considered to be described by (l) the pull exerted by the 

powered wheel at a preselected point in the pull-slip relation, (2) the 

sinkage of the powered wheel into the soil, (3) the torque required to 

turn the powered wheel at the test point, and (4) the force required to 

tow the loaded, free-rolling wheel on the soil. Evaluation of these four 

factors was considered to be the minimum essential to the accomplishment 

of the purpose of the study. 

Definitions of Important Terms 

Many of the terms used in this study are peculiar to the technology 

of off-road vehicles, and some terms are given special meaning. To en

sure a common understanding for subsequent discussions, the more im

portant terms are defined in the list that follows: 

Pneumatic tire terms (see Fig. l) 

Diameter (d).--Outside diameter of the inflated, but unloaded, tread

less tire. It is equal to the rim diameter plus twice the section height. 

Section width (b).--Maximum outside width of the cross section of 

the inflated, but unloaded tire. The approximate section width in inches 
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On page 7, in first line of definition for "Cone index," change "con
sistency of strength'' to "consistency or strength." 
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is given in the tire size designation (e.g., the 9.00 in the "9.00-14"). 

Section height (h).--Distance from the lip of the rim flange to the 

periphery of the treadless tire, measured along the vertical center line 

of the cross section of the inflated, but unloaded tire. 

Loaded section height.--Minimum distance from the lowest point of 

the lip flange to an unyielding surface on which the loaded treadless 

tire is resting. 

Deflection (o).--Difference between the section height and the 

loaded section height. 

Rolling radius (r).--Forward advance per revolution of the loaded 

tire when towed on a plane, level, unyielding surface, divided by 2rr . 

It is related to the tire diameter and the deflection. 

Nominal rim diameter.--Diameter measured from shoulder to shoulder 

of the rim. The rim diameter in inches is given in the tire size desig

nation (e.g., the 14 in the "9.00-14"). 

Rim diameter.--Diameter measured from the lip of the rim flange to 

the lip of the flange. 

Soil terms 

Cone-index.--An index of soil consistency of strength. It is the 

force· per unit area required to move a 30-deg, right circular cone of 

0.5-sq-in. base area through the soil at a rate of 72 in. per min. This 

force per unit area is expressed in pounds per square inch of base area 

of the cone. 

Cohesion (c).--The shear strength of a soil at zero normal pressure. 

It is represented as a parameter in the Coulomb expression, s = c + p 

tan ~ , relating the shear strength of a soil s to the normal pres

sure p 
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Friction angle (¢).~-A parameter in the Coulomb expression, 

s = c + p tan ¢ . It is a measure of the amount that the shear 

strength s of a soil increases with an increase in pressure p . 

Tire-soil system terms 

Travel ratio.--Ratio of the actual rate of wheel advance to the 

theoretical rate of advance. In this study the theoretical rate of ad-

vance is defined as nn , where r is the rolling radius and m is the 

angular velocity of the wheel. 

Slip (S).--Unity minus the travel ratio. 

Pull (P).--The component, acting parallel to the direction of 

travel, of the resultant of all soil forces acting on the tire. It is 

considered to be positive when the tire is performing useful work, and 

to be negative when an external force must be applied to maintain mo

tion. Pull is related to and varies with slip (see Fig. 2). The pull at 

any particular slip is denoted by use of the letter P with a subscript 

specifying the slip, e.g., P20 is the pull at 20 percent slip. 

Maximum pull (PM) .--The pull at the maximum point on the pull-slip 

curve (Fig. 2). 

Towed force (PT).--The pull required to tow the wheel with zero 

torque at the axle (Fig. 2). 

Torgue (§).--Torque input at the axle. Like pull, torque is related 

to slip and varies with it (Fig. 2). 

Load (W).--The vertical force applied to the tire through the axle. 

Sinkage (z).--The depth to which the tire penetrates the soil (mea

sured relative to the original soil surface). 
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Organization of the Dissertation 

Chapter II of this dissertation is devoted to a review of the liter

ature. In the first part of Chapter II, the principles of dimensional 

analysis are reviewed briefly. Next, studies in which a scale model or 

dimensional analysis has been used to aid research on vehicle mobility 

are examined critically, and the major accomplishments and deficiencies 

are pointed out. 

In the third chapter, the test equipment and techniques used to ob

tain the experimental data analyzed herein are described. Also included 

in this chapter are test results that provide experimental justification 

for some of the assumptions and approximations used to simplify the 

dimensional analysis. Some of this information is from the literature 

and some from special tests. 

Chapter IV discusses the development of the dimensional analysis of 

the tire-soil system and the simplifications deemed desirable to reduce 

the experimental analysis to a practicable size. 

The analysis of the experimental data is presented in Chapter V. 

The effect of each independent variable is examined separately whenever 

possible. The results of the tests in clay are studied first, then the 

results of the sand tests. 

Chapter VI summarizes the findings of the research and states the 

major limitations. Chapter VII presents recommendations for future 

studies. 



II. REVIEW OF PERTINENT LITERATURE 

Dimensional Analysis and Model Theory 

Background 

Dimensional analysis is a technique by which information can be ob

tained about the interrelations among the parameters associated with a 

particular phenomenon. The technique is based on a consideration of the 

dimensions of the system parameters and a requi~ement that expressions 

relating these parameters must be dimensionally balanced. Dimensional 

analysis also provides a convenient means for determining the require

ments for similarity that are the basis of model theory. 

The idea of using models to study physical systems is an outgrowth 

of pure geometrical similarity. From Galileo to Newton, scientists used 

models and model principles in their research, but only after Fourier em

ployed the concepts of fundamental units and of dimensional homogeneity 

in his studies of heat flow did the technique gain the status of a 

method of analysis. 

Fundamental assumptions 

For the most part, the principles and hypotheses upon which dimen

sional analysis is based have been considered axiomatic and intuitively 

obvious. However, Bridgman (3), Birkhoff (2), and Langhaar (11) have 

sought to examine critically the assumptions and limitations of dimen

sional analysis. Birkhoff, as a result of his review, states that five 

ll 
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fundamental assumptions are involved. These can be summarized briefly 

as follows: 

l. There are certain independent "fundamental dimensions." 

2. There are "derived quantities" (such as density or velocity) 
composed of the fundamental dimensions. 

3. A quantity ~0 is determined by the quantities ~l , 
~2 , ... ~ through a relation ~0 = f(~l, ~2 ..• ~). 

4. The equation ~0 = f(~l , ~2 ~) remains unchanged in 
the units of the fundamental dimensions. 

5. The quantities ~0 , ~l ... ~n involve all of the funda
mental dimensions. 

Birkhoff then demonstrates that when these assumptions are com-

pletely generalized, there are certain restrictions on their validity. 

He notes, for example, that there are no fundamental dimensions in an 

absolute sense, and often it is necessary to introduce "universal" dimen-

sional constants such as the speed of light or the gravitational con-

stant. He does conclude, however, that the assumptions seem to be suf-

ficiently valid for studies involving mechanics, with the deficiency that 

there is no basis for deciding when the quantities ~l, ~2 .•• ~n deter-

mine ~0 with sufficient accuracy. (Assumption 3.) 

On this latter point, Bridgman states that considerable experience 

with physical systems of the kind under consideration is necessary to 

select the _:pertinent parameters. He says further, "The problem cannot 

be solved by the philosopher in his armchair, but the knowledge involved 

was gathered only by someone at some time soiling his hands with direct 

contact." Similarly, Priest (17) stresses that there is no substitute 

for judgment and experience, and that the final test of the analysis 

rests with the experimental data. 



2, 
On page 13, line 8 under "The Pi theorem," change "tested by Birkhoff" 
to "listed by Birkhoff." 
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The Pi theorem 

Although there are no formal methods for specifying the parameters 

to be considered, the task of arranging the chosen parameters in a mean

ingful array has been aided by a very general theorem, commonly termed 

the Pi theorem. This theorem asserts that any complete physical rela

tionship can be expressed in terms of a set of independent dimensionless 

products of the pertinent physical parameters. Thus, the Pi theorem is 

in essence a complete statement of dimensional analysis, and it in

corporates, at least implicitly, the five assumptions tested by Birkhoff. 

A systematic application of the principles leads to a convenient, 

practical method of using dimensional analysis. 

Following the more mathematical version of Bridgeman, the Pi theorem 

states that, if the equation ~(a,~, y, ... ) = 0 is complete, the 

solution has the form f(n1 , n2 .•. ) = 0 where the n terms are inde-

pendent products of the parameters a,~, ... etc., and are dimension

less in the fundamental dimensions. Langhaar gave an algebraic proof of 

this theorem. He showed, also, that "the number of dimensionless prod

ucts in a complete set is equal to the total number of variables (param

eters) minus the rank of their dimensional matrix." Usually-, the rank of 

the matrix is equal to the number of fundamental dimensions; although, 

more precisely, it is equal to the maximum number of parameters that will 

not fbrm a dimensionless product. 

Application of the Pi theorem produces a complete set of dimension

less products of the parameters describing the physical relationship. 

Application of the Pi theorem 

The demons.tration of the use of the Pi theorem that follows has been 
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adapted from the presentations of Langhaar and Duncan (7). 

Let the parameters assumed to represent the physical relationship 

under consideration be p1 , p2 , ... pn, and the fundamental dimensions 

of which the parameters are composed be d1 , d2 , ... dr , so that, di-

mensionally, any parameter ps 

mean "dimensionally equal to," 

D can be written, using the symbol to 

e 
D d ls 

Ps 1 

e 
d 2s 

2 

e 
d rs 

r 

where the e are the components indicating the multiplicity of each rs 

dimension in the parameter. 

[1] 

If the physical relation sought,~= f(p:
1

, p:
2 

, •.• p:n), is to 

be dimensionless, the sum of the exponents of each dimension must be 

zero. Thus, 

where r < n . 

= 0 

= 0 

e x = 0 rn n 

[2] 

The values of the e.. are known from the nature of the parameters, 
l.J 

but the x. must be found. The set of equations representing the rela
l. 

tions among the unknowns, x. , is governed by rules of matrix algebra, 
]. 

and.the algebra can be used in the development of the dimensionless 



15 

products. The coefficients of the x. form a matrix of particular rank 
~ 

(usually r) as below, with the columns representing the constitution of 

each parameter and the rows, the frequency of each dimension as indicated. 

d 
r erl rr2 e rn 

[3] 

There are n - r more unknowns than equations, so the solution consists 

of expressions for r of the unknowns, x. , in terms of the other 
]. 

n - r unknowns. To ensure that the matrix solution used here will pro-

Vide the maximum number of linearly independent solutions, the equations 

and the unknowns must be arranged to obtain a nonzero determinant in the 

upper left 

tions, the 

corner of the 

form will be: 

~ 

d2 

d3 

d 
r 

pl 

l 

0 

0 

0 

p2 

0 

1 

0 

0 

matrix. 

p3 

0 

0 

1 

0 

When reduced by usual matrix manipula-

pr+l Pr+2 

cl,r+l cl,r-+2 

c c 2,r+l 2,r+2 

c c 3,r+l 3,r+2 

c c r,r+l r,r+2 

pn 

cltr\_ 

c ·2n 

c3n 

c rn 

[4] 



In this form, the matrix is composed of an r X r identity submatrix 

and an r X (n - r) submatrix. Each row of the solution matrix yields an 

expression of one of the r parameters in terms of the remaining (n - r) 

parameters. If the solution had been obtained by means of elementary si-

multaneous equationst these expressions would be in the following form: 

xl = cl, r+l xr+l + cl, r+2 xr+2 + 

x2 = c2, r+l xr+l + c2, r+2 xr+2 + 

X 
r 

+ C X rn n 

Then, by assigning the values xr+l = 1 and all others, xr+2 , 

[5] 

X 0 for the first solution, it is found from [5] that xl cl r+l ' n 
' 

x2 c2, r+l ' 

xr+2 = 1 ' 
and 

X = 2 c2, r+2 ' 
all (n - r) X 

the value of 1. 

I 

rcl 

rc 
2 

1(3 

rc 
(n-r) 

X c r+l r r, 

all xr+2 to X n 

X c r+2 r r, 

terms from X to r 

These results can 

xl x2 

pl p2 

cl r+l c2, c 
' r+l 

cl 
' 

r+2 c2, r+2 

cl, r+3 c2 
' 

r+3 

c 1, n 

Similarly, if xr+l 0 and 

0 ' it is found that xl cl r+2 ' ' 
This process can be continued until 

X have successively been assigned n 

be arranged in matrix form as below. 

x3 xr+l xr+2 X n 

p3 pr+l pr+2 pn 

3, r+l 
1 0 0 

0 1 0 

0 0 0 [ 6] 

0 0 1 
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The submatrix on the right is an (n - r) identity matrix. This sub-

matrix has a nonzero determinant, so the rank of the matrix is n - r , 

which is equal to the number of rows. Consequently, the rows in the 

matrix are linearly independent, and the rows constitute a fundamental 

system of solutions. The numerical values in each row are the set of 

exponents of the corresponding parameters that make up the Pi term, thus 

where 1 ~ m ~ n - r . 

By inspection, the matrix of Pi terms [6] can be written directly 

from the matrix of solutions [4]. The matrix of the coefficients in the 

first r columns of [6] is simply the transpose of the r X (n - r) sub-

matrix on the right of [4]. (Note, however, that the signs of all coef-

ficients must change at the same time to be equivalent to the operation 

represented by equation [5].) This matrix is then simply augmented by 

the (n - r) x (n - r) identity matrix to yield the form shown as 

equation [6]. 

The Rayleigh method 

While the formal matrix procedures for obtaining the Pi terms en-

sure a complete independent set of solutions, they are too cumbersome for 

practical application to most problems. Usually, a number of the Pi 

terms are very simple in form and can be written down by inspection. For 

example, when a number of parameters have the same dimensions, these pa-

rameters can be set up as simple ratios. For relatively small groups of 

parameters of differing dimensional makeup, the Rayleigh method is probably 

most widely used to obtain the dimensionless products. 
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The Rayleigh method is based on the assumption that the functional 

relationship of a group of parameters is a power function. Historically, 

the Rayleigh method probably was the first systematic procedure used to 

determine dimensionless groups for the parameters of a system. The Pi 

theorem and the associated analysis techniques just described are a vari-

ation of the Rayleigh method. The Pi theorem, which is convenient to ap-

ply when many parameters are to be considered, actually can be considered 

to consist of successive, related applications of the Rayleigh method to 

portions of the overall problem. 

To apply the Rayleigh method, a set of parameters, equal to the 

number of fundamental dimensions and which do not of themselves form a 

dimensionless Pi term, are selected to be common terms in the analysis. 

Then, a fourth parameter is set dimensionally equal to a power expression 

of the other three. For example, given the parameters P1 , P2 , and 

P
3 

, it is stated that 

then the dimensions of each parameter are inserted. For example, if di-

mensions of the parameters _are _mass _M ~ length L , and time T , equa-

tion [7] y:Lelds 

Then, since the exponents of each dimension represented are required to 

be equal in the equation, three simultaneous equations are obtained. 
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These equations can then be solved for the parameter exponents x
1 

, x
2 

, 

and that define the relation of equation [7]. If another parameter, 

P
5 

, is of interest the steps are repeated beginning with 

[9] 

and a new solution is obtained for x1 , x2 , and x
3 

. 

The utility and simplicity of the Rayleigh method are best demon-

strated by its application to an actual problem. This is done in Chapter 

IV for the tire-soil system. 

Need for experimental information 

The actual relations that exist among the Pi terms cannot be estab-

lished analytically. Experiments must be conducted with the Pi terms as 

controlled variables. To assist in the experimental work, the Pi terms 

can be multiplied or divided by each other to obtain new combinations. 

However, when the Pi terms are manipulated in this manner it is neces-

sary that there be as many terms in the new set as in the original set, 

and that the new terms are independent of each other. This is necessary 

for a complete solution. The combinations that are sought in the trans-

formations are those that may be more readily controlled experimentally, 

that contain parameters having only small influence on the phenomenon 

under study, or that most effectively isolate the dependent variable. 
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Model Studies of Wheel-Soil Relations 

Markwick (1944) 

In a brief report prepared in England during World War II, Mark-

wick (12) proposed that scale model vehicles could be employed to study 

and design fighting vehicles. Although he was concerned with tracked 

rather than wheeled vehicles, his dimensional analysis of a vehicle-soil 

system appears to be the first recorded. He considered complete geo-

metric similarity between two vehicle-soil systems and proposed that the 

set of soil parameters, cohesion c , friction angle ¢ , specific 

weight 'Y , and "viscosity" U , could be used to describe the soil. 

Markwick felt that the soil factors cohesion and viscosity should be 

scaled to obtain dynamic similarity, although he discussed the require-

ments for using the same soil for both model and prototype. He consid-

ered it essential "to compare model and full-scale performance and to es-

tablish the degree to which models do, in fact, reproduce full-scale be-

havior." The British apparently did not act on Markwick's suggestions, 

and no tests of his concepts were run. 

Nuttall (1949) 

-A test program based on -a dimensional {W.alysis Df a wheel-soil sys-

tem was con~ucted at the Stevens Institute of Technology by Nuttall {13). 

He considered the soil to be characterized by its cohesion c , angle of 

friction ¢ , and density p From these parameters and from the geom

W V2p etry of a wheel, he derived the independent Pi terms, -:2 , c , ¢ , 
cL 

and S , where L was a characteristic wheel dimension and S was the 

relative slippage of the wheel. He conducted verification tests in a 

damp, slightly plastic, sandy soil that had both cohesive and frictional 
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properties. The consistency of the soil was not varied in the test pro

gram, so no direct information was obtained on the adequacy of the soil 

portion of the analysis. The test program utilized a series of solid 

wooden wheels, ranging from 2 to 16 in. in diameter. Powered-wheel tests 

were run at a constant rate of advance, and towed tests were run at dif

ferent speeds up to about 6 fps. Nuttall concluded that model tests 

could be run without the need to scale the soil properties if the loads 

were scaled in proportion to the square of the linear dimension scale. 

The data also showed that an increase in the towed force of the wheels 

occurred when velocity was increased while other factors remained 

constant. 

This study was a very significant beginning to the dimensional anal

ysis of wheel-soil systems, and it demonstrated the potential of this ap

proach. The major limitations were: (l) only one soil condition was 

tested so no evaluation of the influence of soil parameters could be made; 

(2) wheel size was varied, but not wheel shape; and (3) only rigid wheels 

were used. 

Nuttall (1951) 

The work at Stevens Institute of Technology was continued with tests 

of small, solid, wooden or plastic wheels in a damp, slightly cohesive, 

sandy soil and in a dry beach sand (14). As nearly as possible, the con

sistency of each soil was held constant in all tests by the simple ex

pedient of repeating the same soil processing procedures before each 

test. Nuttall analyzed the test data by assuming that cohesion was the 

soil parameter that controlled the wheel performance in the damp, co

hesive soil and that the unit weight and friction angle were the 
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controlling parameters in the dry sand. The Pi terms that resulted were 

w 
cL2 

were 

and W
3 

, respectively. Several different wheel sizes and shapes 
rL 

studied, but only towed-wheel tests were run. Because of the differ-

ent wheel shapes, the characteristic dimension L had to be delineated 

more explicitly. On the basis of his test results and some theoretical 

w 
cL

2 

should take the form 

should be written considerations, Nuttall proposed that the Pi term 

w 

The relations presented to verify Nuttall's analysis were quite 

broad but they were not unreasonable, particularly for the dry beach 

sand. However, the data from the tests on cohesive soil were not con-

sistent. The results that had been collected earlier in the test program 

did not follow the same relations as the data from the later tests. The 

soils were assumed to have the same properties in each set of tests; but, 

in all likelihood they did not because the soil-processing techniques 

used were elementary and no actual soil measurements were used as test 

controls. The soil factor may have strongly biased the test results. 

Furthermore, the damp, cohesive soil should have been influenced signif-

icantly by its frictional properties (a friction angle of 25 deg is 

given), but the factor was not evaluated. One of the major deficiencies 

in this study, therefore, appears to be the lack of control over and sys-

tematic variation of the soil parameters. 

Nuttall and Raimond (1956) 

In 1956, the U. S. Army Transportation Corps sponsored a model-

prototype study of a proposed large, pneumatic-tired vehicle. The proto-

type vehicle had 10-ft-diameter tires, and the model vehicle tires were 

one-fourth this size. This study, reported by Nuttall and Raimond, was 
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conducted on snow and on beach sand. These two media were considered to 

be characterized by cohesion c , angle of internal friction ~ , spe-

cific weight r , shear deformation parameter D , and "plastic kinematic 

viscosity" U Terms representative of each of these parameters before 

and after "structural collapse" of the soil or snow were considered. Be-

sides purely geometric Pi 
,; 

and gL were developed. 

W W VL 
2'3'u' cL 'YL 

No attempt was made to measure or control snow 

terms, other forms such as 

properties other than snow depth, but the beach sand was harrowed to a 

depth of about 9 in. The consistency of the sand was evaluated on a com-

parative basis by means of a cone penetrometer. Both the model and pro-

totype were operated in the same soil or snow, and the wheel loads were 

scaled to the square of the geometric scale ratio in some tests and to 

the cube of the geometric scale ratio in others. The results of the 

tests were evaluated in terms of the pull-slip relation. 

The initial tests in both snow and sand indicated that, for the 

range considered, speed was not a significant factor. The depth of snow 

was found to be very important to the vehicle's performance so that the 

depth of snow over firm ground had to be scaled in proportion to the 

geometric scale ratio. For both sand and snow, it was concluded from 

the experimental data that the load must be scaled as the square of the 

geometric scale ratio. Cone penetration resistance (cone index) profiles 

were compared qualitatively in terms of the ratio of cone index to the 

vehicle weight divided by the square of the geometric scale ratio, but 

no attempt was made to use these data in a quantitative way. 

Although Nuttall and Raimond concluded that the load scale for the 

sand tests should be the square of the geometric scale, the data could 
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be interpreted otherwise. Some of the trends observed may have resulted 

from the nature of the sand test sections. The preparation procedure 

loosened the sand only to a depth of about 9 in., and it is possible that 

the full-scale vehicle was affected to a greater extent than the model 

vehicle by the firm soil below. The principal study deficiency, there-

fore, was the lack of a quantitative evaluation of the influence of soil 

strength and of the thickness of the soft layer. This, plus the very 

limited information that was actually obtained in the sand, prevented any 

conclusions other than very tentative ones from being drawn. However, 

the program represents an important milestone in that, for the first 

time, a planned model-prototype study of vehicles in soft soils was 

carried out. 

Nuttall and Wilson (1959) 

The model-prototype investigation sponsored by the U. S. Army 

Transportation Corps and reported by Nuttall and Raimond was continued 

with additional vehicles and tires (16). One of the major goals in this 

research was to obtain a meaningful measurement of the characteristics of 

the test soil or snow, and to incorporate this measurement in the dimen-

sional analysis of the experimental results. This requirement was com-

plicated by the necess1ty or obtaining tne measurement in situ with a 

relatively simple, mobile instrument. Nuttall and Wil~on (16) proposed 

a sequence of plate penetration tests in which at least two sizes of 

flat, circular plates were used as penetrometers. The plate sizes were 

related by the same scale ratio as the tire sizes of the model and proto

a plot of the Pi term ~ 
crd 

to push the plate to a depth 

The plate test data were examined in type. 

versus z d , where F is the force required 
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z , and d is the diameter of the plate. If the curves were similar in 

shape, a cohesion value called the c value was assigned to the smaller r 

plate to make the two curves coincide. The c value, thus, is a mear 

sure of the extent to which the medium's response was influenced by the 

size of the plate. in practice, cr was determined by comparison with a 

standard curve to yield a measure of the relative strength of the medium. 

Only a modest amount of data was provided to validate the concept, 

but it was pointed out that the correlations were improved over the sim-

ple assumption that the strength was the same for all tests. 

Roma and McGowan (1961) 

The U. S. Army Transportation Corps study of model-prototype rela-

tions for simple 4 by 4 vehicles was continued with an extensive series 

of tests on beach sand. During the program, several important additional 

parameters were introduced and studied. Most of these tests, reported by 

Roma and McGowan (18), were conducted on a section of the beach that had 

been loosened to a depth of about 2 ft. The consistency of this soil 

was about the same for most tests but a few tests were run on the natural 

beach sand and on a recompacted sand. The Pi terms considered necessary 

to describe performance for the test speeds were w2 ' ~ ' s ' o/d ' and 
cL 

b/d . The last two terms represent important additions. A variety of 

tire shapes ranging from b/d = 0.23 to 1.0 were used, and all tires 

were tested at three different degrees of tire deflection, o/d . Both 

factors are known to significantly influence performance. 

Initially the test results were analyzed for a specific tire, tire 

w deflection, slip, constant soil, so that only the Pi term ~ was exa-
cL 

mined. The cohesion c was represented by the c values, and the 
r 

47325 
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characteristic linear dimension L by the tire diameter d Later, in 

an endeavor to group various tire shapes, the L
2 

term was evaluated as 

the product of width and diameter bd . 

In comparison with the performance of the vehicles in the loose, 

harrowed sand, the vehicles sank less and also exerted less pull in the 

firm sand than would be expected from the value of the principal Pi term. 

Also, the simple product (bd) used in this term to represent the charac-

teristic linear dimension squared apparently did not account completely 

for the influence of tire shape. In this relation, the wide tires tended 

to perform comparatively better than the narrow tires for the same value 

of the principal Pi term. 

Wilson, Nuttall, Raimond (1961) 

In an effort to obtain a broad range of data for vehicle tests on 

sand, the U. S. Army Transportation Corps conducted same additional tests 

with relatively large vehicles in both the loosened and the compacted 

beach sand test sections used previously (22). The same basic assump-

tions were employed in the analysis. All of the test results were cor-

related by plotting the data against various reasonable combinations of 

the principal independent parameters within the general limits and forms 

suggested by the Pi terms developed earlier. These results suggested 

that either the c value was not a completely satisfactory evaluation 
r 

of the effective strength of the stronger test course, or some other un-

controlled variable had some influence on the vehicle's performance. A 

broad grouping of the test data for all tires, deflections, loads, and 

sand strengths could be shown when the performance Pi terms were plotted 

against the independent Pi term w 
c od 

r 
Although tire width was not 
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included in this Pi term, the authors considered that the width must be 

of secondary importance, or perhaps included implicitly in the other 

terms. No plots were attempted in which deflection, tire width, and 

diameter were included in a single relation. Finally, it was concluded 

that, although the dispersion of the test data was rather large, the re-

lations shown by the plot were useful to the vehicle designer. 

The form of the principal Pi term that evolved from this work has 

been influenced greatly by the conviction formed early in the test pro

W gram that this term should be of the form 2 . This form was used in 
cL 

spite of the fact that some observers might conclude that the data from 

the model and full-scale tests in the same soil tended to align more 

nearly with a relation proportional to the cube of the characteristic 

linear dimension. The introduction of the c value tended to compen
r 

sate for this trend. The c value is proportional to the wheel diam
r 

eter, and thus in effect introduces another linear dimension into the 

Pi term. The deflection parameter was necessary to account for the very 

pronounced effect of this factor on the performance of the vehicles. The 

direct inclusion of the diameter also appeared to be very necessary. 

However, if the dimensionless character of the Pi term was to be main-

tained, the width of the tire could not also appear in the evaluation. 

These difficulties may account for a significant proportion of the data 

scatter in the final relation. 

Vincent, Kapur, and Hicks (1960) 

In the introduction to their report of the model wheel study con-

ducted in the laboratory at the University of Michigan, Vincent, Hicks, 

and Kapur (21) stated, "The basic problem in a dimensional analysis of 
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wheel performance is the correct identification of the variables which 

define the performance; and of these, the greatest problem is with those 

variables which describe the soil." They examined the soil value system 

proposed by Bekker (l) as a possibly more useful system of soil param-

eters than the usual cohesion, friction angle, and specific weight. The 

Bekker system adds a number of soil values that are intended to describe 

the pressure-sinkage relation of a flat plate. This 
k 

sized by Bekker to be of the form p = ( ~ + k~) zn 

relation is hypothe-

in which k and 
c 

are soil constants. The exponent n must be dimensionless, but the 

dimensions of k 
c 

and k~ are dependent on the value of n (e.g.' 

k~ ~ ML-(n+l) T-2). The authors concluded that the Bekker system did not 

lend itself well to a dimensional analysis and recommended that a rela-

tion be sought between the Bekker soil values and the parameters c , ~ , 

and y • To avoid the questions involved, experiments were conducted in 

a cohesionless sand for which n = l would be a reasonable assumption, 

and the soil was at essentially the same consistency in all of the tests. 

The dimensional analysis, after setting aside the Bekker system, 

considered the same variables as Nuttall and Raimond (15), and the Pi 

terms involving the independent variables also were similar. The 

authors concluded that it was impractical to vary the soil properties, 

so that relations were sought between performance Pi terms and inde-

v2 w b 
Pendent Pi terms d 

gL ' ,.
1

3 ' an d · 
Tests were run with solid aluminum wheels of rectangular cross sec-

tion in a loose, dry sand. The soil-processing technique was intended to 

provide the same soil consistency for all tests, so the soil was practi-

cally eliminated as a test variable. Only towed-wheel tests were run, 
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but wheel diameters differing by a factor of 2 and wheel widths differing 

by a factor of 6 were studied. Wheel velocity, also, was a major test 

variable. 

It was concluded from the tests that the functional relation between 

dependent and independent parameters could be expressed in the form 

The last two terms were found to be of only slight significance. The 
PT 
1r ratio decreased slightly with an increase in the b/d ratio, and in-

creased slightly when the velocity Pi term increased. The most unex-
PT 

pected result obtained was the trend for the 1f ratio not to go toward 

zero as the load Pi term became small. Some arguments were advanced that 

this trend was reasonable, but it was recognized, also, that the test 

equipment lacked sensitivity in this measurement range. 

The overall results, although controversial in some details, provide 

some confirmation of the previously observed, modest influence of veloc-

ity on cohesionless soils. For the model-prototype tests in the same 

cohesionless soil, the results again tended to be related in proportion 

to the cube of the linear scale as indicated by the Pi term w 
)'13 

Again, a very serious shortcoming was the failure to include the soil as 

a variable in the experimental program. 

Hicks, Kapur, and Vincent (1961) 

The test results reported in 1961 by Hicks, Kapur, and Vincent (10) 

were conducted under exactly the same conditions as the tests reported by 

them in 1960 (21) with but two exceptions. These exceptions were that 

the tests were conducted at only one slow speed and the depth of the sand 
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in the test bin was varied. It was stated that the Bekker soil values 

were to be used to evaluate the soil; but, in fact, the soil consistency 

was not varied, and an n value of about 1 was assumed. 

The test program produced two results worthy of particular mention. 

When the depth of the sand in the test bin was less than about two and 

one-half times the width of the test wheel, the results were signifi
PT 

cantly affected. Also, the study showed that the lr ratio tended 

toward zero when the load Pi term became small. This difference from 

the earlier tests by Vincent, Hicks, and Kapur presumably was due to 

more sophisticated instrumentation in these latter tests. 

Harrison (1961) 

The results of some tests with different sizes of wheeled vehicles 

at the Land Locomotion Laboratory have been reported by Harrison (9). 

Although the words scale model vehicles appear in the title of this 

report, it was not actually a model study. Nevertheless, some of the 

conclusions are considered pertinent to the analysis of scale model ve-

-hicle Lests. Small -vehicl~-s, -approximately one-fourth the size of the 

larger test vehicles, were tested; but neither a dimensional analysis nor 

a model-prototype comparison was made. The models simply were analyzed 

as small vehicles, using a previously developed analytical method. The 

large, full-scale, wheeled vehicles tested were a pneumatic-tired farm 

tractor and an Army truck. The total weight of each of the corresponding 

small vehicles was scaled approximately as the square of the average 

linear dimension scale. Apparently both large and small vehicles were 

run in the same soil condition. 

The intent of the study was to demonstrate the validity of an 
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analytical method of calculating vehicle performance, based on the Bekker 

soil value system. Computed values for the pull developed by each ve

hicle at different amounts of slip were compared with the corresponding 

experimental values. Tests were conducted in a clean sand and in a sandy 

soil termed a loam. The consistency of the soil was not varied. Both 

pairs of vehicles were compared by tests in the loam, but only the farm 

tractors, full size and model, were compared in the sand. 

The analytical results shown seemed to be in reasonably close agree

ment with the experimental data for all the vehicles. From the stand

point of a model-prototype evaluation, comparisons were not good, how

ever. In the loam, the model and full-size tractor performed about the 

same; but the model truck gave significantly better performance than the 

full-size truck. In the clean sand, the model tractor data were very 

much below the performance levels of the full-size tractor. The poor 

correlation in the sand tests suggests that the model load may not have 

been scaled properly. The reason for the divergent trends from the tests 

in loam is not apparent from the available information. 

Costello and Dewhirst (1963) 

The intent of the study reported by .. Costello and Dewhirst ( 5) was 

to determine the effect of gravity on the performance of a wheeled ve

hicle. This was done by isolating this factor in a single Pi term and 

then varying· the other constituent parameters of that term and maintain

ing all other Pi terms constant. The soil was assumed to be a cohesion

less granular material characterized by its density p and friction 

angle ¢ . The other parameters considered in the analysis were slip 

S , pull P , vehicle mass M , acceleration due to gravity g , the 
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angular velocity of the wheel m , the diameter of the wheel d , and the 

soil particle size R • The Pi terms derived were 

The experiments were conducted with a small model of a rigid-wheel 

lunar vehicle in a soil composed of l/4-in.-diameter gravel that had been 

selected to conform to the assumptions on the soil properties. Different 

wheel speeds were used 
d:D2 

in different test runs, thereby changing the value 

of the Pi term --- It was found that the 
g 

not influenced by changes in the 
d:D2 

term. 
g 

s versus 
p 

Mg 
relation was 

From this, the authors con-

eluded that the wheel velocity and the magnitude of the gravitational 

constant did not affect wheel performance. No other.parameters were 

varied in the test program, so no further observations can be made of 

the vehicle-soil relation. 

Clark, Simon, and Roma (1964) 

The only model-prototype study of wheeled vehicles in wet, plastic 

-c-lay-s -that -ha-s -been -repor-ted in -the literatur-e wa-s -an-e conducted as a 

continuation of the U. S. Army Transportation Corps scale model vehicle 

program. This study, which was reported by Clark, Simon, and Roma (4), 

was conducted in prepared test areas of three different fine-grained 

soils. The test sections were prepared by pulverizing the soil in place 

in the field and then sprinkling it with water until the desired condi-

tions were achieved. The water content of the soil was varied in dif-

ferent tests to represent a broad range of soil consistencies. The con-

sistency of the soil prior to test was measured by a variety of different 

instruments including a penetrometer, bearing plates, rotational shear 
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devices, and translational shear devices. One of the rotational shear 

devices was intended to measure a rubber-soil coefficient of friction 

f Four pneumatic-tired vehicles were used in the test program. Two 
n 

of these were a model and a prototype; the other two were not scale mod-

els but represented intermediate sizes of tires and vehicles. The dimen-

sional analysis was basically the same as that employed in the previous 

U. S. Army Transportation Research Command studies, including the use of 

the c parameter developed in the scale model studies on sand. How
r 

ever, one additional Pi term, the coefficient f , was added. 
n 

The authors concluded from their study that the coefficient of 

rubber-soil friction f was the only independent Pi term that demon
n 

strated any degree of correlation with the performance Pi term, PjW . 

The PjW term did not vary appreciably in response either to change in 

speed or to change in load. It was concluded, also, that modeling tech-

niques did not appear to correlate the sinkage Pi term, z/d , for it was 

found that z/d usually was much larger for the model than for the 

prototype. 

The tests that led to these conclusions have been severely criti-

cized by Nuttall in a discussion of the basic paper. He states that the 

basic premise of a model-prototype analysis is that complete geometric 

similarity of the two systems exists. He points out that the sinkage of 

the vehicle is a geometric parameter, and the authors observed that mea-

sured sinkages were not in the same ratio as the other geometric param-

eters. Nuttall states further that with sinkage out of scale, any assump-

tions concerning similarity of soil flow patterns, pressure distributions, 

etc., cannot be considered valid. 



A study of the soil-processing methods used and of the results of 

the soil measurements as described in the basic paper suggests that the 

soil conditions were the cause of the unusual test results. The methods 

of preparing the test sections were rather crude. The technique of 

sprinkling water on the loosened and only partially pulverized soil sur

face almost assuredly did not result in a uniform soil strength-depth pro

file. With no appreciable compaction, large voids, lumps, and wet spots 

could well have been present. The condition that resulted probably was 

characterized by a thin, wet, slippery surface layer on a relatively firm 

underlying soil. With this soil condition, it is possible for the ob

served test results to occur. Thus, it seems likely that the study ac

tually dealt with a very special soil condition, and that in a limited 

way. Certainly, the conclusions relative to the breakdown of the scale 

model concepts cannot be accepted until further evidence has been 

gathered. 

Summary 

The dimensional analyses that have been conducted on soil-vehicle 

systems are, for the most part, quite similar. The set of parameters 

used to describe the performance of a wheel or a wheeled vehicle were 

the pull developed P , the towed force PT , and/or the sinkage z . 

The wheel or tire was described geometrically by its diameter d width 

b , and in the case of a pneumatic tire, by its section height h and 

deflection 5 . Other important parameters were the wheel load W and 

the torque input Q . The one important variation among the different 

analyses involved parameters used to characterize the soil. 

Model-prototype comparisons usually were made from tests in the 
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same soil as it was generally conceded to be not practicable to attempt 

to scale the properties of the soil, although in some cases the thick

ness of layers of different strengths was scaled. Several different 

means of measuring and specifying the soil parameters were proposed; but 

with few exceptions, the issue was avoided in the experimental work by 

conducting all tests in soil of the same consistency. Although the soil 

cohesion c , friction angle ~ , and specific weight 7 were frequently 

used in the dimensional analysis, no test devices that measured these 

parameters were actually used. Penetration tests were relied upon to 

provide an index of the soil consistency in most instances, although the 

interpretation of the results of these tests usually differed. In the 

one test program that was conducted in wet clay, an additional test to 

measure rubber-soil friction was devised. All the soil tests used seemed 

useful to some degree and no particular advantage could be associated 

with any test or test interpretation. The evidence was meager, however. 

From experimental data on sand, in which the model and prototype 

were operated in the same soil at the same consistency, it seemed that 

the best relations were revealed when the loads were scaled in propor

tion to the cube of the geometric scale ratio. Several investi-

gators (9,18,22) used loads proportional to the square of the geometric 

scale ratio, but the correlations derived were rather broad. From tests 

on wet clay, Clark, Simon, and Roma (4) reported that, although the loads 

were scaled as the square of the geometric scale, load had little effect 

on the performance observed. However, as was noted, their tests proba

bly were conducted·on a layered soil, and the layers were not scaled. 

Except for the tests by Nuttall (13), no influence of test vehicle 



velocity was detected. However, in most instances, the test velocities 

were essentially constant, and no attempt was made to employ test ve

locities proportional to the size of the test wheel. 



III. FACILITIES AND MATERIALS USED TO 
DEVELOP EXPERIMENTAL DATA 

The tests upon which the experimental evaluation of the analysis was 

based were conducted in the facilities of the Army Mobility Research 

Branch, Mobility and Environmental Division, U. S. Army Engineer Water-

ways Experiment Station. These facilities permit wheels to be tested dy-

namically under various conditions of speed, load, and soil resistance. 

Taken as a whole, the facilities occupy a position in wheel-soil systems 

studies analogous to that of a wind tunnel in aerodynamic research. 

Single-Wheel Dynamometer 

The single-wheel dynamometer system shown in Fig. 3 is a major com-

ponent of the test facilities. It is supported and guided by a carefully 

aligned rail system over the soil bins. The dynamometer system can be 

towed along the rails- by a..'1 electrically driven,_ endless cable.- The 

speed of the towing cable can be varied from near zero to about 30 fps. 

The test wheel is mounted in the lower supporting assembly (Fig. 4) 

in such a manner that it can be loaded and powered and yet be free to 

move up and down as the soil conditions dictate. The wheel axle is fixed 

to the inner frame of the lower supporting assembly, and the inner frame 

is suspended from the outer frame at the four corners by force trans-

ducers that are mounted vertically and serve as hinges. The hinges al-

low the inner frame to swing longitudinally, but the movement is 

37 
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Fig. 3. Test facility and single wheel dynamometer 



Fig . 4. Dynamometer with wheel on launching platform 
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restrained by a force transducer mounted horizontally between the inner 

and outer frames to measure the horizontal force on the wheel. The hinge 

transducers measure the vertical force. The outer frame is attached to 

two vertical ball-spline shafts, one fore and one aft, that allow the en

tire assembly to move freely in the vertical direction, but prevent rota

tion of the assembly in any plane. 

Load is applied to the wheel by means of pneumatic cylinders react

ing between the upper and lower assemblies. This air loading system is 

double-acting, so that an upward force can be used to permit tests at 

loads less than the deadweight of the assembly. Conversely, loads as 

great as 2000 lb can be placed on the test wheel by means of this system. 

The wheel, powered by a hydraulic motor driving through a specially 

constructed gearbox, can be made to rotate at speeds up to about 300 rpm. 

The wheel rotational speed can be regulated at will, completely inde

pendently of the forward speed of the entire assembly. Instrumentation 

is provided to measure the driving torque on the wheel, the wheel speed, 

speed of carriage advance, slip, vertical movement of the wheel, and, by 

means of special gages inside the tire, the deflection of the tire as it 

rolls on the soft soils in the test bins. 

Test Tires 

Basic test tires 

For the test program, a basic set of test tires was selected to. 

provide a systematic variation in the principal tire dimensions-

diameter and section width. These tires are pictures in Fig. 5, and 

their dimensions are listed in Table 1. The 9.00-14 tire is approxi

mately twice the size of the 4.00-7 tire in all exterior dimensions. 



3. On page 40, line 3 under "Basic test tires," change "pictures 11 to 
"pictured." 



Fig. 5. Basic test tires 
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TABLE 1 

DIMENSIONS OF BASIC TEST TIRES 

Nominal Diameter 
Size in. 

9.00-14 28.3 
4.00-7 14.1 
4.00-20 28.0 
6.00-16 28.3 

Seetion 
Width, in. 

8.3 
4.2 
4.2 
6.6 

Section 
Height, in. 

6.4 
3.1 
3.2 
5·3 

The 4.00-20 tire has the same diameter as the 9.00-14, but twice that 

of the 4.00-7 tire. The section width of the 4.00-20 tire is about 

half that of the 9.00-14 tire and the same as that of the 4.00-7 tire. 

The 6.00-16 tire has the same diameter as the 9.00-14 and 4. 00-20 tires, 

but has a section width of intermediate dimension. 

These test tires were molded smooth and treadless. They are of 

flexible, two-ply construction with nearly circular cross sections. The 

dimensions listed in Table 1 are average dimensions, as the actual size 

in any one test varied slightly with the inflation pressure. The tires 

were mounted on steel rims with standard flanges, and were tested with-

out inner tubes. 

Validation test tires 

Data from tests with three different tires were used to validate 

the tire performance relations developed from tests with the basic test 

tires. These three tires were selected because they represented widely 

different sizes and shapes relative to the set of basic tires. These 

tires are shown in Fig. 6, and their pertinent characteristics are listed 

in Table 2. The 11.00-20 tire was a 12-PR standard military tire with 

the tread buffed off to create a smooth surface, and had essentially 



Fig. 6. Valida~ion test tires with 9 .00-l4 basic test tire 
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TABLE 2 

DIMENSIONS OF VAIJDATION TEST TIRES 

Nominal Diameter Section 
Size in. Width, in. 

11.00-20 41.2 11.4 
1. 75-26 (Bicycle) 28 •. 2 1.7 

16-15-6R (Terra-Tire) 17.0 15.2 

Section 
Height, in. 

9.0 
1.4 
5.2 

conventional proportions. It was tested with an inner tube. The 1.75-26 

tire was a common commercial bicycle tire and it, too, was buffed smooth 

and required an inner tube. This tire was narrow, and its diameter was 

about 16 times its width. The 16-15-6R tire was a smooth, treadless, 

Terra-Tire. This tire was a wide tire rectangular in cross section with 

a width almost equal to its diameter. It did not require an inner tube. 

Soils and Soil Preparation 

One of the two soils tested was a cohesive, alluvial clay soil ob-

tained from floodplain deposits of the Mississippi River near Vicksburg, 

-Mississippi. 'lhis soTl has a high liquid limit and plasticity index. 

These data, together with the grain-size-data, are recorded in Fig. 7. 

Different degrees of soil consistency were achieved by preparing the soil 

at different water contents. The stability, under traffic loads, of the 

soil consistency at any level of water content was assured by initially 

compacting the soil-water mixture to a specific weight such that nearly 

all the void space was filled with water. 

Soil preparation was begun by drying the soil to a uniform low water 

content. It then was crushed to a powder, blended with the desired amount 
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of water in a pug mill of the type used in brickmaking plants, and placed 

in an approximately 6-in.-thick layer in a soil bin. A heavy pneumatic

tired roller was used to compact the soil layer thoroughly. Adequate 

compaction was considered accomplished when the water present filled 

about 95 percent of the void space. other layers then were added and 

compacted until the bin was filled. The test bin could be reconstituted 

several times after being used in a tire test. It was only necessary to 

fill the ruts left by the test tire and recompact with the pneumatic

tired roller. Before each test, the soil in a test bin was checked to 

ensure that an adequate and uniform consistency had been achieved. 

Sand 

The second test soil was a fine desert s.and from a region of active 

dunes near Yuma, Arizona. Fig. 7 shows a mechanical analysis of this 

sand. The water content of the sand was not varied during the test pro

gram, but was maintained at about 0.5 percent of the dry soil weight 

(air dry). Differences in soil consistency were obtained by varying the 

specific weight of the sand in the soil bins. 

The sand was placed in the soil bins by allowing it to fall through a 

1/4-in.-mesh screen in uniform layers until the soil bins were filled. If 

a very loose sand condition was desired, a simple multitoothed scarifier 

was drawn back and forth through the sand until a uniform condition was 

achieved. If a denser condition was desired, an electrically powered 

vibrator mounted on a steel sled was drawn over the sand surface. The 

vibrator delivered a dynamic force of 1800 lb at a rate of 3600 cycles 

per min. By varying the speed of travel and the number of trips of the 

vibrator over the surface, a broad range of soil consistencies could be 



achieved. After the sand had supported a tire test, it was either reha

bilitated by scarifying or was removed from the car and the building 

process repeated. In all cases, the soil in the bin was checked prior to 

testing to ensure that a consistent and uniform condition had been 

obtained. 

Tire Performance Test Procedure 

A complete pull-slip relation for a test tire in a test soil was 

measured in a single run of the dynamometer system. The technique to 

accomplish this is shown schematically in Fig. 8. The angular velocity 

of the wheel was held constant while the forward velocity of the dynamom

eter system was varied. When the dynamometer velocity was equal to the 

theoretical forward velocity of the test wheel (i.e., the angular veloc

ity times the effective rolling radius), the wheel was at zero slip. 

When the velocity of the dynamometer system exceeded the theoretical 

wheel speed, slip was negative. When the dynamometer system was stopped, 

the rotating wheel was at 100 percent slip. Since some time is required 

to accelerate the system, the first part of the soil bin was used as an 

acceleration lane, and the soil and performance data were collected in 

the last portion of the bin. 

A section of an oscillogram obtained during a test run in sand is 

shown in Fig. 9 to illustrate the nature of the recor~ed data. In Fig. 

2a, pull and torque data from the oscillogram have been plotted against 

slip to show typical torque-slip and pull-slip curves. Points on a pull

slip curve that are considered most significant as indicators of the per

formance are the zero torque (towed) point and the maximum pull point. 

When no clearly defined maximum occurred on a pull-slip curve, the pull 
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Fig. 8. Schematic speed and slip diagrams 
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at 20 percent slip was considered to be a reasonable equivalent. The 

zero pull (self-propelled) point also is of some importance, but it is not 

evaluated in this analysis. 

Uniqueness of the Pull-Slip Relation 

Because of the testing technique used in this study, the measure

ments of pull, sinkage, and torque varied continuously during the test 

run. It was deemed necessary to examine the uniqueness of the pull-slip 

relation by determining if the same values were obtained under steady

state conditions. Test data from programmed-slip tests were compared 

with data obtained from controlled-slip and from controlled-pull tests. 

The constant-slip tests were run over a distance of at least 20 ft by 

maintaining a constant forward velocity of the dynamometer system and a 

constant angular velocity of the wheel and measuring the pull that re

sulted. The constant-pull tests were run by applying a preselected pull 

and measuring the slip that occurred during a run of at least 20ft. The 

results of this study are shown for clay in Fig. lOa and for sand in 

Fig. lOb. These data show that, within the precision of the data, the 

same pull-slip relation is obtained from the programmed-slip tests as 

from the steady-state tests. 

Evaluation of Soil Consistency 

Method of measurement 

At the beginning of the testing program, several different devices 

and techniques were used to measure the consistency of the test soil. 

The devices included an in situ, ring shear apparatus, several sizes of 
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bearing plates, a shear vane, and a cone penetrometer. In addition, soil 

samples were obtained and subjected to direct shear and triaxial shear 

tests. Water content and density determinations were made as well. It 

soon became evident that no one device or technique clearly resulted in a 

best method for determining the soil consistency for the soil conditions 

under study. The cone penetrometer was selected for further use because 

it did not require the extraction of samples from the test sections, it 

could measure the soil consistency at points below the soil surface, and 

it was simple in concept and readily mechanized. 

The magnitude of the cone index (see definition in Chapter I) at any 

depth in a soil is determined by the soil properties. For soil condi

tions in which the resistance to penetration is determined only by soil 

cohesion or only by soil friction, the cone index serves as a satisfac

tory measure of the pertinent property. However, for some other soil 

conditions in which both cohesion and friction influence the penetration 

resistance, the cone index does not distinguish the relative effect of 

each. Therefore, one of the requirements for soil preparation in the ex

perimental work was to achieve so~l conditions that were either purely 

cohesive or purely frictional. 

Characteristics of the c+ay 

Effect of confining pressure.--The consistency (or strength) of a 

clay is determined, within certain limits, by the amount of water per 

unit weight of soil. However, the specific weight of the soil is also 

a factor. If a ~arge percentage of the void space of the soil is filled 

with air, an applied load can easily cause the specific weight to in

crease, thereby increasing the strength. If the voids are filled with 
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water, an applied load must be maintained for a relatively long period 

of time before sufficient water is squeezed out to allow a significant 

increase in the soil's specific weight. The clay was processed with the 

intent of achieving a specific weight which would result in about 95 per

cent of the nonsoil space being occupied by water. At that condition, 

the soil's resistance to displacement was considered independent of the 

normal pressure on a shear surface, at least for a relatively rapid load

ing such as would prevail under a moving wheel. The soil mass would then 

react to load as if the shear strength had only a cohesive component and 

there were no angle of internal friction. 

Samples of clay from representative test soil bins were tested in 

triaxial compression under different confining pressures. The tests were 

of the unconsolidated, undrained type. The results of some of these tests 

are shown in Fig. 11. It can be seen that for a wide range of confining 

pressures, the shear resistance of the soil was essentially constant and 

could be described as purely cohesive with no frictional component. 

Smith (19) has shown that, for these conditions, the cone index of the 

soil is an excellent measure of cohesion. The actual records of cone in

dex versus depth measured at three different locations in a well-prepared 

clay test section are shown in Fig. 12. As would be expected of a mate

rial that had no apparent angle of internal friction, the weight of over

lying soil did not cause the cone index to increase with depth. Thus, 

the cone index averaged over a considerable depth can be considered to be 

a measure of the cohesion of this soil. In this report, the average cone 

index in the top 6 in. of the clay has been used, and it has been given 

the symbol C . 
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Effect of deformation rates.--The influence of the rate of deforma

tion on the resistance to displacement of clay was studied by means of 

the cone penetration tests. Samples representative of several different 

levels of soil consistency were penetrated at rates varying from 1 to 

100 in. per min. The results of the tests at different penetration 

rates on the same soil are shown in Fig. l]a. The resistance to penetra

tion is relatively small at low penetration rates, but it increases sig

nificantly as the penetration rate increases. The relation is roughly 

parabolic, so the amount of increase in resistance at the higher pene

tration rates is proportionately much less than at the lower rates. 

Tests conducted in clay at different consistencies yielded curves 

of similar shape. These curves could all be grouped in a single plot, as 

shown in Fig. 13b, by dividing the measured resistance at each rate by 

the resistance measured at one rate (in this case, the usual 72-in.-per

min rate). This result shows that the soil property that causes there

sistance to vary with penetration rate is proportional to the consistency 

of the soil as measured by the standard cone penetration test. For this 

studJ.r, the rate-dependent soil property has been given the B;ymbol 13 and. 

has been called "spissitude." This little-used word has a meaning broadly 

similar to that of "viscosity," but it avoids the danger of misuse of the 

rather specific technical meaning of viscosity. 

Characteristics of the sand 

Effect of confining pressure.--Triaxial compression tests on samples 

of the air-dry sand have shown that this soil is essentially cohesionless. 

Any strength exhibited is due to the confining pressure on the sample and 

the angle of internal friction of the soil (Fig. 14). Green, Smith, and 
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Murphy (8) showed that the angle of internal friction of this sand in

creases with an increase in its specific weight; thus the friction angle 

is not a soil constant. 

The cone index-depth relation for sand is of the nature illustrated 

by the test recording shown in Fig. 15. The cone index at the surface is 

very small, but the resistance to penetration increases with depth, so 

that the cone index values become relatively high within a depth of a 

few inches. Since the soil is cohesionless, the resistance to penetra

tion must be due to the confining pressure. This pressure, in turn, 

must result from the weight of the material above the point at which the 

cone index measurement is being made. Therefore, the rate of change of 

cone index with depth is determined to the first ·approximation by the 

specific weight of the sand. However, as was observed by Green, Smith, 

and Murphy (8), the internal friction is also dependent on the specific 

weight. Thus, it can be concluded that the consistency of the sand as 

measured by the cone penetration test is a reflection of two factors-

confining pressure due to soil weight, and the friction angle--and both 

vary in response to the soil's specific weight. In the subsequent analy

ses, the average rate of increase of cone index with depth was consid

ered to be a measure of the specific weight of the sand. The rate of 

increase was termed the cone index gradient and was assigned the 

symbol G . 

Effect of deformation rate.--Cone penetration tests were conducted 

at rates of penetration ranging from 1 to 100 in. per min in the air-dry 

sand. Over this range, no difference in the resistance to penetration 

could be detected. 
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IV. DIMENSIONAL ANALYSIS OF THE TIRE-SOIL SYSTEM 

To be completely valid and useful, a dimensional analysis of a system 

must include all of the parameters that have an influence on the behavior 

of the system. On the other hand, if a large number of parameters are 

incorporated, the clarification and simplification that result from the 

dimensional analysis are not sufficient to reduce the problem to practical 

size. The intents of the analysis that follows are, first, to incorporate 

into a dimensional analysis all parameters considered to be pertinent to 

the tire-soil relation and, second, by controlling test conditions and 

eliminating parameters of negligible influence on the performance of the 

tire-soil system, to reduce the number of parameters to a practical minumum. 

Parameters Considered to Influence System Behavior 

Independent parameters 

The independent par~eters that were considered in the analysis are 

listed in Table 3. They have been separated into three groups--the soil 

TABLE 3 

INDEPENDENT TIRE-SOIL SYSTEM PARAMETERS 

Parameters 

Soil: 

Friction angle 

Cohesion 

Symbol 

¢ 

c 

61 

MLT Units 



IV. DIMENSIONAL ANALYSIS OF THE TIRE-SOIL SYSTEM 

To be completely valid and useful, a dimensional analysis of a system 

must include all of the parameters that have an influence on the behavior 

of the system. On the other hand, if a large number of parameters are 

incorporated, the clarification and simplification that result from the 

dimensional analysis are not sufficient to reduce the problem to practical 

size. The intents of the analysis that follows are, first, to incorporate 

into a dimensional analysis all parameters considered to be pertinent to 

the tire-soil relation and, second, by controlling test conditions and 

eliminating parameters of negligible influence on the performance of the 

tire-soil system, to reduce the number of parameters to a practical minumum. 

Parameters Considered. to Influence System Behavior 

Independent parameters 

The independent :parameters tb..at were c_onsidered in the analysis are 

listed in Table 3. They have been separated into three groups--the soil 

TABLE 3 

INDEPENDENT TIRE-SOIL SYSTEM PARAMETERS 

Parameters 

Soil: 

Friction angle 

Cohesion 

Symbol 

c 

61 

MLT Units 



62 

TABLE 3--continued 

Parameters 

Soil (Continued): 

Specific weight 

Spissitude 

Tire: 

Diameter 

Section width 

Section height 

Deflection 

System: 

Load 

Translational velocity 

Slip 

Tire-soil friction 

Acceleration due to gravity 

Symbol 

d 

b 

h 

0 

w 

v 

s 

1-L 

g 

MLT Units 

L 

L 

L 

L 

-2 
L T 

parameters, the tire parameters, and the system parameters. The dimen

sional units of each parameter in terms of mass M , length L , and 

time T are given in the table. 

Soil parameters.--The strength characteristics of a soil have been 

considered to be ~dequately represented by its cohesion and its angle of 

friction. These parameters describe only the failure state of the soil. 

It must be assumed that the stress-strain relations are similar for all the 

different strengths of each soil and are proportional to the failure param

eters for the test soil. This is not considered to be a serious limitation. 
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The spissitude has been included to reflect the change in the soil's resis

tance to displacement as a result of changes in the deformation rate. For 

soil that is near complete saturation (clay) or virtually water-free 

(sand), the specific weight provides a useful description of the state of 

the soil. Specific weight is of particular interest because it is not 

directly a measure of soil strength or consistency, but is strongly related. 

to these soil properties. 

There is evidence (15) that soil particle size has little influence on 

the test results unless the soil particles are large relative to the tire 

dimensions. Therefore, particle size was not included as a soil parameter. 

Tire parameters.--The tire parameters are purely geometric. If only 

scale model tires had been used in the test program, a single character

istic dimension would have sufficed to represent all the dimensions. How

ever, since one major objective of the tests was to study tire-shape effect, 

other parameters that are descriptive of the shape and configuration of the 

tires have been included. Tread patterns and lug factors were eliminated 

from the analysis by making all test tires completely smooth. 

System parameters.--The load on the tire, the- ve-locities- of advance 

and rotation, tire-soil friction, and the acceleration due to gravity have 

been grouped together as system parameters. The slip parameter is a 

dimensionless ratio made up of both the translational and rotational veloc

ities of the wheel. The tire-soil friction coefficient is relevant for 

conditions in which slip occurs between the tire and the soil. This occurs 

when the soil is strong enough to resist the shearing forces. When the 

soil is weak, slip occurs within the soil, and the strength parameters 

replace the tire-soil friction coefficient. 



64 

Dependent parameters 

The dependent parameters listed in Table 4 represent data obtained at 

specific points along a continuously varying relation of each parameter 

TABLE 4 

DEPENDENT TIRE-SOIL SYSTEM PARAMETERS 

Parameters Symbol MLT Units 

Pull p M L T-2 

Towed force PT M L T-2 

Torque Q M L2 T-2 

Sinkage z L 

with slip. The force PT represents the force required to tow the freely 

rolling tire. It occurs when the torque is zero, but the slip has some 

negative value that depends upon the independent tire and soil parameters. 

Thus, for this particular test point, slip becomes a dependent rather than 

an independent variable. The other dependent parameters are measurements 

made at the 20 percent slip point, where the pull developed by the tire 

usually was very near the maximum that could be developed. The pull is a 

measure of the output of the tire, while the torque i£ a mea£ure of the 

energy expended to accomplish this. The sinkage was considered especially 

significant, since it is a dependent geometric parameter, and thus pro

vides a useful check on the scaling relations. 

Development of Pi Terms 

The 17 parameters chosen to characterize the tire-soil system can be 

recorded with their dimensions in matrix form as follows: 



c 13dbh B W VSfl g 

M 0 l l l 0 0 0 0 l 0 0 0 0 l l l 0 

L 0 -1 -2 -1 l l l l l l 0 0 l l l 2 l 

T 0 -2 -2 -1 0 0 0 0 -2 -1 0 0 -2 -2 -2 -2 0 . 
The determinant of the second, third, and fourth columns is 

l l l 

-1 -2 -1 -1 

-2 -2 -1 

Since this determinant is not zero, the rank of the matrix is three. 

Therefore, 17 - 3 = 14 Pi terms that will compose a complete set of lin-

early independent solutions of the dimensional equations. These 14 Pi 

terms could be derived at this point using the methods described in Chapter 

II, but some terms have become conventional through general usage, and 

adoption of these arrangements and some others that can be written from 

inspection leads to considerable simplification. 

It is customary for the dependent parameters PT and P to be 

expressed as a ratio of the tire load W ; and for the torque Q to be 

expressed as a ratio of the diameter d times the load W . All of the 

purely linear parameters can be expressed as ratios of a characteristic 

dimension, usually tire diameter. However, there is an exception in that 

the deflection B of a tire is commonly expressed in the literature as a 

ratio of the section height h . Finally, the friction parameters ¢ and 

f.J. , and the slip S are dimensionless. Therefore, the following 10 Pi 

terms can be written immediately: 

p Q 
1(1 =w 1(3 = dW 

PT z 
1(2 w 1(4 d 
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3{5 = 1..1. 3{8 
b 

=;r 

3{6 =¢ 3{9 
h 

=;r 
lL = s 3{10 

5 =-7 h 

In the development of the remaining Pi terms by matrix manipulation, 

the diameter was used as the characteristic length, and the load as the 

characteristic force. These two parameters and the others not alreaqy 

included in a Pi term were arranged in a matrix to provide a nonzero de-

terminant on the left that was made up of parameters intended to be in-

eluded in most of the terms. The matrix is now reduced to 

d w v c r g 

M 0 1 0 1 1 1 0 

L 1 1 1 -1 -2 -1 1 

T 0 -2 -1 -2 -2 -1 -2 

The solution matrix for this arrangement is 

1 0 0 -2 -3 -1 -1 

0 1 0 1 1 1 0 

0 0 1 0 0 -1 2 

-'When the 3 -X -4 -submatri-x on the right is tra:r.sposed, the signs are 

changed, and it is augmented with a 4 x 4 identity matrix, the matrix of 

Pi terms is obtained as below: 

d w v c r g 

2 -1 0 1 0 0 0 

-1 0 0 1 0 0 

1 -1 1 0 0 1 0 

1 0 -2 0 0 0 1 



Thus, 

t)Vd 
w 

gd 
,; 

That the same terms will be obtained by the Rayleigh method is dem-

onstrated by the following examples: 

Consider the parameters d , W , and V to be the common 

terms in the analysis. They do not of themselves form a dimensionless 

group. ~ including the parameter t3 to create a dimensionless Pi term, 

the expression 

or 

3{ = da wb vc t3 

t3 ~ d-a w-b v-c 

is proposed. Substituting for each term the dimensions for that term, 

the expression becomes 

Then, writing the equations to cause the sum of the exponents to be 

zero: 

for M, l -b 

L, -1 -a -b -c 

T, -1 2b + c 

From these, since 

b -1 

c 2 - l l 

and a l 

1t 
dVt) 
w 
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which is the same as ~13 developed from the combined inspectional and 

matrix solutions. 

Similarly by including the parameter y , the expression 

da wb vc Y 

D -a -b -c or y = d W V 

is obtained. Substituting the appropriate dimensions yields 

M L-2 T-2 =L-a (M L T-2 )-b (L T-l)-c 

Then 

for M, l -b 

L, -2 -a -b -c 

T, -2 2b + c 

and b -1 

c 0 

a 3 

So that 

which is the same as ~12 previously developed. The remainder of 

the terms could be developed in a similar manner. 

Simplifications from Control of Test Conditions 

As discussed in the preceding section, fourteen different Pi 

terms were developed in the dimensional analysis of the problem. The 

experimental determination of the interrelations among this many 

parameters can represent a formidable task. However, by exercising 

control over the test conditions, the problem can be reduced to 

manageable size and still be realistic and detailed enough to 



provide some insight into the tire-soil relation. 

Soil parameters 

A significant simplification was achieved by considering sepa-

ratel¥ two distinctl¥ different "pure" soil types. The clay was pre-

pared so that it was, for practical considerations, purel¥ cohesive; 

and the sand, so that it was almost purely frictional. Furthermore, 

it was shown that the cone index provided an adequate measure of the 

soil properties in each case. 

In the clay, the average cone index C was interpreted to be 

equivalent to cohesion c . Also, since the spissitude was found to be 

proportional to the cone index, the rate-dependent properties of the 

clay were reflected in the measurement. In the sand, the cone index 

gradient G was considered to be affected principally by the density 

of the soil y • Some influence was undoubtedly exerted by the changes 

in friction angle that occurred along with the density changes; but for 

this analysis, which dealt with only one sand, the friction angle was 

treated as a constant. Thus, in sand, the only Pi term influenced by 

the soil parameters was 
yd3 cd2 
w; and in clay' only the terms w and 

13~d contained soil parameters. Using cone index, the density value 7 

was replaced by the cone index gradient G ; and the cohesion c , by 

the average cone index C . The spissitude 13 has already been defined 

in terms of the cone index. 

Tire parameters 

Evaluation of the effect of tire parameters on the behavior of the 

tire was an important objective of the study, so the geometric tire 
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variables were retained. Three Pi terms were derived that account for 

the four pertinent tire size parameters. However, the Pi terms were 

arranged so that all four constituent parameters appeared in just two 

b 5 Pi terms, d and h . These two Pi terms were used as the principal 

independent tire variables. The third term needed to complete this set, 

h d , was not controlled, and it was assumed that its influence was negli-

gible. There is some justification for this assumption in these tests 

since the cross-sectional shape of all of the basic tires was similar, 

and the dimensions of section width and section height were roughly in 

constant proportion. 

System parameters 

With the exception of the pull at the towed point, the dependent 

parameters were evaluated at a controlled-slip value. The range of 

variation of slip was large at the towed point, but the slip itself 

could, for this condition, be considered a dependent parameter. In this 

analysis, the slip Pi term was, therefore, not considered a variable 

and its effect was not explored. The Pi term representing the tire-to-

soil friction was not relevant to the tests employed in this analysis. 

The. soils -were. observed to be r-el-atively .so weak that soil-to-soil 

failures occurred rather than tire-soil sliding. Well-defined shear 

displacements were evidenced by the appearance of the soil surface after 

the passage of the tire (Fig. 16). 

The information available at the beginning of the test program sug-

gested that velocity would have only a slight influence on the test re-

sults for the range of speeds to be used in the experimental work. A 

few preliminary tire tests over a broad range of speeds tended to 



4. On page 70, line 2 under "System parameters," delete hyphen from 
"controlled-slip." 
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a. Clay 

b . Sand 

Fig . l6. Tire tracks showing shear displacements 
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confirm this. Furthermore, the rate-of-penetration tests in sand showed 

that the penetration resistance of the sand was essentially the same at 

all speeds. In clay, the penetration rate did influence the penetration 

resistance to some extent. However, for a velocity change by a factor 

of 2, a range that is affected by the scale range of the test tires, the 

difference in soil resistance was only about 7 percent. Ideally, in the 

testing program, the Pi terms and should have 

been maintained constant. However, ~13 re~uired that the model speed 

be reduced relative to the prototype in proportion to the geometric 

scale when the soil was the same and the loads were scaled in proportion 

to the s~uare of the geometric scale. On the other hand, ~14 re~uired 

a reduction in velocity proportional to the s~uare root of the geometric 

scale. Of course, both could not be accomplished simultaneously. There-

fore, after consideration of the factors involved, it was decided to 

conduct all the basic tests at the same actual velocity and accept any 

discrepancies that might occur from this source. This was equivalent to 

assuming that ~13 and ~14 were not effective in influencing the re

sults of the test program. 

Simplified functional relations 

As a conse~uence of the test controls and simplifying assumptions 

just described, the relations between each dependent Pi term and the 

independent Pi terms were reduced to the following: 
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In clay, 

PT = f (Cd2 b ~) w l w ' d ' 

~ = f (Cd2 b '~) w 2 w ' d 

~ = f (-Cd2 ~) 
[ 10] 

b 
d 3 w ' d ' 

Q (Cd
2 b '~) dW = f4 W' d 

and, in sand, 

PT (Gd3 b ~) w = f5 w ' d ' 

p (Gd3 b ~) w = f6 w ' d ' 
[ll] 

z (Gd3 b ~) d f7 w ' d ' 

Q (Gd
3 b '~) dw = fs w ' d 

. 

To facilitate reference to the Pi terms to be used in the simpli-

fied analysis, a descriptive name has been assigned to each as listed 

below. 

TABLE 5 

NAMES OF PI TERMS USED IN THE ANALYSIS 

Pi Term Name 

PT 
Towed force number w 

p 
Pull number w 
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TABLE 5--Continued 

Pi Term 

z 
d 

Q 
dW • 

Cd2 

w· 
Gd3 
w • 

b 
d • • • • • • • • • • • • 

§_ h . . . . . . • . . . . . 

Name 

Sinkage number 

Torq_ue number 

Clay loading number 

Sand loading number 

Shape number 

Deflection number 



V. ANALYSIS OF EXPERIMENTAL DATA 

Tests in Clay 

The results of 123 tests in clay with the four basic test tires 

were used for analysis. These results are summarized in Tables 6 

through 9· In subsequent sections, these data are combined in various 

ways to examine the adequacy of the soil strength parameter, the ef

fectiveness of the test controls to provide valid scale model relations, 

the effect of tire width on performance, the effect of tire diameter on 

performance, and the effect of tire deflection on performance. Finally, 

test data obtained independently in other test programs are used to test 

the general usefulness of the description of the tire-soil relation that 

was derived. 

Adequacy of the soil strength parameter 

As a consequence of the control of the clay conditions, it was 

claimed that this soil could be described by a single measure of soil 

consistency. In this study, the value chosen was the average cone index 

in the top 6 in. of soil, given the symbol C . An important first step 

in the utilization of the test data to analyze the tire-soil relation 

must be the verification of the claim for the adequacy of this measure 

of soil consistency. This can be done by showing that the dependent 

performance numbers respond in a unique and quantitatively predictable 

manner to changes in the soil parameter C. 

75 
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TABLE 6 

RESULTS OF TESTS IN CLAY WITH 9.00-14 TIRE 

Test 
No. 

297 
298 

299 
300 
301 

302 

303 
304 
305 
306 

307 
308 
310 
311 

312 

Avg 
Cone 
Index 

c 
psi 

16 

17 
17 
15 
14 

15 
49 
29 
28 

27 

29 
51 
32 
34 
51 

Wheel 
Load 

w 
lb 

Shape 
No. 
b/d 

226 0.293 
428 .293 

427 .293 
824 .293 

617 .293 

817 
440 

227 
456 
645 

857 
238 
446 
860 
441 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

313 52 
314 52 
390 41 

650 
230 
445 

447 
649 

.293 

.293 

.293 

.293 

.293 

408 -24 

409 23 

410 
411 

412 

413 
414 

415 
416 
417 
418 

419 

52 447 
52 674 
39 656 
40 878 
52 232 

57 872 
25 860 
24 230 

55 872 
51 892 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

.293 

Deflec
tion 

No. 
5/h 

0.150 
.150 
.250 
.250 
.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.250 

.250 

.250 

.150 

·350 
·350 
·350 
·350 

·350 
·350 
·350 
·350 
·350 

·350 
·350 
·350 
.150 
.250 

Towed 
Force Pull 

No. No. 
P'I/W P/W 

Torque 
No. 

Q/dW 

0.026 0.434 0.223 
.160 .217 .173 
.109 .253 .175 
.400 -.108 .148 
.301 .073 .164 

.639 

.000 

.ooo 

.000 

.112 

·590 
.643 

·333 
.278 

.278 

.302 

.180 

.170 

.169 .158 .143 

.ooo 1.088 .461 

.050 .610 .270 

.on .280 .178 

.ooo ·973 .453 

.050 .540 .288 

.ooo 1.130 ·505 

.075 .903 .437 

.038 .69B .3.34 

.060 .365 .205 

.022 1.072 .500 

.030 .868 .426 

.036 .587 .284 

.037 .429 .221 

.040 1.487 .672 

.014 . 712 .344 

.091 .181 .138 

.013 1.035 .514 

.101 .298 .204 

.048 .429 .233 

Sinkage 
No. 
z/d 

0.0248 

.0570 

.0580 

.1410 

.0987 

.0103 

.oo84 

.0170 

.0482 

Clay 
Loading 

No. 

Cd
2
/W 

56·7 
31.8 

31.9 
14.6 
18.2 

14.7 
89.1 

102.0 
49.1 

33·5 

.0591 27.1 

.0000 171.5 

.0120 57·5 

.0393 31.6 

.0088 92·5 

.0219 62.8 

.0162 180.0 

.0004 73·7 

.0134 43.0 

.0283 28.4 

.0050 93.0 

.0127 61.8 

.0166 47.5 

.0064 36.4 

.0081 180.0 

Clay 
No. 

Cbdjw 

16.6 

9·3 
9·3 
4.3 

5·3 

4.3 
26.1 

29·9 
14.4 

9.8 

7·9 
50.2 
16.8 
9.2 

27.1 

18.4 

52.7 
21.6 
12.6 

8.3 

27.2 
18.1 

13.6 
10.7 
52.7 

.0092 

.0502 

.0067 

.0396 

52·3 15·3 
23.2 6.8 
83.5 24.5 
50.5 14.8 
45.7 13.4 
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TABLE 7 

RESULTS OF TESTS IN CIAY WITH. 4.00-7 TIRE 

Avg Wheel Deflec- Towed Clay 
Test Cone Load Shape tion Force Pull Torque Sinkage Loading Clay 

Index No. No. No. No. No. No. No. No. c w b/d No. 
P~W Pjw Q/dW z/d Cd2/W Cbd/W 

psi lb B/h 

363 49 111 0.298 0.150 0.000 0.658 0.307 0.0198 87.8 26.2 

364 42 114 .298 .250 .ooo ·974 .433 .0071 73·3 21.9 
365 43 235 .298 .150 .086 .226 .156 .0298 36.5 10.9 
366 60 101 .298 .250 .100 ·733 .430 .0071 118.2 35·3 
367 60 219 .298 .250 .047 .416 .222 .0241 54.5 16.2 

368 42 101 .298 .150 .000 .406 .203 .0063 82.8 24.7 

369 41 234 .298 .250 .051 34·9 10.4 

370 40 234 .298 .250 .047 .449 .222 .0347 34.0 10.1 

371 25 100 .298 .150 .000 .250 .154 .0461 49.8 14.9 

372 25 102 .298 .250 .000 ·373 .158 .0191 48.8 14.6 

373 37 343 .293 .150 .202 .152 .176 .0823 21.5 6.4 

374 41 336 .293 .250 .114 .196 .160 .0652 24.3 7·3 
375 42 440 .293 .150 .209 .093 .151 .0872 19.0 5·7 
376 38 437 .298 .250 .264 -.043 .150 .1035 17·3 5.2 

377 38 445 .298 ·350 .197 .061 .130 .0815 17.0 5.1 

378 33 215 .298 ·350 .096 .409 .226 .0433 30.6 9·1 
379 34 325 .298 ·350 .218 .185 .175 .0795 20.8 6.2 

380 67 337 .298 .150 .139 .300 .194 .0454 39·6 11.8 

381 19 218 .298 ·350 .495 l7·!i 5.2 
382 21 220 .298 .250 ·714 19.0 5·7 

383 64 223 .298 .150 .080 ·395 .229 .0284 57.1 17.0 
384 64 343 .298 .250 .093 ·370 .214 .0326 37.1 11.1 

385 66 451 .298 .150 .154 .215 .178 .0695 29.1 8.7 
386 64 451 .298 .250 .104 .295 .191 .0581 28.2 8.4 

387 62 229 .298 ·350 .077 .873 .402 .0191 53·9 16.1 

388 61 337 .298 ·350 .060 ·599 .295 .0277 36.0 10.7 

389 67 451 .298 ·350 .071 .443 .257 .0419 29.6 8.8 



Test 
No. 

269 
270 
271 
272 

273 

274 

275 
276 
277 

278 

Avg 
Cone 
Index 

c 
psi 

21 

23 
18 
18 

45 

47 
48 

51 
44 
46 

Wheel 
Load 

w 
lb 

205 
206 

407 
388 
444 

442 

219 
233 
209 
428 

279 33 219 
280 34 221 
281 44 648 

282 43 645 

283 30 235 

284 30 457 
285 56 706 
286 51 628 

287 31 456 
288 31 461 

289 20 230 
290 18 420 

291 36 655 
292 33 659 
293 56 639 

294 

295 
4oo 
401 
402 

403 

54 
19 
47 
48 
22 

21 

629 
426 
658 
314 
308 

648 
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TABLE 8 

RESULTS OF TESTS IN CLAY WITH 4.00-20 TIRE 

Shape 
No. 
b/d 

Deflec
tion 

No. 
5/h 

0.150 0.150 
.150 .250 
.150 .150 
.150 .250 
.150 .150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.150 

.250 

.150 

.250 

-350 
·350 

.150 

.250 

.250 

-350 
·350 

-350 
-350 
.150 
.-1)0 

.250 

.350 

-350 
.250 
.350 
·350 

-350 
·350 
.450 
.080 
.080 
.450 

Towed 
Force Pull 

No. No. 
P~W Pjw 

Torque 
No. 

QjdW 

0.057 0.214 0.167 
.024 .388 .212 
.246 .120 .176 
.215 .116 .175 
.059 .340 .192 

.000 .425 

.000 -557 

.000 .781 

.000 1.086 

.ooo .636 

.215 

.266 

.362 

.472 

.311 

.040 ·351 .199 

.000 .484 .216 

.096 .261 .176 

.051 .283 .169 

.000 .587 .266 

.069 .304 .182 

.061 .287 .169 

.116 .270 .182 

.-ljU .~ .L(5 

.102 .247 .184 

.000 .408 .218 
.ooo .145 

.140 .256 .190 

.079 .256 .170 

.049 .257 .162 

.036 .360 

.128 .200 

.050 -357 

.055 ·312 

.198 .234 

.239 -.003 

.178 

.182 

.209 

.208 

.218 

.145 

Clay 
Sinkage Loading 

No. No. 
z/d Cd2/W 

0.0425 
.0207 
.0904 
.0800 

.0239 

.0150 

.0189 

.0071 

.0071 

.0221 

80.3 

87-5 
34·7 
36.4 

79·5 

83-3 
172.0 
171.6 
165.0 
84.3 

Clay 
No. 

Cbdjw 

12.0 

13.1 

5-2 

5-5 
11.9 

12.5 
25.8 
25.7 
24.8 
12.7 

.0182 118.2 17-7 

.0161 120.6 18.1 

.0320 53.2 8.0 

.0297 52.2 7·8 

.0153 100.0 15.0 

.0357 51.4 7·7 

.0304 62.1 9·3 

.o443 63.6 9.6 

.o46l 53·3 B.o 

.0486 52·7 7-9 

.0211 68.1 10.2 

.1082 33-6 5.0 

.0493 43.1 6.5 

.0425 39·3 5-9 

.0293 68.7 10.3 

.0168 

.0715 

.0268 

.0240 

.0540 

.0875 

67.4 

34·9 
56.0 

120.0 
56.0 
25.4 

10.1 

5-2 
8.4 

18.0 
8.4 

3.8 



Test 
No. 

321 
322 

323 
324 
325 

326 

327 
328 

329 
330 

331 
332 

333 
334 

335 

336 

337 
338 

339 
34o 

341 
342 

343 
344 

345 

346 

351 
354 

355 
356 

357 
359 
360 
361 
362 

Avg 
Cone 
Index 

c 
psi 

19 
20 
64 
60 
22 

21 
21 
21 

39 
41 

19 
20 
20 
21 
20 

20 
21 
22 

40 

36 

37 
36 
38 

39 
39 

41 

58 
51 
52 

53 

48 

52 
51 
48 
48 

Wheel 
load 

w 
lb 

241 

243 
231 
239 
429 

438 
629 
645 
236 

237 

231 
445 

653 
828 
848 

847 
847 
683 
676 
658 

677 
239 
460 

891 
887 

886 

455 
657 
235 
443 

455 
876 
864 
844 

710 
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TABLE 9 

RESUUTS OF TESTS IN CLAY WITH 6.00-16 TIRE 

Shape 
No. 
b/d 

0.233 
.233 
.233 
.233 
.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

.233 

Deflec
tion 

No. 
5/h 

0.150 
.250 
.150 
.250 
.150 

.250 

.150 

.250 

.150 

.250 

·350 
·350 
·350 
.150 
.250 

·350 
.250 
.250 
.150 
.250 

·350 
·350 
·350 
.150 
.250 

·350 
.150 
.250 

·350 
·350 

.250 

.150 

.250 

·350 
.250 

Towed 
Force Pull 

No. No. 
p~ Pjw 

0.054 0.346 
.024 .463 
.000 .696 

.ooo ·958 

.116 .158 

.076 .176 

.217 -.035 

.178 .014 

.ooo ·703 

.ooo 1.105 

.043 ·796 

.035 ·375 

.054 .230 

.272 -.010 
·302 -.042 

.217 .033 

.277 -.053 

.186 .060 

.098 .250 

.050 .296 

.015 .478 

.000 1.389 

.000 ·704 

.166 .150 

.no .202 

.036 ·322 

.ooo .508 

.022 .502 

.000 1.514 

.ooo ·952 

.ooo ·725 

.104 .246 

.052 ·314 

.026 .487 

.030 .401 

Torque 
No. 

Q/dW 

0.208 

.239 

·335 
·555 
.168 

.158 

.158 

.148 

·329 
·532 

·356 
.196 
.149 
.127 
.127 

.130 

.142 

.138 

.176 

.191 

.244 

.6oo 

·336 
.144 

.156 

.180 

.240 

.246 

.695 

.444 

·354 
.178 
.182 

.257 

.210 

Sinkage 
No. 
z/d 

0.0187 
.0152 
.0032 
.0014 
.0629 

.0572 

.0978 

.0902 

.0085 

.0099 

.0237 

.0389 

.0505 

.1056 

.1226 

.0975 

.ll60 

.0770 

.0403 

.0272 

.0216 

.0109 

.0170 

.0551 

.0487 

.0340 

.0106 

.0195 

.0057 

.0099 

.Oll4 

.0371 

.0236 

.0205 

.0251 

Clay 
Loading 

No. 

Cd
2
jw 

63.1 
65.9 

222.0 
201.0 
41.0 

38.4 
26.7 
26.0 

132.2 
138.4 

65.8 
36.0 
24.5 
20.3 
18.9 

18.9 

19.8 
25.8 

47·3 
43.8 

43·7 
120.5 
66.1 

35.0 
35.2 

37.0 
102.0 
62.1 

177.0 

95.8 

84.4 

47·5 
47.2 
45.5 
54.1 

Clay 
No. 

Cbdjw 

14.7 
15.4 
51.8 
46.9 
9.6 

9·0 
6.2 
6.1 

30.8 

32.3 

15.1 
8.4 

5·7 
4.7 
4.4 

4.4 
4.6 
6.0 

11.0 
10.2 

10.2 
28.1 
15.4 
8.2 
8.2 

8.6 
23.8 
14.5 
41.3 
22.3 

19·7 
11.1 
11.0 
10.6 
12.6 
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In the simplified version of the dimensional ana~sis of the 

tire-soil system, the soil parameter C and the load W were the 

on~ independent variables that involved the concept of force, and 

they were associated in the same Pi term (the clay loading number, 

Cd
2 

~). Thus, for constant tire geometry (i.e., one tire at a 

specific deflection number), only changes in the load or in the 

soil consistency could cause changes in the dependent variable. 

Also, a change in one of the two independent parameters could be 

compensated for on~ by a change in the other. Therefore, if the 

soil parameter C adequately reflected the influence of soil con-

sistency on the tire-soil relation, all variations of load and 

consistency should be accounted for in the clay loading number 

soil 

Cd
2 

w 
and a single curve should describe the relation between the loading 

number and a dependent performance number (with the tire geometry 

constant). 

The data representing the results of tests with the 6.00-16 tire 

have been plotted in Figs . 17, 18, and 19 to show that the soil I>aram-

eter C was satisfactory over the full range of the test conditions 

and for all of the dependent performance numbers of interest. Similar, 

but less precise relations could be demonstrated for the other three 

test tires. It can be seen that, for a particular deflection number, a 

tire performance number is characterized by the same curve even though 

the loads represented differ by as much as a factor of 4. The two 

tests represented by the data points circled in Fig. 19 are of particu-

lar interest. The open symbol represents a test (No. 332) in which the 

load and the soil parameter were almost precise~ one-half their values 
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in the test (No. 346) represented by the closed symbol. The strength 

to load ratio, therefore, remained unchanged; and it can be seen that 

the performance was almost the same in both tests. Thus, the soil pa

rameter C has been established as a satisfactory measure of the soil 

consistency. 

Verification of scale model relations 

The application of dimensional analysis to the experimental study 

of the vehicle-soil system is based on the fundamental assumption that 

similar systems that behave in a similar manner can be realized. Thus, 

if the generalizations obtained by a systematic variation of the inde

pendent parameters are to be used with confidence, it must be shown 

that the observed tire-soil relations do not vary with the size of the 

system. This verification was particularly necessary in this study be

cause of the assumption that the effect of speed can be neglected. 

The 4.00-7 tire and the 9.00-14 tire comprised an available model

prototype pair to provide the necessary information. The 4.00-7 was 

very nearly one-half the size of the 9.00-14 tire in all important di

mensions. Both tires were tested with several different loads in sev

eral different soil conditions, but the same forward speed was used for 

both tires in all tests. Since the dependent variables also must be 

considered parts of the systems, a comparison of these variables was 

employed to determine the extent to which the overall systems were 

similar. 

The pull m.unber P jw was used to compare the dynamic behavior of 

the model and prototype; and the sinkage number z/d was used to deter

mine whether complete geometric similarity was actually achieved for the 
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two systems. These comparisons are made graphically in Figs. 20 and 21. 

For the deflection numbers 0.150 and 0.250, it is evident that the model 

and the prototype were effectively similar systems, as there is no tend

ency for the results from either tire to diverge from a central rela

tion. At the 0.350 deflection number, the similarity is less certain, 

particularly for the sinkage number relation; but the divergence, if any, 

is no larger than the extent of the dispersion of the data. Speed does 

not seem to have significantly influenced the results, since an effect 

from this source should be evident at all deflection numbers. 

Effect of tire width 

The effect of tire width on the tire-soil behavior was investigated 

by comparing the performance relations obtained for three different 

tires. These tires, the 9.00-14, 6.00-16, and 4.00-20, have about the 

same diameter but different widths. The test results for each tire, 

therefore, represent a different shape number (width-diameter ratio) and 

permit cross plots to be made with the shape number as a variable. 

The first step was to plot a full set of curves for each tire relat

ing the four performance numbers with the clay loading number (i.e., 

similar to Figs. 17, 18, and 19). Smooth curves to locate an approxi

mate line of best fit were sketched in for each relation. Next, cross 

plots were constructed to relate the shape number to the clay loading 

number for several constant levels of the performance number and for 

constant deflection numbers. Fig. 22a contains a number of curves of 

this type, drawn for particular values of the sinkage number and of the 

pull number. Many such curves were drawn, but all were of the same 

general pattern. 
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It can be observed that the curves in Fig. 22a are roughly of hyper-

bolic shape. Therefore, the curves were replotted with the shape number 

inverted,, as shown in Fig. 22b. The relation in this form is, appar-

ently, linear through the origin, so that the general expression for the 

relation can be written: 

[12] 

where k is the appropriate constant of proportionality. Then by rear-

ranging terms, 

[13] 

Cbd This states that there is a number, ~ , that is constant for each 

value of a performance number. Thus, a modified clay loading number was 

derived that incorporated the effect of the shape number. This number 

was termed the clay number. The relation of the clay number to the four 

performance numbers is shown in Figs. 23, 24, and 25. The results of 

all the tests for any constant deflection number group together about a 

central relation. There is no tendency for the results from one size 

tire to separate and, with a few exceptions, the scatter of the test 

results is not large. A definite increase in the dispersion of the data 

occurs at high clay numbers. These high clay numbers are representative 

of tests on rather strong soils which are difficult to construct and 

maintain at a uniform consistency. However, in most plots, the perform-

ance relations are good up to a clay number of about 25. 

Effect of tire diameter 

The clay number contains both a tire width and a tire diameter 
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parameter. The number is dimensionless in this form, and unless an 

important geometric variable has not been considered, the effects of 

diameter should be adequately accounted for. To evaluate this hypoth

esis, the results of the tests with the 4.00-20 tire and the 4.00-7 

tire were employed. These tires had essentially equal section widths 

and section heights, but their diameters differed by a factor of 2. 

The performance numbers for all tests with these two tires at a deflec

tion number of 0.250 are plotted against the corresponding clay numbers 

in Fig. 26. A separate symbol was used to identify the data pertinent 

to each tire. There is a relatively broad dispersion of the data, but 

in no instance do the data from one of the tires depart significantly 

from the trend of the other. These data indicate that the tire diameter 

has the same influence on performance as does the tire width, and con

firm the results of the analysis of the influence of tire width. 

Effect of tire deflection 

The data that have been examined to this point show that the deflec

tion of the tire has an influence on performance since separate rela

tions have been derived for each of the three deflection numbers used in 

the test program. The approach to identify explicitly the contribution 

of the tire deflection was similar to that employed to identify the ef

fect of tire width. In the present case, the approximate, best-fit 

curves in Figs. 23, 24, and 25 were used to construct a plot of the 

reciprocal of the deflection number versus the clay number for a number 

of different controlled-pull numbers and sinkage numbers. The data plot 

shown in Fig. 27 is representative of the results of this step. 

The relations derived are not linear. After some investigation, 
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it was found that the relations could be described with reasonable 

veracity by the expression 

or 

Cbd 
w 

[14] 

[15] 

where k is a constant (for a particular value of any one of the per-

formance numbers). This expression is a combined clay loading-deflection 

number, hereafter referred to as the clay mobility number. 

In Fig. 28, the curves representing the relation of the performance 

numbers to the clay number for the three test deflections have been 

transferred to the same_plot by means of the clay mobility number just 

defined. With three exceptions, the individual curves fall close to-

gether. In the case of the relation involving the towed force number at 

a 0.350 deflection number, reexamination of the basic plots suggests that 

the best-fit curve could have been located to fall nearly on the other 

curves without serious compromise. However, the torque number and the 

pull number relations at a deflection number of 0.150 definitely do not 

conform to the relation formed by the curves representing the other de-

flection numbers. The divergence is especially great at the larger 

values of the mobility number. 

Some reasons can be advanced to explain why some of the data did 

not follow the same relations as the majority. The deflection number 

is, at best, an index of the distorted shape of the tire, particularly 

when the tire is operated on soils of different consistency. If the 
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shape of the tire could be described accurately, the relations probably 

would be improved. Furthermore, it is likely that the size and shape of 

the actual tire-soil contact area control the forces developed in trac

tion. This contact area, to some extent, is dependent upon the sinkage 

as well as the tire deflection. Finally, for the test conditions for 

which the greatest differences were observed, it is possible tha~ the 

limiting condition may be tire-soil friction rather than soil-soil shear, 

as was known to hold for the softer soil condition. 

In spite of the inad~uacies just noted, it is believed that the 

relations of performance numbers to the clay mobility numbers are 

generally valid and useful in relatively soft soils. The idealized 

curves given in Fig. 29 are intended to delineate these relations. 

Evaluation of the combined ana1ysis 

Two sets of test data were available to provide an independent 

evaluation of the accuracy of the combined analysis. One set resulted 

from a series of towed wheel tests conducted in a large test pit with an 

11.00-20, 12-PR tire. The other set represented field tests of actual 

vehicles. 

Tests with 11.00-20 tire.--Data from 18 towed tests with an 

11.00-20 tire in clay were in the files of the U. S. Arrow Engineer 

Waterways Experiment Station, Vicksburg, Mississippi. These data have 

been summarized in Table 10. The tests were conducted with three dif

ferent loads and three different inflation pressures. Deflection was 

not controlled, so that each combination of load and inflation pressure 

yielded a different deflection number; the deflection numbers ranged 

from 0.055 to 0.554--a factor of 10. The towed force numbers from 
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TABLE 10 

RESULTS OF EARLIER TESTS IN CLAY WITH 11.00-20, 12-PR TIRE 

Avg Wheel Deflec- Towed Clay Clay 
Cone Shape Mobility No. Test Index Load No. tion Force No. 

~d. c~r2 No. c w b/d No. No. Cbd 
lb e/h P~W w psi 

l 57 4500 0.277 0.173 0.233 6.0 2.5 

lA 44 4500 .277 .173 .257 4.6 1.9 

2 44 4500 .277 .246 .245 4.6 2.3 

2A 43 4500 .277 .246 .223 4.5 2.2 

3 50 4500 .277 -554 .132 5-2 3·9 

3A 44 4500 .277 -554 .132 4.6 3.4 

4 45 4500 .277 .444 .180 4.7 3.1 

4A 47 4500 .277 .444 .164 4.9 3-3 

4B 42 4500 .277 .444 .201 4.4 2.9 

5 45 3000 .277 .125 .231 7·0 2.5 

5A 48 3000 .277 .125 .216 7·5 2.7 

6 42 3000 .277 .194 .217 6.6 2.9 

7 41 3000 .277 .304 .132 6.4 3-5 

8 43 3000 .277 .235 .161 6.7 3-2 

8A 45 3000 .277 .235 .136 7.·0 3·4 

9 44 1500 .277 .055 .120 13.8 3.2 

10 44 1500 .277 .097 .107 13.8 4.3 

11 43 1500 .277 .131 .085 13·5 4.9 
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these tests have been plotted, on an expanded scale, in Fig. 30 against 

the clay mobility number. The curve drawn on the plot was simply trans

ferred from the appropriate portion of the curve in Fig. 29d. It is 

evident that the data follow the idealized curve very well. 

Vehicle field tests.--As part of the Mobility Environmental Re

search study being conducted at the U. S. Army Engineer Waterways 

Experiment Station under the sponsorship of the Advanced Research 

Projects Agency, selected vehicles have been tested for their ability 

to travel on very soft soils. The tests involved operating the vehicles 

on soils of different strengths until the strength (in terms of the 

average cone index) just ade~uate to support the passage of the vehicle 

was determined. This strength value has been termed the vehicle cone 

index (VCI). The vehicles tested and pertinent related information are 

given in Table 11. A theoretical VCI can be calculated from the curves 

of Fig. 29 by assuming that the conditions that exist when the pull 

number is zero are e~uivalent to the soil conditions that are just 

barely strong enough to permit a vehicle to pass. The tire sizes, 

wheel loads, etc., for the field test vehicles were used to calculate, 

for each vehicle, the soil consistency value, C , re~uired to yield the 

clay mobility number at which the pull number is zero. This is the cal

culated, or theoretical, VCI that has been compared to the experimental 

VCI from the field test data in Fig. 31. The degree to which the field 

data and the predicted values agree is considered to be substantial 

evidence of the validity and usefulness of the analysis techni~ues. 
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TABLE 11 

DATA FROM FIELD TESTS OF VEHICLES 

Vehicle 

Ml51 

Tire 
Size 

Infla-
tion Gross 
Pres- Weight 
sure lb 
psi 

3 3560 

Ml51 36-20 15 3560 

Ml51 9·00-14 20 3560 

Ml51 9.00-14 30 3560 

Ml51 7.00-16 15 3560 

Ml51 7·00-16 30 3560 

M274 16-15 3 1325 

M274 16-15 15 1325 

M274 16-15 3 1940 

M274 16-15 15 1940 

M274 7.50-10 5 1190 

M274 7·50-10 10 1190 

M274 7. 50-10 30 1190 

M274 7·50-10 5 1940 

M274 7·50-10 10 1940 

M274 7·50-10 30 1940 

M37 46-18 3 7240 

M37 46-18 15 7240 

M37 9.00-16 6.5 7240 

M37 9.00-16 15 7240 

M37 9.00-16 30 7240 

Avg 
Wheel 
load 

w 
lb 

Tire 
Width 

b 
in. 

Tire 
Diam Deflec- VCI VCI 

- t~on f eter ~ rom (Fre-
d No. Field d' t d) 

in. 
B/h Tests ~c e 

890 20.2 37·5 0.15 

890 20.2 37~5 .06 

890 8.6 26.2 .19 

890 8.6 26.2 .16 

890 7.1 28.4 .20 

890 7·1 28.6 .12 

330 15.1 16.7 .22 

330 15.1 17.4 .10 

485 15.1 16.7 ·33 

485 15.1 17.4 .16 

298 8.4 22.2 .16 

298 8.4 22.5 .12 

298- 8-.6 22.7 .06 

485 8.5 22.2 ·33 

485 8.4 22.3 .18 

485 8.6 22.8 .11 

1810 19.8 48.0 .24 

1810 20.1 48.0 .10 

1810 10.2 32.4 ·35 

1810 11.2 32.8 .20 

1810 10.6 32.8 .13 

13 

10 

17 

11 

25 

25 

5 

7 

9 

15 

8 

9 

9 

10 

10 

14 

10 

16 

25 

26 

23 

7 

12 

22 

24 

24 

31 

7 

10 

8 

11 

10 

11 

I) 

11 

15 

18 

9 

14 

23 

27 

35 
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Tests in Sand 

The results of 84 tests in the air-dry sand were used for analysis 

of basic tire-soil relations. These data have been summarized in 

Table 12. In a manner parallel to that employed in the study of the 

data from the tests in clay, the sand test data were used to show that 

the measure of the soil consistency was ade~uate, to demonstrate that 

the test conditions permitted valid scaling of the test results, and to 

define the influence of the tire dimensions of width, diameter, and de

flection on performance. 

Ade~uasr of the soil strength parameter 

In the development of the dimensional analysis of the tests in sand, 

it was assumed that the soil consistency could be described by a single 

number. It was postulated that the air-dry sand was cohesionless, that 

the friction angle changed only slightly with a change in density, and 

that under these circumstances a constant gradient of cone index with 

depth indicated a uniform soil density and, therefore, a uniform soil 

consistency. The numerical rating oY tne consistency was proposed to 

be the magnitude of the cone index gradient, G , representing the aver

age increase in cone index per inch of depth over a depth e~ual to the 

tire width. 

Since the value of the gradient G actually varied slightly 

with depth (see Fig. 15), it could not be determined if the depth 

over which the data were averaged was satisfactory until several tire 

sizes had been compared. However, for a single tire size the depth of 

averaging probably is not critical. The initial re~uirement in the 



106 

TABLE 12 

RESUUTS OF TESTS IN SAND WITH 9.00-14, 4.00-7, 4.00-20, AND 6.00-16 TIRES 

Cone Towed Sand Sand No. 
Test Index Wheel Shape Deflection Force Pull Torque Sinkage Loading 

G{bd}3/ 2 
No. Gradient Load No. No. No. No. No. No. No. 

G, pci 
w, lb b/d 5/h p~ Pjw QjdW z/d Gd3jw w 

2. 00-14 Tire 

774 6.2 435 0.293 0.150 0.193 0.126 0.170 0.079 323 50 
775 6.2 825 .293 .150 .333 .012 .175 .137 170 26 
776 12.0 850 .293 .150 .251 .082 .178 .090 320 50 
777 10.3 440 .293 .150 .092 .261 .192 .054 530 83 
778 9·9 225 .293 .150 .089 .347 .191 .031 996 155 

779 6.5 215 .293 .150 .111 .326 .187 .034 685 107 
780 14.5 225 .293 .150 .107 .467 .211 .029 1460 228 
781 12.8 840 .293 .150 .195 .179 .187 .078 345 54 
782 12.8 455 .293 .150 .073 .330 .194 .045 638 99 
783 5.5 420 .293 .150 .224 .179 .194 .Q91 297 46 

784 19.3 840 .293 .150 .093 .238 .185 .051 520 81 
785 20.0 455 .293 .150 .070 .369 .215 .031 996 155 
786 19.5 225 .293 .150 .022 .524 .235 .026 1965 306 
787 9·3 820 .293 .150 .276 .085 .192 .114 255 40 

65-3 15.6 831 .293 .250 .035 .359 .193 .075 282 44 
65-4 12.7 220 .293 .250 .027 .491 .251 .021 1308 204 
65-5 11.8 140 .293 .250 .o41 .563 .272 .011 1910 298 
65-6 14.5 425 .293 .250 .o61 .468 .235 .026 772 120 
65-7 24.5 217 .293 .250 .009 .585 .254 .009 2555 398 
65-8 3.5 613 .293 .250 .286 .034 .193 .143 129 20 

65-9 22.4 242 .293 .350 .107 .574 .277 .024 2100 328 
65-10 13.7 865 .293 .350 .048 .403 .2o4 .o44 358 56 
65-11 14.9 229 .293 .350 .o62 .550 .250 .030 1475 230 
65-12 27.2 653 .293 .350 .o41 .487 .233 .043 945 147 
65-13 4.0 630 .293 .350 .200 .176 .185 .096 145 23 

4.00-7 Tire 

798 16.5 81 .298 .150 .277 .210 .197 .o46 572 92 
799 20.0 203 .298 .150 .275 .o4o .137 .079 277 44 
800 15.5 205 .298 .150 .310 .039 .158 .090 213 35 
821 12.5 200 .298 .150 .290 .020 .162 .102 177 28 
823 20.0 114 .298 .150 .000 .280 .142 .045 490 80 
824 20.0 1o4 .298 .150 .000 .265 .131 .o63 538 88 
825 11.5 110 .298 .150 .098 .154 .155 .086 294 48 

820 13.0 231 .298 .250 .295 .095 .183 .070 160 26 
822 16.0 209 .298 .250 .093 .187 .138 .030 216 35 
826 14.5 345 .298 .250 .180 .087 .128 .114 118 19 
827 22.2 116 .298 .250 .000 .448 .169 .071 535 88 
828 24.0 121 .298 .250 .000 .479 .218 .010 560 92 
829 24.5 232 .298 .250 .108 .332 .150 .039 294 48 
831 30.5 192 .298 .250 .096 .318 .191 .048 445 73 
830 23.5 218 .298 .350 .080 .334 .191 .028 302 49 
832 25.0 440 .298 .350 .119 .246 .170 .o49 159 26 
833 23.0 110 .298 .350 .091 .427 .232 .025 587 96 
834 21.0 150 .298 .350 .100 .360 .198 .029 393 64 
0001 27.5 145 .298 .350 .021 .4o6 .191 .o4o 540 88 
0002 5.7 205 .298 .350 .093 .162 .209 78 13 



7. On page 106, for "Test No. 65-3," change "Sand No." from "44" to "66." 
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TABLE 12--Continued 

Cone Towed Sand Sand No. 
Test Index Wheel Shape Deflection Force Pull Torque Sinkage Loading 

G~bd} 3/2 Load No. No. No. No. No. No. No. No. Gradient w, lb b/d o/h PTjW Pjw QjdW z/d Gd3jw w G, pci 

4.00-20 Tire 

788 15.5 415 0.150 0.150 0.254 0.140 0.175 0.081 820 45 
789 7.5 405 .150 .150 .250 .o49 .196 .148 406 21 
790 6.5 195 .150 .150 .210 .195 .187 .096 732 40 
791 9.5 205 .150 .150 .182 .200 .172 .063 1018 56 
792 12.0 410 .150 .150 .280 .085 .181 .096 642 35 
793 20.8 215 .150 .150 .055 .279 .169 .032 2125 117 
794 15.0 440 .150 .150 .227 .141 .175 .062 749 41 
795 18.8 420 .150 .150 .216 .167 .163 .055 982 54 
65-14 27.9 215 .150 .250 .084 .400 .209 .026 2850 157 
65-15 17.5 236 .150 .250 .037 .347 .199 .034 1590 88 
65-16 15.0 425 .150 .250 .157 .216 .180 .041 775 43 
65-17 3.7 571 .150 .250 .240 -.096 .197 .252 143 8 
65-19 18.7 328 .150 .250 .059 .320 .185 .035 1250 69 
65-18 8.0 598 .150 .350 -.037 .208 .220 292 16 
65-20 19.3 425 .150 .350 .o42 .352 .205 .027 1000 55 
65-21 29.3 229 .150 .350 .056 .489 .234 .028 2810 155 
65-22 29.2 345 .150 .350 .029 .449 .235 .015 1860 103 
65-23 4.3 245 .150 .350 .122 .180 .109 386 21 

6.00-16 Tire 

802 6.3 210 .233 .150 .145 .238 .187 .051 680 76 
8o4 6.9 628 .233 .150 .014 .182 .130 249 28 
805 14.0 212 .233 .150 .074 .316 .198 .012 1498 168 
806 22.9 230 .233 .150 .110 .326 .193 .046 2260 253 
807 11.4 445 .233 .150 .132 .234 .191 .o47 581 65 
808 14.4 290 .233 .150 .060 .324 .190 .026 1127 126 
809 17.7 220 .233 .150 .032 .450 .229 .017 1902 213 
810 9.1 845 .233 .150 .036 .184 .109 244 27 
812 15.7 860 .233 .250 .085 .244 .174 .043 415 46 
816 15.1 234 .233 .250 .041 .482 .245 .024 1460 164 
817 10.7 850 .233 .250 .202 .142 .180 .077 286 32 
818 16.5 450 .233 .250 .034 .427 .221 .024 822 93 
819 2.3 420 .233 .250 .422 .040 .187 .135 124 14 
803 6.3 222 .233 .350 .122 .428 .229 .032 644 72 
811 16.0 860 .233 .350 .055 .293 .188 .043 422 47 
813 19.4 235 .233 .350 .000 .547 .194 .009 1860 208 
814 18.8 440 .233 .350 .018 .470 .236 .012 970 109 
815 5.1 625 .233 .350 .107 .184 .127 186 21 
65-34 3.8 675 .233 .350 .356 127 14 
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analysis is that the dependent performance numbers respond in a unique 

and quantitatively predictable manner to changes in the soil parameter. 

In the simplified dimensional analysis, the soil parameter appeared 

Gd3 
in only one term, the sand loading number w If the G value 

is a suitable measure of the soil's ability to influence a tire's 

performance, all variations of load and soil consistency should be 

accounted for in the sand loading number. For a constant tire geom-

etry, then, a single curve should suffice to describe the relation 

between the sand loading number and any of the dependent performance 

numbers. 

The data from tests with the 9.00-14 tire have been plotted in 

Figs. 32, 33, and 34 to sho~ that the gradient value, G , was satisfac-

tory over a wide range of test conditions and for all of the dependent 

performance numbers of interest. 

The data represent tests conducted on test sections having soil 

parameters that differed by as m~ch as a factor of about 4. Loads were 

varied by approximately the same factor. Although the data show some 

dispersion, there is no tendency for the data to separate on the basis 

of load. In the two tests (777 ana. (84) represented by the points en-

closed in the circle in Fig. 32, both the test load and the soil param-

eters were different by a factor of about 2; as a consequence, the sand 

loading numbers were almost equal. It can be seen that the performance 

numbers also were nearly the same for both tests. Similar relations 

could be shown for other tests and for the other three tires of the 

basic group. Therefore, it was concluded that the soil parameter G 

was a satisfactory measure of the consistency of the sand. 
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Verification of scale model relations 

The results of tests with the 9.00-14 and 4.00-7 tires were used to 

determine if the test conditions resulted in a true model-prototype 

relation. Both tires were operated at the same forward speed during the 

testing, so the comparison also involves a check of the assumption that 

the velocity effects were negligible. In addition, since the soil 

strength parameter was evaluated over a depth proportional to the tire 

width, the model-prototype comparison affords a further indication of 

the effectiveness of the cone index gradient as a measure of the soil 

consistency. 

The pull number PjW was used as the basis for comparing the 

similarity of forces in the model and prototype, and the sinkage number 

z/d was used to evaluate the similarity of the complete geometry of the 

two systems. These data are presented in Figs. 35 and 36 for tests at 

each of the deflection numbers, 0.150, 0.250, and 0.350. The data show 

that the model and prototype tire-soil systems were similar, both dynam

ically and geometrically. The data points for each tire intermingle with 

no tendency for separation by any particular set of test conditions. It 

is considered particularly si-gnificant that the sinkage numbers were 

similar, as this result indicates that the small nonuniformities that 

occurred in some of the cone index-depth profiles either were not criti

cal or were adequately compensated by the soil parameter used. There 

is no evidence that the relation was adversely influenced by conducting 

the tests at the same absolute velocity rather than a scaled velocity. 

This overall good correspondence of the test results for the two tires 

affords a sound basis for the further analysis of the tire-soil relation. 
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Effect of tire width 

The relations developed between the performance numbers and the 

sand loading number for the three tires of equal diameter (the 9-00-14, 

6.00-16, and 4.00-20) were used to determine the role of the tire width 

in the tire-soil system. Each of these tires has a different shape 

number due to the different widths. From data for each of the tires, 

plots were constructed to show the effect of the shape number on the 

tire performance. 

The first step was to plot a full set of curves for each tire 

(such as in Figs. 32, 33, and 34), relating each of the four performance 

numbers to the sand loading number. Smooth curves to locate an approxi-

mate line of best fit were sketched in for each relation. Next, cross 

plots were constructed to relate the shape number to the sand loading 

number for several constant levels of the performance number and for 

constant deflection numbers. From the experience with the data from the 

tests in clay, the reciprocal of the shape number was plotted rather 

than the number itself. Fig. 37 contains a number of curves of this 

type drawn for particular values of the pull number for two different 

deflection numbers. Many such curves were drawn, but all were of_ the_ 

same general pattern. Since the arithmetic plots in Fig. 37a revealed 

a nonlinear relation, other forms were examined to assist in defining 

the expression. From the logarithmic plot in Fig. 37b, the relation can 

be written in the general form 

~ = kl (G~3)/3 [ 16] 

or _ G(bd)3/2 
k2 - w 
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This result states that there is a number G(bd)3/ 2 

w that 

stant for each value of a performance number. The number 

has been called the sand number. 

is con-

G(bd)3/2 
w 

The relation of the sand number to the four performance numbers 

is shown by the data plotted in Figs. 38, 39, and 40. The results of 

tests with three test tires, grouped by common deflection numbers, 

were used to construct these plots. It can be seen that there is no 

tendency for the data to separate on the basis of the different shape 

numbers represented Qy the three different tire sizes. The relation 

of the tor~ue number to the sand number is not well defined by the 

data but the relations formed by the pull, sinkage, and towed force 

numbers are reasonably precise. The results, overall, clearly show 

that the effects of the 

for by the sand number 

Effect of tire diameter 

independent 

G(bd)3/2 

w 

variable tire width are accounted 

The effect of the tire diameter on the performance numbers should 

be accounted for in the sand number. Nevertheless, since test results 

were available for two tires--the 4.00-20 and the 4.00-7--that differed 

only with respect to diameter, it was considered worthwhile to examine 

the correctness of this assumption. 

The performance numbers obtained from all tests at a deflection 

number of 0.150 with the two tires are plotted in Fig. 41. A dif-

ferent symbol was used to plot the data representing tests with each 

of the tires. The relatively broad dispersion of the plotted points 

does not obscure the overall coincidence of the relations defined 
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by the two sets of data, except for the torque number data. The 

torque number data fail to conform to any pattern. However, the prob-

lems evidenced in the torque data appear to be associated with inade-

quate measurements and not with tire size effects. Thus, it was con-

eluded that the sand number satisfactorily reflects the effects of 

tire diameter on the performance numbers. It is of interest that 

diameter and width affected the test results to an equal extent, as 

was found for clay. 

Effect of tire deflection 

It is apparent from the relative positions of the corresponding 

curves shown in Figs. 38, 39, and 40 that the data relations are mark-

edly different for each of the three deflection numbers represented. 

To determine the effect of the deflection number on performance, an 

analysis was conducted in the same manner as was done to identify the 

effect of the shape number. In Fig. 42, the reciprocal of the deflec-

tion number was plotted against the associated sand number for several 

different values of the pull number and of the sinkage number. These 

relations appear to be described adequately by straight lines through 

the origin. Thus, it can be stated that 

or 
5 
h 

where k is a constant specific for each value of a performance 

number. The result is an expression that combines in a dimension-

less form all of the independent variables that were studied. The 

[17] 
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expression was termed the sand mobility number. 

In Fig. 43, the curves representing the relation of each of the 

performance numbers to the independent variables were grouped on a 

single plot by means of the sand mobility number. The curves were used 

to show the relation, rather than each of the data points, to emphasize 

the similarity of most of the relations, and yet not obscure the differ-

ences that do exist. 

As could be expected from the rather poor relation of the torque 

numbers to the independent variables, the grouped torque number relation 

is not as well defined as the pull and sinkage number relations. The 

most prominent discrepancy in the grouped relations occurs in the towed 

force relation at sand mobility numbers greater than about 20. The 

minimum towed force number at a deflection number of 0.150 apparently 

always is greater than the minimum values at deflection numbers of 0.250 

or of 0.350. Perhaps this is due to the difference in actual tire con-

tact width on firm soils. The.highly deflected tire contacts the soil 

over nearly its fUll width as compared to the small length of arc of a 

slightly deflected tire. In spite of certain departures from a central 

relation, each of the dependent performance numbers is strongly related 

to the independent performance parameters grouped in the form of the 

sand mobility number. The idealized curves drawn in Fig. 44 are in-

tended to delineate these relations. 

Evaluation of the combined ana!ysis 

On page 124, at bottom of page, add the following lines: 

Th de uacy of the relations 
"Bicyc, e tire and Terra-Tire tests.-- e a q lit b r 

.... f bers and the sand mobi Y num e 
developed betvreen theiper t~~p~~~o=nce predicted by the idealized" 
was checked by compar ng 
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curves given in Fig. 44 with results of independent tests. Some data 

obtained in the single-wheel test facility prior to the initiation of 

this study and representing two tires not used in the basic study were 

selected to provide part of the verification (Table 13). These two 

tires, a bicycle tire and a Terra-Tire, have widely different shapes 

(Fig. 6, Table 2). 

Pull numbers and sinkage numbers from 15 tests with a bicycle tire 

and 18 tests with a Terra-Tire were plotted together in Fig. 45 against 

the corresponding test sand mobility numbers. The idealized performance 

curves from Fig. 44 were superimposed on the plots. It can be seen 

that the performance numbers of these two very unusual tires conform to 

the same relations that were developed for the more conventional basic 

test tires. Considerable scatter is evident in the plots, but the 

transposed curves form reasonable central lines. The pull data for the 

bicycle tire seem to be somewhat too low, but the appearance possibly is 

exaggerated by the one point at the highest sand mobility number tested 

with this tire. The differences in the sinkage data are due, at least 

in part, to difficulties experienced in obtaining good sinkage measure-

ments with these tires. Therefore, overall, it is considered- that- the-

bicycle tire and Terra-Tire data support the derived performance 

relations. 

Field tests with 2-1/2-ton truck.--Data from field tests with 

actual vehicles that met all the assumptions employed in this analysis 

were not found. Most of the recorded tests were conducted on moist sand 

that had some effective cohesion from capillary forces and therefore did 

not conform to a basic assumption of the sand data analysis. However, 
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TABLE 13 

RESULTS OF TESTS IN SAND WITH BICYCLE TIRE AND TERRA-TIRE 

Cone Wheel Deflection Pull Sinkage Sand 
Test Index Mobility No. 
No. Gradient Load No. No. No. 

G{bd~3/2 . £. w, lb o/h Pjw z/d G, pci w h 

Bic~cle Tire 2 ShaEe No. O.o61 

5o4 10.0 88 0.150 0.148 0.071 6 
510 24.0 91 .150 .231 .025 13 
499 20.0 112 .150 .152 .044 9 
497 16.0 226 .150 .053 .088 4 
503 13.0 200 .150 -.030 .160 3 
508 10.0 215 .150 -.005 .154 2 
511 27.0 226 .150 .119 .056 6 

502 8.0 91 .350 .110 .083 10 
505 10.0 99 .350 .131 .072 12 
500 20.0 104 .350 .250 .034 22 
501 7.0 206 .350 .000 .162 4 
509 10.0 230 .350 .000 .142 5 
507 14.0 234 .350 .051 .080 7 
498 17.0 226 .350 .080 .075 9 
5o6 9.0 203 .350 .020 .162 5 

Terra-Tire 2 ShaEe No. 0.824 

646 6.0 207 .150 .338 .041 18 
650 17.1 222 .150 .450 .029 48 
645 3.9 239 .150 .234 .082 10 
647 4.7 442 .150 .072 .096 7 
648 8.0 432 .150 .229 .052 12 
649 13.6 448 .150 .310 .046 19 
652 8._3 6g_8 .l50 .1_50 .066 7 
653 17.6 712 .150 .211 .053 16 
654 7.5 716 .150 .127 .079 6 

658 5.1 209 .250 .335 .050 25 
662 21.6 223 .250 .538 .022 100 
659 8.3 228 .250 .557 .038 37 
657 4.4 434 .250 .210 .081 10 
661 20.0 448 .250 .475 .021 47 
660 8.0 460 .250 .400 .040 18 
655 7.6 700 .250 .289 .053 11 
656 4.5 726 .250 -.012 .148 6 
663 19.7 736 .250 .353 .039 28 
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two groups of data were found that to some extent reflected test condi-

tions similar to those studied. One group of data represented pull 

tests with a 2-1/2-ton truck with 11.00-20 tires (Table 14) on a sand 

so wet that capillary forces probably were negligible. The other group 

TABLE 14 

DATA FROM PULL TESTS WITH 2-1/2-TON TRUCK WITH 11.00-20 TIRES 

Cone Deflec- Avg Pull 
Sand 

Test Index tion Wheel Mobility No. 
No. Gradient No. Load 

No. 
G{bdl3/2 P/W 5 

G, pGi 5/h w, lb h w 

134 30 0.13 2450 0.268 16 

136 14 .13 2450 .191 7 

137 21 .17 2450 .264 15 

139 8 .17 2450 .194 6 

14o 17 .21 2450 ·315 15 

142 17 .21 2450 .256 15 

143 17 .25 2450 ·357 17 

145 11 .25 2450 .233 11 

151 21 .20 2900 .289 14 

154 23 .26 2900 ·331 21 

157 16 ·36 2900 ·376 20 

represented the results of slope-climbing tests with the same kind of 

truck on a dry, disc-harrowed sand (Table 15). In both groups, the rate 

of increase of strength with depth in the test sand was not uniform, and 

the G values used in the sand mobility number were derived from the 

recorded average cone indexes in the top 6 in. of the soil. Thus, the 
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TABLE 15 

DATA FROM SLOPE-CLIMBING TESTS OF 2-1/2-TON TRUCK 
WITH 11.00-20 TIRES 

Cone Deflec- Avg Sand 

Test Slope Index tion Wheel Climbed Mobili~% No. 
Gradient Load 

G{bdL3 2 . §_ No. % G No. w Successfully 

pci 5/h lb w h 

78 4.0 21 0.11 3000 No 7.0 

79 3·5 16 .11 3000 No 5·3 
100 9·5 16 .13 3000 No 6.7 

102 6.5 16 .13 3000 Yes 6.9 

108 5.0 22 .13 3000 No 9·3 

113 4.0 20 .13 3000 Yes 8.6 

119 10.0 12 .17 3000 No 6.1 

120 9·8 17 .17 3000 Yes 8.5 
121 9.8 20 .17 3000 Yes 10.4 

129 16.0 8 .20 3000 No 5.2 

134 13.5 19 .20 3000 Yes 12.1 

140 10.0 11 .20 3000 Yes 7·1 
141 10.0 12 .20 3000 Yes 7·8 
161 23.5 12 .26 3000 No 10.5 
162 19.0 12 .26 3000 No 10.5 

164 17.0 13 .26 3000 Yes 11.4 

167 16.0 10 .26 3000 No 8.3 

169 15.0 13 .26 3000 Yes 10.8 

182 23·5 14 .36 3000 Yes 17.0 

186 21.0 12 ·36 3000 Yes 13.8 

189 19.0 7 ·36 3000 No 8.3 

190 18.0 13 .36 3000 No 15.8 

194 16.0 7 ·36 3000 Yes 8.3 
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validity of the comparisons with field tests is open to question. 

The results of the pull tests are shown in Fig. 46a, together with 

the pull-number-versus-sand mobility-number curve from Fig. 44a. The 

field data, which are given in Table 14, are representative of the 

practical range of loads and tire-inflation pressures for this vehicle. 

Except for the tests represented by the low sand mobility numbers, the 

predicted performance is quite close to the measured data. 

Test data from the slope-climbing trials are not as easily inter

preted as the pull tests. In these tests, the vehicle attempted to 

climb a slope for which the inclination and sand strength had been mea

sured. The success or failure of the attempt was then noted. In 

Fig. 46b, each point represents a combination of slope and soil strength 

for a particular test. A closed symbol was used to denote that the 

vehicle could not climb the slope, and an open symbol, to indicate that 

it was able to negotiate the test slope. A line separating the open 

from the closed symbols is the envelope of limiting slope-strength com

binations. The line drawn in Fig. 46b is the idealized pull number 

curve from Fi& 44a but offset in the y direction Qy subtracting the 

-value 0; 02 -from --tne -J?ull number. This was done because experience has 

shown that maximum slopes climbed (expressed in percent) are less than 

pull/load ratios measured on level surfaces by approximately that amount. 

If this approximation is accepted, the predicted pull number relation 

constitutes a reasonable separation line for the test data. Thus, in 

spite of several reservations that must be made, the field test results 

appear to corroborate the results of the analysis of the single-wheel 

facility tests. 
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VI. SUMMARY AND CONCLUSIONS 

Summary 

One objective of this investigation was to establish quantitative 

relations between the various pertinent pneumatic tire and soft soil 

parameters and measures of the performance of the pneumatic tire-soil 

system. The other objective was to demonstrate the applicability and 

usefulness of dimensional analysis in the study of complex systems of 

this nature. 

Review of the literature revealed that, while dimensional analysis 

techniques had been applied to studies of wheel-soil systems, the issue 

of proper quantification and scaling of the soil parameters had largely 

been avoided. Soil parameters were considered in the derivation of 

dimensionless Pi terms; but in the experimental work, the test soil 

usually was processed to provide constant conditions. Most studies were 

conducted in sand, pr_ea1li!lB.h1¥ be~ -SOil proces_sing to yield reproduc

ible results could be accomplished more readily. However, even under 

these circumstances, the results within and between studies were not 

completely consistent. 

In the development of the experimental program for this investiga

tion, it was decided that two widely different types of soil conditions 

should be considered--a wet, soft clay and a dry, loose sand. These 

conditions were selected because they represented problem areas of 
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importance in the practical use of pneumatic tires, but, more impor-

tantly, because it was believed that these soil conditions could be 

described adequately by readily obtained, single-parameter measures of 

soil consistency. Data were presented to show that the wet clay effec-

tively had no strength component due to internal friction, and a simple 

penetration test provided a measure of the cohesion. Similarly, the 

dry sand was shown to have no cohesive strength component, and means 

were proposed to interpret the penetration resistance-versus-depth rela-

tion to yield a measure of the sand unit weight and internal friction. 

A dimensional analysis was conducted for systems composed of a 

pneumatic tire and each of the two soil types. The dependent system 

variables in both cases were pull, sinkage, and torque at 20 percent 

wheel slip and the force required to tow the wheel. The independent 

variables included the tire load and geometry and the selected measures 

of the soil consistency. The dimensional analysis resulted in fourteen 

distinct Pi terms, of which four were dependent parameters that were 

descriptive of the test results and ten were independent parameters 

describing test conditions. B,y specifying that certain Pi terms, such 

as the wheel slip term, were t-a be- he-ld com,-ta;nt-, ami- by- assuming that 

velocity effects were negligible over the range of test variation, the 

number of independent Pi terms was reduced to three for each soil. Thus, 

the statement was made that each of the four dependent dimensionless 

values--the pull number 

d~ , and the towed force 

~ , the sinkage number ~ , the torque number 
PT 

number ~ --could be expressed as a function 

of a set of three independent numbers, within the restrictions placed 

on the scope of the test data. The three independent numbers for the 



clay system were the clay loading number 

and the deflection number §. 
h 

For 

replaced by the sand loading number 

sand, 

Gd3 
w 

Cd2 
W , the shape number 

b 

d ' 
the clay loading number was 

A test program was conducted with a single-wheel test dynamometer 

in soil careful~ prepared to represent the desired test conditions. 

Tests were run in these soils with a series of treadless, pneumatic 

tires representing a variety of sizes and shapes. The tire load, tire 

deflection, wheel sinkage, slip, torque input, and the net horizontal 

force were measured during a test run. Other measurements made in-

eluded the pertinent tire dimensions and the consistency of the soil 

at the time of testing. All independent parameters were employed as 

controlled variables in the test program. 

The results of the test program were used to show that, for both 

clay and sand, the relevant soil parameters were satisfactory and that 

true scale models had been achieved. Then, the data were used to show 

the influence of each of the several independent parameters and to 

develop for each soil a combined form of the three principal dimension-

less numbers. This combined number was called the mobility number. 

It was shown that the clay mobility number was functionally related 

to the performance numbers from tests in clay, and the sand mobility 

number was related to the results of tests in sand. Both relations were 

confirmed by independent test results, including some data from field 

tests with actual vehicles. 

Conclusions 

Based on the tests conducted in this investigation, the following 

conclusions have been drawn: 
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1. The performance of a pneumatic tire on a soft soil when speed 

and slip are constant is dependent upon the tire diameter, 

width, deflection, and load, and the consistency of the soil. 

In wet clay, these factors can be combined into the dimension-

less expression 

that has a unique relation to the dimensionless numbers that 

describe tire performance. In dry sand, the corresponding ex-

pression is 

2. Pneumatic tire-soil systems can be studied by means of models 

if the soil parameters reflect the pertinent characteristics of 

the soil. 

3. In the wet clay, the cohesion of the soil, as measured by a 

simple penetration test, was the principal soil parameter that 

influenced wheel perrormance. 

4. In the dry sand, the angle of internal friction and the unit 

weight of the soil, as measured in the penetration test, were 

the principal soil parameters. 



VII . RECOMMENDATIONS FOR FURTHER STUDIES 

The studies reported in this dissertation were conducted under 

certain restrictions in scope to facilitate obtaining the rather funda

mental information sought concerning model tests in soil and pneumatic 

tire-soil relations. At least three of these restrictions involve factors 

that are likely to be very important to the understanding of the tire-soil 

relations in general. Studies are needed to lift the re~trictions. These 

restrictions were: (l) the speed at which the test was conducted was 

practically constant; (2) the pertinent characteristics of the soil were 

constant to depths greater than were likely to influence the test results; 

and (3) the test soils were either frictionless or cohesionless. 

The effects of speed probably become important when the range of 

speeds that must be considered is relatively broad. ·The problem of air

craft landing and taking off from marginal or emergency fields, for ex-

-ampl:e, '--.uuld -±nvolve -spe-eds -±n -exc-ess of' 100 mph. It could be quite im-

portant to know how different soils react to the passage of wheels at 

these rates. It is likely that both inertia and spissitude forces will 

have to be considered. In view of the probable experimental difficul

ties that will be encountered, these studies should begin in the same 

soil condition used in the tests described in this dissertation. 

In nature it is common for soil properties to vary with depth. 

Relatively hard, dry crusts or thick vegetative mats overlie weak, wet 
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soils; or, as is common on soil that receives much traffic, a layer of 

wet, slippery mud forms on top of a hard, compacted, deeper layer. Thus, 

for practical use, the restriction involving constant soil properties 

with depth must be removed. Since the surface layer in nature is likely 

to be composed of fibrous vegetation or to be a thin film of very weak 

soil, it is quite probable that new measuring instruments will have to 

be devised. 

Another restriction required that the soil be either frictionless or 

cohesionless. This restriction is not serious insofar as military opera

tions are concerned but it probably eliminated the majority of the soil 

conditions that are considered ideal for agricultural operations. 

Furthermore, soils that cannot be described by cohesion or by friction, 

or even by both (as, for example, loose soils that compact and gain 

strength irreversibly when trafficked), are of broad interest. Again, 

it seems inevitable that new soil measuring techniques and interpreta

tions will be needed (20). It is believed, though, that a systematic 

attack on the problem using the principles of dimensional analysis can 

be made with a strong chance of worthwhile results. 
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