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PREFACE 

The study reported herein was conducted In 1973 as part of the 

U.  S. Army Engineer Waterways Experiment Station  (WES) vehicle mobility 

research program under former DA Project 1T062103A0U6, "Trafflcablllty 

and Mobility Research," Task 03.  "Mobility Fundamentals and Model 

Studies," under the sponsorship and guidance of the Research, Develop- 

ment and Engineering Directorate, U. S. Army Materiel Command.* 

The tests were performed by personnel of the Mobility Investiga- 

tions Branch, Mobility Systems Division (MSD), Mobility and Environmen- 

tal Systems Laboratory (MESL), WES, under the general supervision of 

Messrs. W.  0.  Shockley, Chief, MESL; A. A. Rula, Chief, MSD; and C. J. 

Nuttall, Jr., Chief, Mobility Research and Methodology Branch (MRMB), 

MSD; and under the direct supervision of Dr.  K.-J. Melzer, formerly of 

MRMB, who also prepared this report. 

BG E.  D.  Peixotto, CE,  COL G. H.  Hilt, CE,  and COL J. L.  Cannon, 

CE, were Directors of the WES during the conduct of this study and prep- 

aration and publication of the report.    Mr. F. R.  Brown was Technical 

Director. 

*    Now designated the U. S. Army Materiel Development and Readiness 
Command. 
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CONVERSION FACTORS, METRIC  (SI) TO U.  S. CUSTOMARY AND 
U.  S. CUSTOMARY TO METRIC  (SI) UNITS OP MEASURB4ENT 

Units of measurement 

Multiply 

millimetres 

centimetres 

metres 

square centimetres 

newt on s 

newtons per square 
centimetre 

kilopascals 

megapascals per 
metre 

metres per second 

metre-nevtons 

inches 

degrees (angular) 

used in this report can be converted as follows: 

By         To Obtain  

Metric (SI) to U. S. Customary 

0.0393T007 inches 

0.3937007 inches 

3.280839 feet 

0.1550 square inches 

O.22U8089 pounds (force) 

1.U50377 pounds (force) per square inch 

O.iii50377 pounds (force) per square inch 

3.68U598      pounds (force) per cubic inch 

3.280839      feet per second 

0.7375621     foot-pounds 

U. S. Customary to Metric (Si) 

25.U 

0.017^5329 

millimetres 

radians 

' 



PERFORMANCE OF TOWKD WHEELS OPERATING IH TURNED MODE 

ON SOFT SOILS—A PILOT STUDY 

PART I: INTRODUCTION 

Background 

1. In recent years, the U. S. Army Tank-Automotive Command, the 

U. S. Army Engineer Waterways Experiment Station (WES), and the U. S. 

Army Cold Regions Research and Engineering Laboratory, under the auspices 

of the U. S. Army Materiel Command (AMC), undertook the task of develop- 

ing, from existing research and engineering knowledge of terrain-vehicle- 

man interactions, a comprehensive, computerized simulation of a vehicle 

moving across terrain. A major result of this Joint effort is a compre- 

hensive model for the prediction of ground vehicle mobility. The first 

generation of this model, known as the AMC Mobility Model (AMC-71), was 

completed in 1971 and published in 1973. 

2. The main output of the mobility model is maximum feasible 

straight-line vehicle speed as limited by one or a combination of the 

following factors: 

a. Traction available to overcome the combined resistances of 
soil, slope, obstacles, and vegetation. 

b. Driver discomfort in negotiating rough terrain (ride com- 
fort) and his tolerance to vegetation and obstacle impacts. 

£. Driver reluctance to proceed faster than the speed at 
which the vehicle could decelerate to a stop within the, 
possibly limited, visibility distance prevailing in the 
areal unit (braking-visibility limit). 

d. Maneuvering to avoid trees or obstacles. 

e,. Acceleration and deceleration between obstacles if they 
are to be overridden. 

f^ Traction, interference, or swimming problems during vehicu- 
lar crossing of significant linear features, such as rivers 
or embankments, that limit vehicle-terrain-driver interac- 
tions to determine the maximum feasible speed in a suitably 
quantified terrain situation. 



3. The model has already proven useful in important studies whose 

objectives were, to name a few, the evaluation of concepts for a new 

main battle tank, the assessment of the off-road/on-road performance of 

a group of standard and modified wheeled vehicles, and the mobility 

performance of a wide range of towed and self-propelled artillery. 

These successful applications have led to requirements for still broader 

predictive capabilities, some of which were perceived even before the 

first-generation model was completed. In particular, potential need was 

identified for reliable engineering bases to predict performance limits 

for vehicles maneuvering in off-road terrain, as might be required in 

combat. The maneuvering submodel incorporated in AMC-71 is a simple 

empirical relation that does not address the problem in fundamental 

engineering terms. One important limit to vehicle maneuvering capabil- 

ity in off-road terrain derives from the steering forces that the vehi- 

cle running gear can generate in soils. In response to this perceived 

need, a pilot laboratory study was initiated to examine the performance 

in soils of simple, pneumatic-tired wheels operating in the turned mode. 

These forces influence not only the stability of the vehicle but also 

its power requirements and ability to develop not traction for slope 

negotiation. 

U. Extensive research has been performed, especially in the auto- 

motive industry, in evaluating the side or cornering forces acting on 

free-rolling pneumatic tires operating in turned mode on unyielding sur- 
2-5 6 

faces,   and test procedures are being standardized.  Also, test 

devices for braked or driven wheels have been designed for hard-surface 

conditions; however, most of these have been fitted to stationary test 
7-9 9 

drums,   and only a few have been built to use on the road.  Although 

the necessity for studying the influence of side forces on a wheel 

5W 

11-15 
operating in soft soil has been emphasized often,  relatively few cases 

have been reported, and these are related mainly to towed wheels.' 

To be especially noted is the systematic research conducted at the Tech- 

nical University of Munich, which essentially contributed to the clari- 

fication of the principles involved, first with regard to towed wheels 
11 13 

equipped with pneumatic tires,  '  and later with regard to powered 



wheels.   These efforta were limited, however, to a few special tire 

sizes and primarily to one specific soil type that exhibited, at most, 

two strength levels. The pilot program initiated at the WES was to 

study the performance of towed and powered wheels equipped with pneu- 

matic tires of various sizes operating in turned mode on fine- and 

coarse-grained soils at various strength levels, with a view to develop- 

ing general relations suitable for use in a comprehensive engineering 

model for studying total vehicle maneuvering behavior. The results of 

the first part of the study related to the performance of towed wheels 

are presented in this report. 

Purpose and Gcope 

5. The purpose of this study was twofold: 

a_. To investigate how the performance of single, pneumatic- 
tired, towed wheels is affected when the wheels are operat- 
ing in turned mode in fine- and coarse-grained soils. 

b. To determine whether it is possible to describe the per- 
formance of Lhe turned wheels in general terms by using 
techniques that had been developed by dimensional analysis 
to predict the performance of pneumatic-tired wheels op- 
erating in a straight path.-^'l" 

6. Ninety-nine one-pass tests were conducted in the laboratory on 

soft soils with single, towed wheels equipped with 8.50-10, 7.00-6, and 

6.00-9 tires and operating at turn angles ranging from 0 to 20 deg.* 

Wheel loads were varied from approximately 1000 to 7000 N; tire deflec- 

tions were 0.15, 0.25, 0.35, and 0.1+0 of the undeflected tire section 

heights. Performance of the towed wheels was expressed in terms of 

towed force, side force, resultant force, lateral force/drag, sinkage, 

and slip. Forty-seven of these tests were conducted on a fat clay with 

consistencies ranging from soft to medium-stiff, with corresponding cone 

penetration resistances between 255 and 5^3 kPa. Fifty-two of the tests 

were conducted on two medium-dense to very dense air-dry sands, with 

* A table of factors for converting metric (Si) units of measurement to 
U. S. customary units, and U. S. customary units to metric (SI) units 
is presented on page k. 



corresponding cone penetration resistance gradients ranging from 0.7 to 

h.6  MPa/m. Forty-four of the 99 tests were conducted in a separate pro- 

gram for the U. S. Air Force, 

study. 

"* but their results are included in this 



PART II: RESE.\RCH RELATED TO THIS STUDY 

T. Of the investigations conducted on the performance of towed 
13 wheels operating in turned mode, the studies conducted at Munich  have 

resulted in the most advanced state of knowledge. These studies are 

described briefly herein because they influenced the design of the pro- 

gram at the WES. Also discussed are trends observed during P. study con- 

ducted by the WES in connection with the Lunar Roving Vehicle (LRV) pro- 
15 

gram.   In addition, the WES method developed by dimensional analysis 

to predict the pen'ormance of towed pneumatic-tired wheels operating in 

a straight path *  will be described briefly. 

Tests at the Technical University of Munich 

8. Tests were conducted with towed single wheels equipped with 

various sizes of agricultural tractor tires, using a laboratory dynamom- 

eter system. The following parameters were measured: drag P' in the 

direction of travel (Figure 1), lateral force S' , sinkage z , and 

wheel slip s , The following test parameters were controlled: wheel 

load (1000-1+000 N), inflation pressure (100-200 kPa), tire width (11.5- 

2h.3  cm), tire diameter (U2.0-113.5 cm), and turn angle (0-28 deg). A 

sandy loam prepared in a stationary soil bin to a moisture content of 

1^.5 percent was used. The angle of internal friction was between'30 

and 36 deg, and cohesion was reported to be nearly zero. Only this one 

soil condition was investigated; however, for comparison, one tire was 

also tested on a concrete surface. 

9. Results used in this study were from tests conducted with 

tires having the same tire deflection (0.l6 of the unloaded tire sec- 

tion height*). Performance was expressed mainly in the same terms as 

those used in interpreting the test results herein (paragraph 33): 

towed force coefficient U'/W), side force coefficient (S/W), resultant 

* Load-deflection characteristics were obtained from Reference l6. 
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LENGTH t OF 
CONTACT PATCH 

TRAIL MOMENT M, 

Figure 1. Scheme of forces and moments acting on 
towed wheel operating in turned mode 

coefficient (R/W), and the ratio of lateral force/drag (S'/P.p)* (Fig- 

ure l). It was found that, in addition to the effects of the turn 

angles on performance of the tires, the following influences could be 

studied: the type of surface traveled, the width of the tire, and the 

* To follow the general convention that has been established in this 
subject area,llt.15,l6 the forces acting in the plane of the wheel and 
perpendicular to it were chosen instead of the forces acting in the 
direction of travel and perpendicular to it (FT and S instead of 

and S1 in Figure 1). P' 

10 



vheel load.    The Influence of deflection on performance could not be 

checked because of the way the load-inflation pressure combinations were 

chosen by the original investigators. 

Influence of travel 
surface and turn angle 

10. The following can be concluded, at least qualitatively, con- 

cerning the influence of the type of travel surface and turn angle on 

the performance of the wheels (Figure 2).    On an unyielding surface 

(concrete), the towed force coefficient is more or less independent of 

the turn angle    a    (Figure 2a), whereas the  side force coefficient in- 

creases steeply with turn angle (Figure 2b),  reaches a maximum at about 

a = 15 deg  ,  and then decreases again when a transition from adhesive to 

sliding friction takes place in a continuously increasing portion of the 
13 contact area.        Because the towed force coefficient is constant, the 

relation of resultant coefficient to turn angle (Figure 2c) takes the 

same general shape as that for side force coefficient.    The ratio 

S'/Pm*    shows a similar, but even more pronounced, trend (Figure 2d) 

with the variation of turn angle, because it is influenced, at least 

indirectly, by the forces acting in the plane of the wheel (Figure 2a), 

which are much smaller than the forces acting perpendicular to it 

(Figure 2b). 

11. For the same tire tested under the same conditions, but on 

sandy loam instead of concrete, the following results are noted.    Towed 

force coefficient increases with increasing turn angle (Figure 2a); rate 

of increase is larger for turn angles of more than 15 deg than it is for 

smaller turn angles.    The overall increase of towed force coefficient is 

accompanied by a similar increase in sinkage and slip with increasing 

turn angle (not shown in Figure 2).    Naturally, the towed force coeffi- 

cients are larger for the compressible sandy loam than for the concrete 

at a given turn angle. 

*   The ratio    S'/P^    is equivalent to the term "lift/drag" used in 
aeronautics.    It is the tangent of the single    e    (Figure l) under 
which the resultant of    S    and   Prji    and    S'    and   PiJ, , respectively, 
is inclined to the direction of travel. 

11 
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Figure 2. Influence of travel surface and turn angle on performance 
parameters for 5-50-16 tire with tire deflection 6/h » 0.l6 and 

design wheel load W = 3600 N (from Reference 13) 



12. Contrary to the behavior on concrete, side force coefficient 

for sandy loam does not reach a maximum but increases continuously with 

Increasing turn angle (Figure 2b). This trend occurs not only because 

of the Increase in sinkage with Increasing turn angle but also because 

of the increase in the length of the contact area of the tire (Figure 1) 

with increasing turn angle and with sinkage. Thus, besides sinkage, con- 

tact length determines the magnitude of the side force for a given soil 

condition, as in a classical earth pressure case. Also, it must be 

pointed out that for turn angles equal to or smaller than 15 deg, side 

force coefficient for the compressible material (sandy loam) is smaller 

than for the concrete, although the difference is not large. 

13. The above-mentioned trend does not occur in the relations 

between resultant coefficients and turn angles (Figure 2c), mainly 

because the towed force, by far larger in sandy loam than on concrete, 

contributes greatly to the resultant coefficient, which, in turn, is 

larger in sandy loam than on concrete at a given turn angle. From this, 

it is concluded that data of this type should be interpreted first in 

terms of towed force and side force coefficients before relations in 

terms of resultant coefficient relations are analyzed. Finally, the 

relation of lateral force/drag to turn angles for sandy loam does not 

show the same pronounced maximum as the one for concrete (Figure 2d), 

indicating that the ratio for the former surface does not change as 

drastically with turn angles as it does for the latter surface. Also, 

this relation indicates a larger drag force for sandy loam than for con- 

crete, at a given turn angle, when compared with the lateral force 

caused by the larger towed force or sinkage. 

Influence of tire 
width and turn angle 

ih.    Two tires of about the same diameter, but different widths, 

were tested at the same deflection under the same load and on the same 

soil condition (Figure 3). Differences in towed force coefficients for 

a given turn angle are small, but the relations (Figure 3a) show an un- 

usual trend. For a given turn angle, the towed force coefficient is 

larger for the wider tire, which, under these conditions, has the lower 

13 
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contact pressure. Practically no separation by tire width can be noted 

in the relations of side force to turn angles (Figure 3b). This is not 

too surprising because the influence of the tire width is overshadowed 

by the influence of the length of the contact area (paragraph 12), which 

for a given turn angle was constant (tire diameter and deflection were 

constant for both tires). As a consequence of the relations shown in 

Figures 3a and 3b, no influence of tire width can be noted in the rela- 

tions of resultant coefficients to turn angles (Figure 3c). However, 

for a given turn angle, lateral force/drag is larger for the narrower 

tire (Figure 3d) than for the wider one. The difference seems to de- 

crease with increasing turn angles larger than 15 deg. 

Influence of design 
wheel load* and turn angle 

15. The influence of wheel load on the various performance param- 

eters is illustrated in Figure h.    For the three wheel loads used in 

this test program, the towed force coefficient was always lower for 

wheel loads at U300 N; towed force coefficients at 2500 and 3600 N were 

essentially equal with the possibility that the towed force coefficient 

at 2500 N may be slightly lower at high wheel turn angle. A similar 

trend was observed for the relations between side force coefficients and 

turn angles (Figiore 1+b). There was very little difference between the 

results for loads of 2500 and 3600 N, and the results for a load of 

1*300 N separated slightly from the former. For a given turn angle, side 

force coefficient seemed to increase with decreasing load. Towed force 

and side force coefficients having developed this particular trend, 

resultant coefficients (Figure he)  and lateral force/drag (Figure kd) 

followed the same trend. 

Previous Research at the WES 

LRV wheel operating in turned mode 

16. One of the wheels of the LRV was tested in the turned mode in 

* Normally, design wheel load W and actual wheel load W measured 
during a test differ only slightly. It is assumed that the investiga- 
torl3 used design wheel loads for comparison. 

15 
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a lunar soil simulation.   The turn angle of the wheel was varied from 

-5 to +90 deg; in the latter case, the plane of the wheel was perpendic- 

ular to the travel direction. Test loads ranged from 187 to 276 N, and 

wheel velocities were varied frora 1.1 to 3.1 m/sec. Although the IRV 

wheel is constructed of wire mesh and is not equipped with a pneumatic 

tire, the results of this study are believed pertinent and are summa- 

rized briefly. 

IT. Side force coefficient (Figure 5). sinkage, and slip 

zo 40 SO 

TURN AN«LC m., 0C6 

•0 •0 M 

Figure  5. Turn angle versus side force coefficient 
for the LRV wheel15 

increased with increasing turn angle for a given test condition; towed 

force coefficient was more or less constant, although there seemed to 

be a decreasing trend for turn angles larger than about ho deg.    Veloc- 

ity had a slight effect on side force.    The effects of wheel load on 

towed force coefficient,  side force coefficient, and sinkage were not 

significant, a fact that had been found earlier for this particular 
20 

wheel tested under these extremely light loads. 
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WES numeric predicticn system 

18. A system has baer, developed by the WES^'  »21 that allows 

the prediction of certain ^ rrformance parameters of pneumatic tires if 

tire geometry, loading condition, soil strength, and soil type are known. 

This system was established from one-pass single-tire tests conducted at 

zero turn angle on a fat clay (Vicksburg clay) and on a dune sand (Yuma 

sand). The independent variables were combined by dimensional analysis 

into so-called mobility numbers for the two soils tested: 

a. Clay mobility number N : 

N .c^m172.^. (1) 
c   W 

/A1  _1  

b.    Sand mobility number    N 

2d 

N    . G(bd)3/2  .  5 () 
s W h w 

where 

C ■ average cone penetration resistance of the 0- 
to 15-cm soil layer as measured with the WES 
standard cone penetrometer 

b = unloaded tire section width 

d ■ unloaded tire diameter 

W = vertical load applied to the tire through the 
axle 

6 ■ difference between unloaded and loaded tire 
section heights 

h = unloaded tire section height 

G ■ average cone penetration resistance gradient of 
the 0- to 15-cm soil layer as measured with the 
WES standard cone penetrometer 

19.    Relations were established between each of the following 

performance parameters and the sand and clay mobility numbers, respec- 

tively:    pull coefficient    P/W  , torque coefficient    M/Wr    , and sinkage 

coefficient    z/d , all at 20 percent slip; and towed force coefficient 

18 



PT/W .*    These relations (Figure 6 for clay and Figure 7 for sand) 

describe the performance for the lower limit  (toved point)  and,  for all 

practical purposes, the upper limit  (20 percent slip) of the operational 

range of a wheel being driven on these two specific soils.    Additional 
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Figure 6. Relation of performance coefficients to clay mo- 
bility number for turn angle a = 0 , vw (wheel velocity) 
»1.5 m/sec for powered condition, and va (carriage veloc- 

ity) = 1.5 m/sec * vw for towed condition21 

22 23 2k 
research *  '  has shown that performance can be described for the 

full operational range of a wheel by incorporating slip as an additional 

variable but still using the same dimensional analysis techniques. 

* P = net pull, M » torque input to the axle, ra ■ effective tire 
radius in the soil, and z = sinkage. Subscript 20 to P , M , and 
z indicate performance at 20 percent slip. 
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Conclusions Regarding Follow-On Research 

20. Based on the results of the studies described in paragraphs 

8-19, it was concluded that follow-on research on towed wheels operating 

in turned mode in soft soils should focus primarily on the following in- 

fluences on performance:  (a) soil type (clay, sand, etc.), (b) soil 

strength, and (c) tire deflection. Also, additional information on the 

influences of wheel load and tire geometry seemed to be needed. The WES 

numeric prediction system, presently available only for predicting per- 

formance of wheels operating at turn angles of 0 deg (Figures 6 and 7). 

should be checked to determine whether it can be used to predict perfor- 

mance of wheels operating at turn angles other than 0 deg. Finally, but 

beyond the scope of this phase of the study, research must be directed 

toward the influence of turn angles on the performance of powered wheels. 

20 



PART III:  TEST PROGRAM 

Soils 

Description 

21. The tests reported herein were conducted basically on two 

soils that represent the limits of the soil-type spectrum:    purely 

cohesive soil and purely cohesionless soil.    Fully saturated, fat clay 

(Vicksburg clay) was used in the tests on cohesive soil.    This material 

is classified as CH (Figure 8)  according to the Unified Classification 

System and was used in establishing the prediction system for clay de- 

scribed in paragraphs 18 and 19 (Figure 6).    For most of the teats in 

cohesionless soil, em air-dry riverbed sand (mortar sand; SP) was used 

(Figure 8).    This material was chosen to complete the body of data col- 

lected in earlier tests* and is not identical with the Yuma sand  (SP-SM; 

Figure 8)  ased in establishing the prediction system for sand described 

in paragraphs 18 and 19 (Figure 7).    To compare the results obtained in 

mortar sand with the relations developed in the prediction system, a few 

tests were conducted on air-dry Yuma sand during this study. 

Preparation 

22, The soils were prepared in movable soil bins that were 0.8 m 

deep,  1.6 m wide, and long enough to accommodate test lanes 16 m long. 

The procedures used to prepare the clay and the sands with the desired 

consistencies and relative densities, respectively, are described in 

Reference 25.    The uniformity of the soil and its strength were checked 

by using the WES standard cone penetrometer (base diameter:     2.03 cm, 

apex angle:     30 deg).    Strength was expressed as average cone penetrom- 

eter resistance    C    for the clay, and as average cone penetration resis- 

tance gradient    G    for the sands;  in both cases, the depth range for 

which these values were determined was 0-15 cm.    The strength values 

for the individual tests are listed in Tables 1-3.    The major strength 

*    This body of data was collected on mortar sand during the study for 
the Air Force (paragraph 6 and Reference 19). 
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values for the soils tested and their corresponding consistencies 
27 

relative densities ' are listed in the following tabulation. 

26 or 

Soil 

Vicksburg clay 

Mortar sand 

Yuma sand 

C . kPa* Consistency 

280       Soft 
350 Medium-stiff 
500 Medium-stiff 

G . MPa/m*  Relative Density 

1.3 Medium-dense 
2.6 Denee 
3.0 Dense 
k.2 Very dense 

0.8 Medium-dense 
1.3 Medium-dense 
1.9 Dense 

* Values represent nominal values; actual values differ slightly 
(Tables 1-3). 

Equipment 

Tires 

23. The following pneumatic tires were tested during this program: 

an 8.50-10, 8-PR aircraft tire and a T.00-6, 6-PR aircraft tire, both 

having longitudinal rib tread design characteristic of aircraft tires, 

and a 6.00-9, k-PB. trailer tire buffed free of tread. Pertinent tire 

data are listed in Table U. The selection of these tires was somewhat 

dictated by the fact that the aircraft tires had been used in the ear- 

lier study for the U. S. Air Force  (paragraph 6), and by the dimen- 

sions of the dynamometer system, which will be described in the follow- 

ing paragraphs. 

Dynamometer system 

2h.    The dynamometer system, or test carriage, used in this study 

(Figure 9) is part of the basic equipment available at the WE-> to inves- 
25 

tigate running gears in single configuration.   The carriage is sup- 

ported by solid rubber-tired rollers on a pair of overhead rails that 

are, in turn, suspended from cantilevers and crossarms. The carriage is 

towed by an endless cable that is fastened fore and aft to it and passes 

23 



Figure 9. Overall view of dynamometer carriage 

over pulleys at the end of the track system, and is driven by sheaves 

mounted on a platform above the overhead rails. The speed of the toving 

cable, and thus the velocity of the carriage, can be varied from 0 to 

about 9 m/sec. The test carriage and the cable can be shifted trans- 

versely across the width of the soil bin. 

25. The carriage consists of a main structure (Figure 9). which 

contains the pneumatic load system, and a lower frame assembly to which, 

under normal circumstances (tests exclusively in straight paths), the 

test wheel is mounted. However, for the program described in this re- 

port, the main carriage system was modified so that the wheels could be 

tested at various turn angles. The major modification was an additional 

subframe designed so that a wheel could be bolted to it (Figure 10). 

The subframe can be bolted to the basic inner frarrie (Figure 11) of the 

lower frame assembly at the desired turn angle. Turn angles can be 

varied from 0 to 20 deg in 5-deg intervals. In this configuration, the 

2k 



I F71+5-35A 

Figure 10. Wheel equipped with 8.50-10, 
8-PR tire mounted in subframe 

OUTER 
FRAME 

P71l5-31IA 

Figure 11. Lower frame assemhly of dynamometer 
system (without subframe and wheel) 

i 
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carriage can accoamodate wheels with diameters up to about 65 cm and 

with widths up to about 22 cm.* The wheels can be tested either powered 

or towed.  In the latter case, the chains that connect the drive system 

with the wheel axle (Figure 12) are removed. 

'  F7lt5-79 

Figure 12. Subframe mounted in place and wheel drive system 

26. The dynamometer system is equipped to measure the following 

ruantities continuously during each test: wheel load, pull of a powered 

wheel or drag force of a towed wheel (Figure 13) in line with the longi- 

tudinal axis of carriage travel, lateral forces exerted by the wheel on 

the inner carriage frame perpendicular to the direction of travel of the 

carriage, wheel hub movement, carriage velocity, angular velocity of the 

* This restraint in wheel diameters is probably the major shortcoming 
of the modified carriage; however, much larger wheels could not be 
tested because the overall carriage system was not designed to accom- 
modate excessive lateral forceb. Nevertheless, it was felt that this 
modification of the existing carriage system served the purposes of 
this pilot study. 
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DIRECTION 
OF TRAVEL 

SUBFRAME 

INNER FRAME 

TIRE 

LATERAL FORCt Sj 

\ 

\ 

Figure 13. Scheme of forces measured in 
horizontal plane of inner frame 

wheel, and applied torque (powered tests). 

27. The lower frame assembly consists basically of the inner 

frame and the outer frame (Figures 11, 12, and Ik).    The inner frame is 

hinged at all four corners to load cells that are connected to the outer 

frame (Figure 1^). This mechanism allows relative movement at the two 

frames longitudinally while the four load cells measure the vertical 

load. The relative longitudinal movement is opposed by a load cell 

mounted horizontally between the two frames so that the reading from 

this cell is a measure of pull or drag force. In addition, two load 

cells are installed parallel to the front and rear ends of the inner 

frame and connected by bars with the outer frame (Figure Ik).    These 

load cells monitor the side forces exerted by the wheel on the inner 

frame. Hub movement is measured by a potentiometer connecting the lower 

frame assembly with the main carriage body. Carriage velocity is 

27 



LOAD CELLS 
FOR MEASURE-^ 
MENT OF: 

HORIZONT 
DRAG FORC 

LATER 
FORCE 

VERTICA 
LOAD 

Figure Ik.    Close-up "beneath lower frame assembly, 
with force-measuring devices 

measured by a tachometer; also measured are time and distance traveled. 

Angular velocity of a wheel is measured by a potentiometer and a tachom- 

eter (Figure 10).  If a wheel is powered,* the applied torque is re- 

corded by a load cell connecting the subframe with the drive motor, 

which is mounted to the outer frame. Knowing the recorded force and the 

length (moment arm) of the connecting member allows the determination of 

the applied torque. 

Data recording and 
processing systems 

28. The various measurements reach the recording station as 

electrical (analog) signals through a system of cables. The primary 

recording system is a tape recorder that stores the analog signals in 

raw form, with no signal conditioning, for further data processing 

* Not used in this study. 1 
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(digitizing). A secondary recording system is a 36-channel, direct- 

writing oscillograph, which requires signal conditioning. This latter 

system affords the test engineer an opportunity to take a quick look at 

the data as required to assist in planning subsequent tests, and to 

rapidly determine whether all circuits are functioning properly for a 

given test. The accuracy of the oscillograph readings depends on the 

scale used and the expertise of the reader. 

29. Only results obtained from the primary recording system were 

used in the analysis of this test program. The data recorded on mag- 

netic tape were digitized and further processed on a digital computer. 

As final results of this process, a high-speed printer produced for each 

test the following parameters that had been computed as average values 

from the measured parameters (Figures 1 and 13): lateral force S* 

= Sj+ S' , drag P' , side force S , towed force P , resultant R , 

angle e* formed between resultant and direction of the test carriage, 

eccentricity e of the resultant (pneumatic trail), trail moment M. , 

and wheel hub movement. In addition, the averages of wheel load W , 

carriage velocity v , translational velocity v  of the wheel, and 

slip s in the plane of the wheel were computed and printed. 

Test Procedures 

30. A towed-test technique was used in all tests during this 

study, i.e., the wheel was not connected to the drive system and, there- 

fore, was allowed to roll freely if towed. Before each test, the wheel 

was loaded to the desired wheel load and tire deflection, both of which 

were nearly constant during a specific test. The carriage was then 

towed down the test lane at a programmed velocity, which was held con- 

stant during each test while the translational velocity of the wheel 

developed freely, depending on the test condition. Most of the tests 

were conducted at a carriage velocity of about 3.0 m/sec, which was the 

same velocity used in the study for the U. S. Air Force  (paragraph 6). 

» tan e » S'/P^j, 
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However, a few tests vere conducted at a carriage velocity of about 

1.5 m/sec to check the results of the tests conducted at 3.0 m/sec for 

velocity influences before they were compared with the WES numeric pre- 

diction system (paragraphs 18 and 19), which had been established from 

results of tests conducted at 1.5 m/sec. 

Tests Conducted 

31. The tests conducted in this program are tabulated below 

according to tires, soil types, and turn angles. Wheel loads were 

varied between 1000 and 7000 N. Tire deflections were 0.15, 0.25, 0.35, 

and O.UO. Cone penetration resistances in the clay ranged from 255 to 

5^3 kPa, and cone penetration resistance gradients in the sands ranged 

from 0.7 to U.6 MPa/m. Test results are presented in Tables 1-3. 

No. of Tests 
Vicksburg Mortar Yuma Turn Angle 

Tire Clay Sand 

2 

Sand 0 , deg 

8.50-10; 8-PR 0 
5 7 1 5 
5 k 2 10 
k 5 1 15 
3 2 ~ 20 

7.00-6; 6-PR 2 3 0 
2 2 •"— 5 
u 2 — 10 
3 2 — 15 
3 2 — 20 

6.00-9; U-PR __ __ — 0 
3 5 1 5 " 
6 2 1 10 
2 
1 I 2 15 

20 

Totals U7     kk 8 



PART IV: ANALYSIS OF DATA 

Methods of Analysis 

32. The analysis is divided into two parts according to the two 

hasic soil types tested, clay and sand. Each part is, in turn, divided 

into two sections, one describing the influence of certain controllable 

factors (for example, wheel load) on selected performance parameters, 

and one describing the development of a dimensionless performance pre- 

diction system. The basic considerations on which these two sections 

are founded and the corresponding means of analysis are  described in 

general terms in the following paragraphs. 

Factors influencing performance 

33. Performance parameters. Four basic performance parameters, 
"     13 17 

derived by dimensional analysis, '  were used to characterize the 

towed performance of the wheels, or tires, tested. These dependent 

variables were (illustration of the forces in Figure l): 

|i. Towed force coefficient P^/W , where P_ is towed 
force acting in the plane of the wheel and W is wheel 
load. 

b.  Side force coefficient S/W , where S is side force 
acting perpendicular to wheel. 

£. Resultant coefficient R/W ,* where R is the resultant 
of side force S and towed force P-, and is also the 
resultant of lateral force S' and drag P' . 

d. Ratio of lateral force to drag S'/PI ,* which repre- 
sents the tangent of the angle e by which the resul- 
tant R is Inclined with reference to the direction 
of travel. 

In addition, the Influence of variation in test condition on the trail 

moment M. and the eccentricity e of the resultant was investigated 

to a limited extent. 

* Actually, R/W and S'/P^ can be derived from PT/W and S/W for 
any given situation, if the two latter coefficients are known. How- 
ever, R/W and S'/P^ were included in the analysis to get a better 
qualitative feeling for their variation when Pm/W and S/W were 
changing with the corresponding test conditions. 
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3U.    Independent variables.    The following factors, or independent 

variables, that were thought to influence the performance of the wheels 

were investigated. 

a. Turn angle    a  . 

b. Soil strength in terms of C or G . 

£. Tire deflection ö/h . 

d. Wheel load W . 

e. Product of tire width and diameter bd .* 

The influences of tire width and diameter could not be studied sepa- 

rately because of the physical restrictions of the test setup (para- 

graph 25) and the restrictions in available tire sizes. It was 

impossible, for instance, to test two tires having the same diameters, 

but different widths, or vice versa. In addition to the variables 

listed above, it was necessary to determine whether the translations! 

velocity of the carriage within the range tested would influence wheel 

performance (paragraph 30). 

35. Method of evaluation. Each of the performance parameters 

listed in paragraph 33 was plotted versus turn angle a such that, 

besides a , only one of the other independent parameters listed in 

paragraph 3^ would vary.  For example, if the influence of soil strength 

was to be investigated, only results of tests were used for which C or 

G , respectively, was changed from test to test, but 6/h , W , and bd 

were held constant. By this means, the influence of each independent 

variable on the corresponding performance parameters could be evaluated 

separately. 

Development of prediction system 

36. Performance parameters. In addition to the performance 

parameters listed in paragraph 33, the parameters considered to be im- 

portant enough to be included were:  (a) sinkage coefficient zT/d ,** 

and (b) slip s . 

* bd was chosen instead of b/d because the former appears In both 
mobility numbers (Equations 1 and 2). 

** Ztj,   was determined from the measured hub movement of the wheel using 
a method previously developed for a 2° . 
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37« Independent variables. Besides the turn angle a , the clay 

mobility number N  and the sand mobility number N  (Equations 1 

and 2) were used as independent variables. As mentioned in para- 

graphs 18 and 19, the independent variables b^e in paragraph 3k  had 

been combined to develop N  and N , respectively, by means of dimen- c       s 
sional analysis when the prediction system for the performance of wheels 

with pneumatic tires operating at zero turn angle was developed.  ' 

The ranges of the individual variables, such as C , G , etc. (para- 

graph 31), resulted in the following ranges of the two mobility 

numbers: 

a. Clay mobility number N : 2.5-11.5 

b. Sand mobility number N : 2.3-15.0 
— s 

These ranges are indicated in Figures 6d and 7d, respectively, and show 

that for all practical purposes, the ranges of mobility numbers covered 

in this study are those within which the most drastic changes in per- 

formance occur when turn angle is zero. 

38. Prediction system. The existing prediction systems for the 

towed conditions at zero turn angle in clay (Figure 6d) and in sand 

(Figure Td) were extended to cover turn angles ranging from 0 to 20 deg 

by simply plotting the individual performance parameters measured for 

one given turn angle versus the corresponding N  or N  values, c      s 
respectively, and describing the observed trend by a curve of best 

visual fit. The result was a family of curves for each performance 

parameter under consideration, each curve describing the relation be- 

tween the performance parameter and the mobility number for a given turn 

angle. 

Tests in Clay 

Factors Influencing performance 

39«    Velocity.    The Influence of translational velocity within the 

range of about 1.5-3.0 m/sec on the performance of a powered wheel at 

20 percent slip and zero turn angle was found to "be negligible for all 

practical purposes (Reference l8, Plate l6a).    The small differences 
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that occurred were well within the scatter of the data. In addition, 

for cohesionless soils, the influence of wheel velocity (within the 

range mentioned) can be expected to be much smaller for the towed condi- 
20 

tion than for the 20-percent-8lip condition.   When these two facts 

are considered, the influence of wheel velocity would also be expected 

to be negligible for the towed wheel at zero turn angle in clay. How- 

ever, whether this -ould be true if the wheel were operating in turned 

mode had to be investigated. 

U0. Results from two tests, in which all variables* except the 

carriage velocity v  were kept almost constant, are compared in Fig- 

ure 15. None of the four performance parameters seem to be influenced 

by v . The same is true for the translational velocity of the wheel 

and, consequently, for slip (not shown in Figure 15). Therefore, the 

data from tests conducted at v =1.5 m/sec are included without 
a 

modification in the further analysis of the results of the tests con- 

ducted at v =3.0 m/sec. Furthermore, and more important, use of 

the formerly developed prediction system for v =1.5 m/sec (para- 

graphs l8 and 19, Figure 6d) as a valid system for the case of a turn 

angle of 0 deg (see, for instance, closed symbols in Figure l6) seems 

to be Justified and to be comparable with the data obtained at 

v =3.0 m/sec in this study, a 
hi.    Soil strength. The influence of soil strength on the four 

performance parameters is demonstrated in Figure 16 for the 8.50-10, 

8-PR tire and in Figure 17 for the 7.00-6, 6-PR tire. For a given soil 

strength, the relations between the individual performance parameters 

and the turn angle a showed more or less the same general trend ob- 
13 

served by Schwanghart  for sandy loam (Figure 2), including an increase 

in sinkage and slip with increasing turn angle (not shown at this point). 

However, two facts must be mentioned. First, the increase of towed 

* There were, of course, some slight differences in these variables, 
because it was not possible to keep C and W exactly constant from 
test to test. See, for instance, tests A-73-037-3 and A-73-039-3 
(Table 1, 6.00-9 tire). These small differences contributed to the 
data scatter shown in Figure 15. 
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Figure 17. Influence of turn angle and soil strength on performance 
parameters for 7.00-6, 6-PR tire on clay with tire deflection 
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force coefficient that was not very drastic in sandy loam (Figure 2a) is 

even less pronounced in the clay tested in this study (Figures l6a and 

17a). Second, the relations of lateral force/drag to turn angle (Fig- 

ures l6d and 17d) show more pronounced peaks in clay and also generally 

higher peak values than the same relations for sandy loam. 

^2.  For a given turn angle, the performance parameters vary with 

soil strength in the following manner (Figures 16 and IT). Towed force 

coefficient P,_/W decreases as average cone penetration resistance in- 

creases; this trend was expected because it is the same that P^/W 

showed at a - 0 (Figure 6d). However, side force coefficient S/W 

shows an opposite trend: S/W increases with increasing soil strength. 

Consequently, lateral force/drag S'/Pm and resultant coefficient R/W 
13 show similar trends (see also the trends observed by Schwanghart  on 

concrete and sandy loam. Figure 2).  However, in the case of R/W 

(Figures l6c and 17c) a "crossover" of the relations for the different 

soil strengths occurred because the trends of P^/W and S/W contra- 

dict each other as long as PT/W is larger than S/W (for instance at 

a = 0 deg), and R/W decreases with increasing soil strength. However, 

if S/W becomes dominant, R/W decreases with decreasing soil strength. 

The magnitude of the turn angle at which the relations between R/W and 

a cross each other depends on the tire size if tire deflection and 

wheel load are constant (Figures l6c and 17c), which results in a de- 

pendency on contact area. The larger the contact area (8.50-10 tire. 

Figure l6c), the smaller is the influence of P^/W or R/W ; with 

decreasing contact area (7.00-6 tire. Figure 17c), PT/W becomes more 

dominant. 

k3.    The fact that side force coefficient increases with increas- 

ing soil strength at a given turn angle deserves at least a qualitative 

explanation. Sinkage is known to increase with decreasing soil strength, 

which should cause side force to react similarly. However, the side 

force can be considered a passive earth pressure created as the tire 

moves sideways against the soil. With simplifying assumptions (hori- 

zontal soil surface, vertical sidewall of the tire, no friction between 

sidewall and soil, purely cohesive soil), the side force per length of 
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29 tire contact area b     can be expreßsed as 

Sc = cXpz (3) 

where 

c = cohesion 

X    = passive earth pressure coefficient ■ 2 

z = sinkage 

hh.    For a numeric example, results were chosen from two tests 

that were conducted with the 8.50-10, 8-PR tire at a turn angle of 

20 deg (Figure 16 and Table l).    Cohesion was estimated from cone pene- 

tration resistances    C    measured in previous investigations with 

Vicksburg clay.        The necessary soil properties and parameters and 

the calculated side forces    S      are listed below c 
2 

Test No.   C , kPa   c , N/cm2   ZT * Cm   Sc ' N/cm 

A-T3-012-3    271      2.26       U.3       19« ^ 

A-73-025-3   5^3      k,3lk 3.8      33.0 

Although the absolute magnitudes of S  are too small to arrive at the 

actual measured side forces S (Figure l6b),* it appears that S 

increases with increasing soil strength, i.e., cohesion has a larger 

influence on performance than does sinkage. In addition, it is also 

possible that in a stiff soil, the sidewall of the tire remains more 

vertical than in a softer soil that would allow the sidewall to tilt 

over more toward the direction of travel. In the latter case, this 

would result in an increase in tire width and contact area, the load 

being the same. Because of this effect, the sinkage in the soft soil 

would not be ac large as would be expected for the nominal contact area. 

Thus, for the two different soil strengths, the increase in cohesion has 

a greater influence on side forces than does the decrease in sinkage. 

* Although the absolute values of Sc and S did not compare, at 
least the comparison of the percentage of increase supported this 
qualitative explanation; Sc increased by a factor of 1.7 and S 
increased by a factor of about l.U. 
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^5. The influence of soil strength on trail moment and eccentric- 

ity (Figure l) is demonstrated (Figure 18) with some specific results 
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Figure 18.  Influence of turn angle and soil strength on trail moment 
and eccentricity for 8.50-10, 8-PR tire on clay with tire deflection 

6/h ■ 0.35 and design wheel load W = 5800 N 

from tests with the 8.50-10, 8-PR tire. Both parameters increase from 

zero with increasing turn angle until they reach a maximum at an angle 

of about U-.5 deg. Thereafter, they decrease gradually with increasing 

turn 91 gle. The influence of soil strength shows more or less the same 

trend as observed for side forces: For a given turn angle, trail moment 

and eccentricity increase with increasing strength. Both parameters are 

negative, indicating that the resultant R (Figure l) acts on the tire 

behind the center of the wheel (projected to +he ground plane). 

hS.    Tire deflection. The influence of tire deflection on wheel 

performance is shown in Figure 19 for tests with the 8.50-10, 8-PR tire 

and in Figure 20 for tests with the 6.00-9, U-PR tire. For a given turn 

angle, the towed force coefficient increases with decreasing deflection 
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Figure 19. Influence of turn angle and tire deflection on performance 
parameters for 8.50-10, 8-PR tire on clay with average cone penetra- 

tion resistance C = 350 kPa and design wheel load W = 5800 N 
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(Figures 19a and 20a) as one would expect from the towed force behavior 

observed for zero turn angle (Figure 6d).  In the results from the few 

tests with the 8.50-10, 8-PR tire, practically no separation by deflec- 

tion was observed in the relation between side force coefficient and 

turn angle (Figure 19b). The relation of resultant coefficient to turn 

angle (Figure 19c) follows the trend as determined for towed force 

coefficient since the latter is dominant in its magnitude over side 

force coefficient, that is, for turn angles smaller than about 10 deg. 

The influence of deflection on lateral force/drag for a given turn angle 

(Figure 19d) shows a similar trend to that previously discussed and 

for the reasons given in paragraph h2. 

kf.    For the 6.00-9, U-PR tire (Figure 20b), side force coefficient 

increases with increasing deflection. This can be explained by the fact 

that with increasing deflection the length of the contact area (Fig- 

ure l) increases. This length, together with the sinkage, determines 

the side force for a given soil strength and load. At the relatively 

small towed force coefficient indicated (Figure 20a), sinkages are not 

large for this test condition; thus, the contact length dependent on 

deflection is dominant, resulting in the family of curves shown in 

Figure 20b. The relations for the resultant coefficient (Figure 20c) 

and for lateral force/drag (Figure 20d) follow the same trend and for 

the same reasons as given in paragraph 1+2. 

US. The trends for trail moment and eccentricity from the results 

of the tests with the 8.50-10, 8-PR tire are shown in Figure 21. For a 

given turn angle, the trail moment and eccentricity are positive for 

low deflections and negative for high deflections, indicating that the 

resultant moves from the forward position of the tire in contact with 

the soil (M  and e are positive; Figure l) to the rearward position 

as deflection increases. This also indicates that trail moment and 

eccentricity are not necessarily zero only at zero turn angle, but that 

there exist certain combinations of turn angle and deflection for which 

trail moment and eccentricity are also zero (e.g., a = 8.5 deg and 

6/h = 0.25, Figure 21). 

^9. Wheel load. The influence of wheel load on the four 
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Figure 21. Influence of turn angle and tire deflection on trail moment 
and eccentricity for 8.50-10, 8-PR tire on clay with average cone pene- 
tration resistance C * 350 kPa and design wheel load W ■ 5800 N 

performance parameters is depicted for various test conditions in Fig- 

ures 22-25. In all instances towed force coefficient increases at a 

given turn angle with increasing load (Figures 22a-25a), as expected 

(Figure 6d). However, side force coefficient shows the reverse trend 

(Figures 22b-25b), i.e., at a given turn angle the side force coeffi- 

cient decreases with increasing load. Although this trend also oc- 

curred to a small extent in Schwanghart's data (Figure Uh), and therefore 

does not seem to be too unusual, at least a qualitative explanation for 

it is deemed necessary. 

50. The first step was to find out how side force depends on 

wheel load for a given test condition. The data collected with the 

6.00-9, U-FR tire operating at a turn angle of 10 deg, at the same 

.-* tire deflection, and on the same soil strength, but under four dif- 

ferent wheel loads (Figure 2Ub), were plotted as side force versus 
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performance parameters for 8.50-10, 8-PR tire on clay 
with tire deflection    6/h ■ 0.35    and average cone 
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load (Figure 26). As expected, side force increases with load; however. 

2000    3000 
WHEEL LOAOW, N 

4000 

Figure 26. Side force as function of wheel load for 6.00-9, 
h-FB  tire at 10-deg turn angle on clay with tire deflection 
6/h = 0.25 tiid average cone penetration resistance 

C = 350 kPa 

the rate of increase of side force decreases with increasing load, as 

was observed originally in Figure 2Vb. 

51. The reason for the above-mentioned trend was sought in the 

relation between sinkage and wheel load, because only sinkage influences 

the side force directly if deflection and soil strength are kept con- 

stant (Equation 3). Therefore the sinkages in the corresponding tests 

were plotted versus load (Figure 27). Sinkage increases with load at 

an approrimately linear rate for the specific loads and test conditions 

of this program. Obviously, there is a load for those test conditions 

at which the wheel will sink up to the hub, i.e., the bearing capacity 

of the soil is exceeded and failure by plastic flow of the soil occurs. 

However, for these test conditions, the sidewall of the tire operating 

in turned mode defcrmed by tilting forward toward the direction of 

travel, resulting in an increase in contact area compared with the 

"y 
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Figure 27. Sinkage as function of wheel load for 6.00-9, 
^-PR tire at 10-deg turn angle on clay with tire deflec- 
tion 6/h = 0.25 and average cone penetration resistance 

C = 350 kPa 

nomjual contact area under a static loading condition.    As the load is 

increased from test to test, the tire sidewall deforms more and more, 

again increasing the contact area.    With constant deflection, the nominal, 

contact area is practically constant and independent of wheel load; thus, 

the increase in actual contact area with increasing load can he assumed 

to provide so much more supporting area for the wheel load on this co- 

hesive soil that the sinkage increases with load (for the range of wheel 

loads tested) as shown in Figure 27.     Naturally, the influence of wheel 

load on the side force coefficient is reflected in the relations for 

resultant coefficient (Figures 22c-25c) and for lateral force/drag (Fig- 

ures 22d-25d) because of the dominance of side force over -t-owed force. 

52.    No noticeable separation of the trail moment and eccentricity 

data by wheel load was observed for the 8.50-10, 8-PR tire (Figure 28), 

nor for the other two tires.    However,  the general trend of the rela- 

tions in Figure 28 is similar to that presented in Figures 18 and 21. 
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Figure 28.     Influence of turn angle and wheel load on trail moment and 
eccentricity for 8.50-10,  8-PR tire on clay with average cone penetra- 

tion resistance    C ■ 350 kPa    and tire deflection    6/h ■ 0.35 

53.     Tire width * disureter.    The  influence of    tire width * diam- 

eter  (bd)  on the relations betwesn each of the four basic performance 

parameters and the turn angle is demonstrated in Figure 29.    Basically, 

towed force coefficient increases,  as expected, with decreasing    bd    for 

a given turn angle, although there is considerable data scatter at high 

values of turn angle (Figure 29a).     Contrary to this trend,  side force 

coefficient  (Figure 29b)  increases with increasing-   bd    for a given turn 

angle.    However,   in examining these data it must be noted that for con- 

stant deflection, wheel load,  and soil strength, and at a given turn 

angle, the width of the tire  influences the development of side forces 

less than does the length of the contact area (paragraph 12).    Also, 
13 Schwanghart      did not find much influence of tire width on the side 

force coefficient  (paragraph l1*. Figure 3b).    Thus, the influence of 

diameter  (63 cm for 8.50-10,  8-PR tire;  1+5 cm for 7.00-6,   6-PR tire; 
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and 52 cm for 6.00-9, ^-PR tire) is noted primarily in Figure 29b. 

This, of course, is reasonable, because the diameter is directly related 

to the length of the contact area, i.e., the latter increases as the 

diameter increases, all other variables being constant. Thus, for a 

given turn angle, side force coefficient increases with increasing con- 

tact length, i.e., with increasing diameter of the tire. 

5^. The relations between resultant coefficients and turn angles 

(Figure 29c) show qualitatively the same trend as in Figure 29b because 

the side force coefficients are larger than the towed force coefficients, 

causing the relations for the side force coefficient to be dominant. 

However, no noticeable separation by bd is observed in the relation 

between lateral force/drag and turn angle (Figure 29d), which may be 

attributed at least partially to the data scatter. 

55. Data scatter also occurred in the relations of trail moment 

and eccentricity as functions of turn angle (not shown here for this 

reason). However, there is a slight indication that trail moment and 

eccentricity increase with increasing bd for a given turn angle. 

Generally, the investigation of the influence of tire width and diameter, 

or even of the product bd , suffers from the fact that only certain 

restricted sizes of tires could be tested (paragraph 25). 

Development of prediction system 

56. Justification. The trends of the relations among the four 

basic performance parameters and the turn angle developed under the 

various influences of soil strength, tire deflection, wheel load, and 

the product of tire width and diameter, as discussed in the foregoing 

paragraphs, seem to Justify at least an attempt to establish new rela- 

tions between performance parameters and the clay mobility number 

(Equation 1), using the turn angle as an additional independent variable 

as outlined in paragraphs 36-38. However, this procedure can be Justi- 

fied only within the framework of this pilot study because of the 

limited range of the individual variables tested. 

57. Before the basic prediction system was extended to include 

turn angle, a last attempt was made to check the feasibility of this 

approach. Four series of tests that had been conducted with the 8.50-10, 

53 



8-PR and 7.00-6, 6-PR tires under two loads, at two deflections, and on 

two different soil strengths (Figure 30) were investigated. The combina- 

tions of the independent variables calculated for each test resulted in 

clay mobility numbers N  (Equation l) that ranged from 2.6 to 3.3 

(because the individual independent variables could not be kept exactly 

constant from test to test), with an average N  of 3.1.* With N 
c c 

almost constant, it should have been possible to describe the results of 

the four test series using only one relation between each individual per- 

formance parameter and turn angle (e.g. between towed force coefficient 

and turn angle). The results of this attempt are shown in Figure 30. 

The figure also shows that this approach is reasonably successful, 

considering that part of the data scatter occurred because N  was not 

constant. It was thus concluded that, within the framework of this 

pilot study, development of the prediction system as described in para- 

graph 56 is Justified. 

58. Towed force coefficient. The relation between towed force 

coefficient (P^/W) and N  is shown in Figure 31a. There is no clear 

separation by turn angle. The solid line represents the same relation 

as found for o = 0 deg (Figure 6d), and the dashed lines indicate the 

boundaries given by one standard deviation as evaluated for the original 
21 

data (a = 0 deg).   Although the data points of this study seem to lie 

on the lower side between N =2.5 and N = 3.5 . it still seems Jus- 

tifiable to use only one relation between Pm/W and N , because about 
T c 

70 percent of the data points fall into the band formed by one standard 

deviation. The fact that, in most cases, PT/W is more or less inde- 

pendent of a was observed earlier (e.g. Figure l6a). 

59» Side force coefficient. The relation between side force 

coefficient (S/W) and N  shows the expected dependency on a 

(Figure 31b). For a given N , S/W increases with increasing o ; 

for a given a , S/W increases with increasing N  (because of in- 

creasing soil strength C , Figure l6b). 

* If compared with the relation between PT/W and Nc for a * 0 deg 
(Figure 6d), this magnitude of Nc can be considered as characteriz- 
ing a rather critical condition. 
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60. Resultant coefficient. Resultant coefficient (R/W) as a func- 

tion of N  and a is shown in Figure 31c.  This family of curves re- 

flects the combinations of trends observed in Figures 31a and 31b. For 

example, for 0=5 deg, the influence of Pm/W is dominant for N 

smaller than about 3.0, and R/W decreases with increasing N  (because 
c 

of increasing soil strength; paragraph 22 and Figures l6c and 17c). For 

larger values of N , the influence of S/W becomes dominant, and R/W 

increases with increasing N  . Where S/W is no longer dominant, the 

value of N  decreases slightly with increasing a (e.g.  N - 3.0 

for o=5 deg, and N =2.6 for a = 20 deg).  Furthermore, for any 

given N ,  R/W increases with increasing a . 

61. Lateral force/drag.  As in the relation for resultant coef- 

ficient, the relations among lateral force/drag (S'/Pm) (and resul- 

tant angle e), N  , and a could be separated into two zones below 

and above N =3.5  (Figure 31d). For N  smaller than about 3.0, 
c c 

the influence of PT/W is dominant; for all practical purposes, S'/Pi, 

increases with increasing N  and is independent of the turn angle. 

For larger N  values, the influence of S/W becomes dominant; within 

this zone, S'/Pm increases with decreasing a , for a given N , 

down to turn angles of about 5 deg. For smaller turn angles, S'/Pi, 

decreases again, reflecting the bell-shaped relation between S'/P™ 

and o observed earlier (Figure l6d). Note, however, the relatively 

large scatter in the data for N  larger than about 3.0, which is 

partially caused by the occurrence of the maximum for S'/Pm versus 

a relations at different a , dependent on soil strength (Figure l6d), 

deflection (Figure 19d), or wheel load (Figure 22d). Nevertheless, 

Figure 31d serves for demonstration purposes at this point. In an 

actual prediction, S'/P' would be calculated from the relations estab- 

lished for the prediction of P /W and S/W (Figures 31a and 31b; 

paragraphs 33 and 31+) to avoid any errors that might have been built 

into Figure 31d by using a cross-plotting technique.* 

* To plot S'/Pij versus a for given values of Nc would not have 
helped to reduce the scatter, because various values of Nc would 
have had to be interpolated. 
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62. Sinkage coefficient. Sinkage coefficient (zT/d) as a func- 

tion of N  and a is depicted in Figure 31e. For a given turn angle, 

z_/d decreases with increasing N  (because of increasing soil 

strength). For a given clay mobility number, zT/d increases with in- 

creasing a . However, there seems to be some unexpected scatter in the 

data, probably because a method was used to calculate sinkage from the 

measured movement of the wheel hub, which originally was developed for 

the condition of a = 0 deg (paragraph 36). Nevertheless, sinkage val- 

ues calculated from hub movements are considered more realistic than 

actual values of hub movement, which, at least for a = 0 deg, were 
pQ 

found to be an unsuitable representation of sinkage. 

63. Slip.    The relations among slip, clay mobility number, and 

turn angle are not very well defined by the available data.    However, 

the data can be grouped according to ranges of    o    (Figure 31f).    This 

makes possible an estimate of slip for turn angles of 0,  5-10,  and 15- 

20 deg.    For a given    a  ,  slip decreases with increasing    N      (because 

of increasing soil strength),  as expected.    Furthermore,  for a given 

N     ,  slip increases with increasing    a . 

6h.    Summary.    For the range of conditions tested in this study, 

relations were established for the four performance parameters under 

consideration as functions of clay mobility number and turn angle.    The 

relations for determination of towed force and side force coefficients 

(Figures 31a and 31b) appear to be reasonably accurate.    Therefore, they 

should also be used to calculate the resultant coefficient and the lat- 

eral force/drag,  if this becomes necessary.    However, for estimation 

purposes, the relations established for the latter two parameters 

(Figures 31c and 31d) can also be used.    Also, relations were estab- 

lished for estimating sinkage coefficient (Figure 31e) and slip 

(Figure 31f). 

Tests in Sand 

Factors influencing performance 

65. Velocity. Based on the considerations of the influence of 
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the translational velocities of the carriage or wheel discussed in the 

interpretation of the clay data (paragraphs 39-1*0) and on results previ- 

ously found for cohesionless soils (Reference 18, Plate 6; Reference 20), 

it can be assumed that the influence of the translational velocity of the 

carriage and, therefore, the corresponding velocity of the wheel, would 

not affect the four basic performance parameters, at least for the range 

of velocity from 1.5 to 3.0 m/sec. Results from the few tests conducted 

with the 8.50-10, 8-PR and 6.00-9, ^-PR tires under comparable test con- 

ditions, but at carriage velocities of 1.5 and  3.0 m/sec, are presented 

in Figure 32. Comparison of these relations does not show any noticeable 

influence of carriage velocity on the four basic performance parameters. 

Therefore, in further analysis, the data from the tests conducted at 

1.5 m/sec are treated, without modification, like the data from tests 

conducted at 3.0 m/sec. Furthermore, it seemed Justifiable to use the 

prediction system developed for carriage speed of 1.5 m/sec (para- 

graphs 18-19, Figure 7d) without major modifications* as a valid system 

for zero turn angles (see for instance closed symbols in Figure 33a). 

66. Soil strength. The influence of soil strength pn the four 

basic performance parameters is depicted in Figure 33 for tests con- 

ducted with the 8.50-10, 8-PR tire and in Figure 31» for tests with the 

6.00-9, ^-PR tire. Towed force, side force, and consequently, resultant 

force coefficients (PT/W , S/W , and R/W , respectively) increase with 

increasing turn angle for a given soil strength (Figures 33a-33c and 3ta- 

S^c), whereas the relation of lateral force/drag (S'/Pi,) to turn angle 

a shows the characteristic bell-shaped trend (Figures 33d and 3Ud), as 

was observed for clay (Figure l6d). The rate of increase with o is 

smallest for PT/W and largest for S/W . 

67. For a given turn angle, PT/W decreases with increasing soil 

strength (Figures 33a and 3ha.),  as expected, based on the trend of the 

original prediction curve developed for zero turn angle (Figure 7d). • 

However, as for clay (Figure 16b), S/W increases with increasing soil 

* The only modification that had to be made consisted of an adjustment 
of the strength gradient G to take care of some differences in mor- 
tar and Yuma sands. This modification is described in paragraph 79« 
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strength (Figures 33b and 3Ub). This can be explained by reasoning 

similar to that used for clay (paragraph l+B); that is, the stronger soil 

offers a greater resistance to lateral movement of the tire than the 

softer soil, although the sinkage may be more in the latter soil. 

68. Also, for a given turn angle, the influence of P_/W on the 

resultant coefficient (R/W) is larger (large sinkages) than the influ- 

ence of S/W .  In the case of the 8.50-10, 8-PR tire, PT/W is dominant 

with the result that, for a given turn angle, R/W increases with de- 

creasing soil strength (Figure 33c).  In the case of the 6.00-9, ^-PR 

tire, the influence of P^/W is at least strong enough to compensate 

for the opposing effect of S/W , so that the relation between R/W and 

a is independent of soil strength (Figure S^c). The relations between 

S'/Pm and o , however, maintain the trend of the side force coeffi- 

cient: For a given a , S'/lVn increases with increasing soil strength 

(Figures 33d and 3^d), as was observed for clay (Figure ]6d). 

69. The influence of soil strength on trail moment and eccen- 

tricity is demonstrated (Figv e 35) with the results from the same tests 
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Figure 35. Influence of turn angle and soil strength on trail 
moment and eccentricity for 6.00-9, ^-PR tire on mortar sand 
with tire deflection 6/h = 0.35 and design wheel load 

W' = 2000 N 
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with the 6.00-9, '♦-PR tire as those in the foregoing paragraphs. Al- 

though there is a slight trend for separation by soil strength, it is 

not distinct enough to draw any definite conclusions. It must he men- 

tioned, however, that in contrast to the results in clay (Figure 18), 

M  and e increase continuously with increasing a without reaching 

a maximum, within the range of turn angles tested. Furthermore, both 

M  and e remain positive, indicating that the resultant R (Fig- 

ure l) acts on the tire in front of the center of the wheel. 

70. Tire deflection. The influence of tire deflection (6/h) on 

the performance parameters is shown in Figure 36 for tests with the 

8.50-10, 8-PR tire, and in Figure 37 for tests with the 6.00-9, '♦-PR 

tire.  In both casesv P^/W increases with decreasing 6/h for a given 

turr. angle (Figures 36a and 37a), and the reverse trend is observed in 

the relations between S/W and a .  The reasons for the latter are the 

same as given during the discussion of the clay data (paragraph U6): 

With increasing deflection, the length of the tire contact area in- 

creases and contributes to the increase of the side force. 

71. As in the influence of soil strength (paragraph 68), the in- 

fluence of PT/W (Figures 36a and 37a) on R/W is larger for the range 

of turn angles tested than the reverse influence of S/W (Figures 36b 

and 37b). The result is that, for a given turn angle, R/W increases 

with decreasing 6/h (Figures 36c and 37c). On the other hand, the 

relations between S'/Pm and a show the same trend as those between 

S/W and a  , i.e., for a given a , S'/Pi, increases with increasing 

deflection (Figures 36d and 37d). 

72. The relations between trail moment and turn angle did not 

show any significant separation of the data by deflection (Figure 38a). 

On the other hand, a distinct separation by deflection is noted in the 

relations between eccentricity and turn angle (Figure 38b). Again, as 

in the influence of soil strength on M.  and e (paragraph 69» Fig- 

ure 35), both M.  and e increase with increasing turn angle but do 

not reach a maximum within the range of turn angles tested. Presumably 

they reach a maximum at still higher angles siiice both should turn to 

zero when the turn angle reaches 90 deg. 
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73. Wheel load. The influence of wheel load on the four basic 

performance parameters is demonstrated with results of a few tests with 

the 6.00-9, U-PR tire (Figure 39). For a given turn angle, PT/W in- 

creases with increasing wheel load (Figure 39a), as expected from the 

trend of the relation between ?JV   and N  for o = 0 deg (Figure 7d). 
T S 

Also, for a given load,    P^/V    increases with increasing turn angle. 

However, the rate of increase is less than for the relations between 

S/W    and    a    (Figure 39b).    In the latter case,    S/W    increases for a 

given turn angle as the wheel load decreases. 

Ik.    Although the increase of    S/W   with decreasing load for a 

given turn angle is much smaller (Figure 39b) than it is for correspond- 

ing relations in clay, where    S/W    is dominant over    P-^/W    (Figures 22- 

25), the same reasoning can be used to explain this trend qualitatively 

(paragraphs 50-51).    Figure 1+0 shows the relation between side force (S) 
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and wheel load (W) for the tests conducted at 15-deg turn angle (Fig- 

ure 39). This relation demonstrates the rate of increase in S with in- 

creasing W , or the decrease in S/W with increasing W . This trend 

was, of course, predetermined by the trend developed between sinkage and 

wheel load (Figure ^1; see also paragraph 51 for same effect in clay). 

75. Trail moment (M. ) and eccentricity (e) as functions of turn 

angle (a) show a distinct separation by wheel load (Figure lt2). For a 

given turn angle, M  and e increase with increasing load. For a 

given wheel load, M  and e increase with increasing turn angle, as 

was observed during the discussion of the influences of soil strength 

(paragraph 69) and deflection (paragraph 72).  This, and the fact that 

in most of the tests the resultant acted on the tire in front of the 

wheel center (positive M  and e ; Figure l), seems to be character- 

istic of tire performance in sand, at least for the conditions tested. 

76. Tire width * diameter. Unfortunately, the influence of this 

parameter (bd) on the performance parameters could not be investigated 
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to the extent that it was for the tests in clay (paragraphs 53-55) be- 

cause only limited data were available for this purpose. However, based 

on that limited information, the same trend can be assumed as was found 

for clay, but it is not as pronounced, i.e., for a given turn angle, 

P /W would decrease, and S/W and R/W would increase with increasing 

values of bd , whereas no definite influence would be noticed on the 

relation between S'/Pl and a . 

Development of prediction system 

77. Justification. As in the development of the prediction sys- 

tem for clay (paragraph 56), the trends of the various influences, such 

as soil strength, deflection, wheel load, and product of tire width and 

diameter, on the four basic performance parameters seem to Justify an 

attempt to establish relations between performance parameters and the 

sand mobility number (Equation 2), with turn angle as an additional 

independent variable (paragraphs 36-38). However, the prediction system 

to be developed herein will be valid only for the relatively limited 

range of variables investigated in this pilot study. 

78. Before the prediction system itself was extended to include 

the turn angle, the feasibility of this approach was checked out once 

more. As in the clay analysis (paragraph 57), four series of tests that 

had been conducted with the 8.50-10, 8-PR and 7.00-6, 6-PR tires under 

four loads and two deflections, but on almost the same soil strength 

(average G = 3.1 and 3.0 MPa/m), were investigated. The combinations 

of the independent variables calculated for each test resulted in sand 

mobility numbers ranging from 8.7 to 13.1,* with an average of 10.U. 

The relations among the four basic performance parameters and turn 

angles, as obtained from the results of these four test series, are 

shown in Figure k3.     Each of four relations in Figure h3  could be de- 

scribed by a single curve, indicating that the sand mobility number 

(Equation 2) can be used with some Justification to represent the in- 

dependent variables (soil strength, deflection, etc.). 

* The range resulted from the fact that the individual independent 
variables could not be kept exactly constant from test to test. 
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79• Modification of soil strength measurements.  The original 

prediction system for zero turn angle was established with results of 

tests conducted in Yuma sand exclusively (paragraph 18 and Figure 7). 

Early attempts to use the same system for predicting performance (in 

terms of Pof/w ' f,igure T») Ot  single wheels operating in mortar sand 

were not successful. The agreement between measured and predicted per- 

formance may be acceptable for practical purposes; however, it is not 

acceptable for research purposes.  In an attempt to arrive at a common 

denominator, at least for the two sands under consideration, relations 
27 32 

developed '  between cone penetration resistance gradient G and 

relative density D  of the two sands were examined (Figure kh), 

too 
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80. To test a hypothesis that the two sands would exhibit similar 

performance if their relative densities were the same, the G values 

75 

 ■ 



for various tests conducted in mortar sand were converted Into "equi- 

valent" G values of Yuma sand at the same relative density. For ex- 

ample, in mortar sand a value of G * 2.0 MPa/m corresponds to D 
r 

■ 62 percent (Figure l+Ub); the same relative density in Yuma sand corre- 

sponds to G = l.U MPa/m (Figure UUa). Thus, G » 2.0 in mortar sand 

is equivalent to G = l.k    in Yuma sand. Using these "equivalent" G 

values in calculating sand mohility numbers to predict performance in 

mortar sand by means of the Yuma-sand prediction system (Figure 7a) led 
1 A ^9 

to satisfactory results.  * 

8l. Because it appeared to be desirable to maintain the original 

prediction system developed from towed tests conducted at zero turn angle 

on Yuma sand (Figure 7). a determination had to be made as to whether 

or not the technique described in paragraph 80 could be applied in this 

study. For this purpose, four pairs of tests with two different cires 

and turn angles were conducted on mortar sand and Yuma sand. For each 

pair of tests, deflection, wheel load, and turn angle were kept constant; 

however, the test sections were prepared to strength levels such that 

the corresponding G values for mortar sand and Yuma sand were differ- 

ent but indicated the same relative density. The results of these tests 

are depicted in Figure U5, where the four basic performance parameters 

obtained for mortar sand are compared with the corresponding parameters 

obtained for Yuma sand. These results indicate that the outlined ap- 

proach is feasible. Therefore, the sand mobility numbers N' calcu- 
s 

lated for mortar sand (Table 2) were converted to the common mobility 

number N  for Yuma sand using the "equivalent" G values. This made 
s 

it possible to use the original prediction system and some additional 

tests conducted on Yuma sand during this study (Table 3) for further 

analysis. 

82. Towed force coefficient. The relation between towed force 

coefficient (P^/W) and sand mobility number (N ) is shown in Figure l+6a. 
i. S 

In contrast to the same situation for clay (Figure 31a), PT/W is depen- 

dent on the turn angle for a > 10 deg at a given N For turn 

angles between 0 and 10 deg, however, use of the relation between Pm/W 

and N  that had been developed for a » 0 deg (Figure 7d) is 
s 
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reasonable, although only about 55 percent of the data points of this 

study fall vlthin the band of the orig:.nal data formed by one standard 

deviation (Figure U6a). Generally, the data scatter Is greater In the 

relations for sand than In corresponding relations for clay, not only In 

the relation of P-/W and K , but also In the relations discussed In 
X 8 

the following paragraphs. 

83. Side force coefficient. The relatlou between side force 

coefficient (S/W) and N  ahowb the expected trend (Figure U6b). For 
s 

a given N , S/W increases with increasing turn angle. For a given 
s 

turn angle, S/W increases with increasing N  (because of increasing 
B 

soil strength). However, in comparison with the same relation obtained 

for clay (Figure 31b), this increase with N  is not as pronounced. s 
Bk,    Resultant coefficient.    Resultant coefficient (R/W) as a func- 

tion of   N      and    a    is depicted in Figure U6c.    This family of curves s 
reflects the individual trends for    PT/W    in Figure U6a and for    S/W    in 

Figure U6b.    For a given    a    larger than zero,    R/W   decreases with in- 

creasing    N      for    N     values smaller than about 7-8, i.e.,  in this area 0      s s ■     » » 
P^/W    is the dominant factor, contributing to the magnitude of the resul- 

tant coefficient.    For larger values of    N    ,    R/W   Increases with in- 
s 

creasing N , reflecting a slightly dominant Influence of S/W on 
s 

R/W . Further, for a given N , R/W increases with increasing a . 
s 

85. Lateral force/drag. Lateral force/drag (S'/Pm) and resultant 

angle (e), respectively, as functions of N  and o are shown in Fig- 
s 

ure U6d. For a given turn angle, S'/P™ Increases with increasing N . 

For a given N , S'/Pm first increases until a maximum is reached and 

then decreases, reflecting the bell-shaped relation between S'/Pm and 

o observed earlier (for example. Figure 3^). However, there seems to 

exist two zones similar to those found in the relation between R/W and 

N  (Figure U6c). That is, for N  smaller than about 8, the maximum 
s s 

value of S'/P' is reached at about a = 10 deg, whereas for N 
X s 

larger than about 8, this maximum seems to be reached at about 

o a 5 deg. In other words, in the relation between S'/P' and a 

(Figures 33d and 3^d), the maximum shifts to the left (with decreasing 

a) when N  Increases. As in clay (paragraph 6l), however. Fig1 xe U6d 
5 
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serves only for demonstration purposes. For an actual prediction, 

S'/Pi, would be calculated from the relations established for PT/W and 

S/W (Figures U6a and U6b; paragraph 33). 

86. Sinkage coefficient. Sinkage coefficient (z^/d) as a func- 

tion of N  and a is shown in Figure U6e. As expected, z_/d de- 
S T 

creases for a given turn angle with increasing N , and for a given 

N , increases with increasing turn angle. As in the relations for clay 
s 
(Figure 31e), there is some data scatter, probably for the same reasons 

as outlined in paragraph 62. 

87. Slip. The relation between slip and N  as a function of 
s 

a    is shown In Figure U6f.    Although the data scatter does not allow the 

establishment of a complete family of curves in 5-deg intervals of the 

turn angle, the data can at least be grouped into two ranges: 

a ■ 5-10 deg, and    a = 15-20 deg.    Not unexpectedly, slip decreases with 

increasing   N      (because of increasing soil strength) within a given s 
range of    a ;  for a given   N    , slip increases with Increasing    a . 

s 
88. Summary. Relations were established for the four performance 

parameters under consideration as functions of the sand mobility number 

and turn angle. The most Important relations are those to determine 

towed force and side force coefficients (Figures U6a and U6b). They are 

reasonably accurate and should also be used to calculate the resultant 

coefficient and lateral force/drag, if necessary. However, if the two 

latter parameters are to be estimated only, their corresponding rela- 

tions (Figures k6c  and U6d) can be used. Also, relations were developed 

for estimating sinkage coefficient and slip (Figures U6e and h6t). 

Comparison of Side Forces Developed in Clay and in Sand 

89. At the present, the performance of single tires operating in 

clay and in sand cannot be compared directly, for example, on the tasis 

of equal mobility numbers, because of the different ways the various in- 

dependent variables Influence the performance in the two soils. This 

fact is reflected in the way the variables were arranged (Equations 1 and 

2) when the mobility numbers were developed. However, to get at least 
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a qualitative idea about the difference in the side force coefficients 

for the two soils, S/W was compared on the following basis. For each 

soil there exists certain combinations of tire geometry, deflection, 

wheel load, and soil strength that would create the same towed force co- 

efficients in sand and in clay; for example, at a = 5 deg, N = 2.0 

and N = ^.1 at the same towed force coefficient of 0.3 for clay and 
s 

sand (Figures 31a and h6&,  respectively). With these values for N  and 

N , the corresponding side force coefficients could be determined from 
s 

Figures 31b aM k6h  (S/W =0.13 for clay; S/W »0.12 for sand). This 

means that the side force coefficients are compared on the basis of the 

tire developing the same towed force coe.ficient in clay and in sand. 

90. The results of this analysis are shown in Figure ^7. For 
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Figure ^7.  Comparison of side force coefficients in sand and clay 
for given towed force coefficients and turn angles 

turn angles up to about 10 deg, S/W is almost the same in clay and in 

sand at a given towed force coefficient. For larger turn angles, S/W 

is smaller in clay than in sand. 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

Concluslona 

91. Based on the analysis of the data obtained during this pilot 

study, the following conclusions can be drawn with regard to the perfor- 

mance of single towed wheels equipped with pneumatic tires and operating 

in turned mode: 

a. Performance expressed in terms of towed coefficient 
(PT/W), side force coefficient (S/W), resultant coef- 
ficient (R/W), and lateral force/drag (S'/P^f.) is influ- 
enced both in clay and in sand by the following in- 
dependent variables: turn angle (a), soil strength 
(paragraphs kl~kk  and 66-68), tire deflection (para- 
graphs U6-U7 and 70-71), wheel load (paragraphs U9-51 
and 73-7'*), and the product of tire width and diameter 
(paragraphs 53-5^ and 76). 

b. Trail moment and eccentricity of the resultant are more 
or less similarly affected by the same independent vari- 
ables mentioned in a (paragraphs U5, 1*8, 52, 55, 69, 72, 
and 75). 

c^. For the ranges of the test variables, the existing WES 
systems for predicting performance of towed wheels oper- 
ating at zero turn angle on clay and on sand can be ex- 
tended to treat turn angles larger than zero by correlat- 
ing the common mobility numbers and the turn angles with 
the following six individual performance parameters: 
PT/W , S/W , R/W , S'/P^, , sinkage coefficient (zT/d), 
and slip (paragraphs 6k  and 88). 

d. Since the mobility numbers for clay and for sand (para- 
graph l8) increase with increasing width, diameter, and 
deflection of a tire and decrease with increasing wheel 
load, the individual relations developed the following 
trends. For clay, Prp/W decreases with increasing clay 
mobility number (Nc), but does not show a very well- 
defined dependency on a (paragraph 58). In sand, PT/W 

decreases with increasing sand mobility number Ns , but 
the influence of a is noticeable, i.e., for a given 
Ns * PT/

W
 increases with increasing a    (paragraph 82). 

S/W for clay and sand, however, Increases with increas- 
ing mobility number for a given a , and also increases 
with a if the mobility number is kept constant (para- 
graphs 59 and 83). R/W and S'/P-f- follow either the 
trend of Pj/W or S/W , depending on which of the 
two latter parameters has the dominant influence 



(paragraphs 60-6l and 8it-Ö5). z^/d.    and slip follow the 
same trend for clay and sand as that observed for PT/W 

in sand (paragraphs 62-63 and 86-87). 

e_. For a tire developing the same towed force coefficient in 
clay as in sand, the side force coefficients are the same 
for both soil types as long as turn angles are not larger 
than about 10 deg. For larger turn angles, side force 
coefficients at a given towed force coefficient are 
smaller in clay than in sand (paragraphs 89-90). 

£. The study fulfilled its major purpose, i.e. to serve as a 
pilot program. The results are better than expected and 
leave only few recommendations with regard to further 
studies with towed wheels operating in turned mode. 

Recommendations 

92. It is recommended that: 

a. A few multipass tests be conducted with the present 
dynamometer system to cover ranges of variables (in the 
mobility numbers^ not tested in this study (Figures 6 
and 7)» and to study, at least qualitatively, the influ- 
ence of multiple passes on wheel performance. 

b. The influence of tire width and diameter be investigated 
to a larger extent than was possible during this study. 
This, of course, would require the design of a dynamom- 
eter system that could accommodate tires of larger 
dimensions. 

c_. The pilot study plan to investigate the corresponding 
performance of powered wheels be implemented. 

d. Possibilities be studied for combining the existing pre- 
diction systems for purely cohesive and cobesionless 
soils in such a way that the predictions can be compared 
and eventually that the combined system can be used for 
semicohesive c-0 soils. 
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Table k 

Tire Data 

Design 
Load,    W 

N 
Deflection 

ft/* 

Unloaded 
Section 
Height 
h . m 

8.50-10 

Unloaded 
Width 
b , m 

,8-PR 

Unloaded 
Diameter 

d , m 

Unloaded 
Inflation 
Pressure 

kPa 

U500 
67OO 
69OO 

0.1+0 
0.1+0 
0.1+0 

0.158 
0.l6l 
0.l6l 

0.201+ 
0.201+ 
0.201+ 

0.621 
0.627 
0.627 

3k.k 
75.8 
76.5 

2000 
2700 
kooo 
5800 

0.35 
0.35. 
0.35 
0.35 

0.158 
0.159 
0.158 
0.l6l 

0.203 
0.201+ 
0.201+ 
0.201+ 

0.625 
0.621+ 
0.621 
0.627 

8.3 
17.2 
37.1 
77.1 

1+000 
5800 

0.25 
0.25 

0.162 
0.161+ 

0.200 
0.208 

0.629 
O.63I+ 

93.0 
150.0 

1+000 
5800 

0.15 
0.15 

O.167 
O.I65 

7.00-6. 

0.200 
0.201+ 

6-PR 

0.633 
O.636 

200.0 
321.0 

2700 
6700 

0.1+0 
0.1+0 

0.129 
0.133 

0.171 
0.172 

O.M+9 
0.1+57 

1+2.0 
I67.O 

21+00 
2700 
5800 
6700 

0.35 
0.35 
0.35 
0.35 

0.129 
O.129 
0.133 
O.13I+ 

0.171 
0.172 
0.172 
0.173 

0.1+1+9 
0.1+1+9 
0.1+57 
0.1+59 

l+l+.l 
58.2 

166.0 
1?3.0 

21+00 0.15 0.137 

6.00-9. 

0.172 

1+-PR 

0.1+66 276.0 

2000 
3000 

0.35 
0.35 

0.128 
0.128 

0.159 
0.159 

O.516 
O.516 

28.9 
56.5 

1000 
2000 
3000 
1+000 

O.25 
O.25 
0.25 
0.25 

0.128 
0.128 
0.128 
0.128 

0.159 
0.159 
0.159 
0.l60 

O.516 
O.516 
O.516 
O.516 

lh.5 
57.2 

100.0 
1M+.5 

1000 
2000 
3000 
1+000 

0.15 
0.15 
0.15 
0.15 

0.128 
0.128 
0.128 
0.128 

0.159 
O.l60 
0.l60 
O.163 

O.516 
O.516 
O.516 
O.516 

52.7 
133.5 
191.5 
281.0 



APPENDIX A:  NOTATION 

b 

C 

C 

C u 
d 

ü10 
d60 

e 

e 
ra;i.x 

e . mm 
en 
G 

h 

LL 

M 

Mt 
M20 

M/Wr 

M20/Wrl 

s 
N« s 
P 

T 
PT/W 

P20 
p
2o
/w 

PI 

PL 

d60/d10 

Tire section width, unloaded 

Cohesion 

Cone penetration resistance 

Uniformity coefficient • 

Tire diameter, unloaded 

Grain size diameter at 10 percent finer by weight 

Grain size diameter at 60 percent finer by weight 

Relative density = Rem„v - O^
6»..,, • e-,.iJl x 100 L max   n   max   min J 

Eccentricity of resultant 

Void ratio of cohesionless soil in loosest state 

Void ratio of cohesionless soil in densest state 

Void ratio of soil in natural state 

Cone penetration resistance gradient 

Tire section height, unloaded 

Length of tire contact area 

Liquid limit of cohesive soil 

Torque in^ut to the axle 

Trail moment 

Torque at 20 percent slip 

Torque coefficient 

Torque coefficient at 20 percent slip 

Clay mobility number 

Basic sand mobility number 

Sand mobility number from tests with mortar sand 

Net pull 

Towed force acting in plane of wheel 

Drag acting in direction of travel 

Towed force coefficient 

Pull at 20 percent slip 

Pull coefficient at 20 percent slip 

Plasticity index of cohesive soil = LL - PL 

Plastic limit of cohesive soil 

Al 



P/W 

r 

r 
tt 

R 

R/W 

s 

S 

i« 

s/w 
S'/P|, 

w 
w 

W' 

zT/d 

Z20 
S20/d 

z/d 

a 

6 

6/h 

e 

Pull coefficient 

Undeflected radius of tire 

Active radius of tire = r - 0.5 

Resultant of force acting in plane perpendicular to the 

plane of a wheel ■W! 

Resultant coefficient 

Wheel slip = ["( 

s^ ^j ̂T (»4)' 

(v - v cos a)/v | x 100 
w   a       wj 

Side force acting perpendicular to plane of wheel 

Lateral force acting on carriage system perpendicular to 
direction of travel 

Side force per unit length of tire contact area due to 
cohesion 

Side force coefficient 

Lateral force/drag 

Actual translational velocity of carriage system or vehicle 

Peripheral velocity of wheel 

Actual wheel load measured during a test 

Design wheel load 

Wheel sinkage 

Sinkage at towed point 

Sinkage coefficient at towed point 

Sinkage at 20 percent slip 

Sinkage coefficient at 20 percent slip 

Sinkage coefficient 

Turn angle 

Difference between unloaded and loaded tire section heights 

Tire deflection 

Resultant angle, formed hy direction of travel and direction 
of resultant 

Passive earth pressure coefficient 

A2 
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