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FOREWORD 

The study reported herein was conducted by the U. S. Army Engineer 
Waterways Experiment Station (WES) in.furtherance of Department of the Army 
Research and Development Project 1T0621C3A046, "Trafficability and Mobility 
Research," Task 02, "Surface Mobility." This project is under the sponsor-
ship and guidance of the Research, Development, and Engineering Directorate, 
U. S. Army Materiel Command. 

Field tests were performed intermittently over a three-year period 
(1967-1969) by personnel of the Vehicle Studies Branch (VSB), Mobility and 
Environmental (M&E) Division, under the direction of Messrs. B. G. Schreiner 
and J. H. Robinson. The paper was prepared by Mr. E. s. Rush. Personnel of 
the M&E Division in general supervisory cap~city were Messrs. W. G. Shockley 
and S. J. Knight, Chief and Assistant Chief, respectively, of the division, 
A. A. Rula, Chief, VSB, and E. S. Rush, Engineer, VSB. 

Directors of the WES during the test program and preparation of this 
paper were COL John R. Oswalt, Jr., CE, COL Levi A. Brown, CE, and 
COL Ernest D. Peixotto. Technical Directors were Messrs. J. B. Tiffany 
and F. R. Brown. 

This paper was presented by Mr. Rush at Meeting of Off-Road Mobility 
Symposium, 3-li November 1970, Los Angeles, Calif., ?POnsored by Interna-
tional Society for Terrain Vehicle Systems and Applied Mechanics Labo-
ratory, TRW Systems Group. 
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EFFECTS OF SOIL SURFACE CONDITIONS ON 
DRAWBAR PULL OF A WHEELED VEHICLE 

by 

E. S. RUSH(!) 

INTRODUCTION 

Surface mobility research has been conducted by the U. S. Army 
Engineer Waterways Experiment Station {WES) for a number of years. 
This work has been sponsored mainly by the U. S. Army Materiel Com-
mand. The ultimate objective of this research is to develop a general set 
of mathematical expressions that adequately describe the effects of sur-
face media, principally soils, on pertinent vehicle performance parame-
ters. Probably the most pertinent performance parameter to be con-
sidered is the ability of a vehicle to go even at low speeds. Of course, if 
the soil has insufficient bearing and/or traction capacity to permit a given 
vehicle to go, there is no need to consider other performance parameters 
such as drawbar pull, motion resistance, speed, or maneuverability for 
that condition. If, however, the soil condition is such that vehicle move-
ment is possible, just what are the vehicle's performance capabilities in 
the "go" soil condition? 

For the most part, vehicle immobilizations occur in weak soils 
when vehicle sinkage approaches or exceeds ground clearance, usually 
after several passes of the vehicle have been made in the same path. 
However, a firm soil with a wet surface layer can cause a significant re-
duction in vehicle traction even though sinkage is small and can even 
cause immobilization when a vehicle attempts to climb a wet slope. 
Reduction in traction can be related to reduction in vehicle performance 
capabilities for the performance parameters mentioned above. 

Instruments and techniques have been developed for measuring 
and estimating vehicle performance in the weak soil conditions that permit 

(!)Engineer, Vehicle Studies Branch, Mobility and Environmental Division, 
U.S. Army Engineer Waterways Experiment Station, CE, Vicksburg, 
Mississippi, U.S.A. 
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appreciable vehicle sinkage. The study upon which this paper is based 
was performed by WES in an attempt to develop instruments and tech-
niques for quantifying pertinent soil surface conditions for predicting per-
formance of vehicles when sinkage was small. A wheeled vehicle was 
used in the study since surface traction problems are more prevalent for 
wheels than for tracks. 

PURPOSE AND SCOPE 

Purpose 

The general purpose of the WES study was to investigate ~he ef-
fects of surface conditions on the drawbar pull of a wheeled vehicle. The 
specific purposes were to: (a) relate measurements of drawbar pull 
(optimum tractive coefficient) to measurements of surface soil strength 
made with a variety of instruments, and (b) develop tentative equations 
for predicting optimum tractive coefficient. 

Scope 

One hundred and five drawbar pull-slip tests were conducted with 
a 3/4-ton M37 truck (gross weight of 7240 lb). One tire size (9.00-16, 
SPR). two tire patterns (nondirectional military tread and smooth), and 
two tire deflections (15% and 35%) were tested. Three soil types {clay, 
silt, and sand) were tested. Surface conditions varied from dry and firm 
to wetted with small amounts of water to flooded. A few tests were con-
ducted on firm soil overlaid with soft, viscous soil that varied in thickness 
from about 1/2 in. to about 4 in. Asphalt surfaces also were tested. 

TEST AREAS 

The tests were conducted in six general areas near Vicksburg, 
Mississippi, and on the WES reservation. Briefly, the test areas were 
as follows: 

a. A level asphalt roadway. 
b. A prepared test lane inside a building {fig. 1). The test lane 

was prepared by processing a fat clay soil (classified as CH) to a prese-
lected moisture content favorable for compaction and for smoothing the 
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surface. After construction of the lane was completed, drawbar pull-slip 
tests were performed in the lane on four surface conditions: dry, firm, 
as built; after flooding and draining; flooded; and after a layer of soft, 
viscous soil had been placed over the firm surface. After completion of 
tests on each of these surface conditions, that portion of the surface af-
fected either by wheels of the test vehicle or by surface treatment was 
removed and the surface was restored to its original condition. 

c. Natural and prepared silt (ML) and lean clay (CL) surfaces on 
upland and bottomland areas. The natural upland surfaces were covered 
with short grass. Tests were conducted on the grass-covered areas while 
the surface was dry and after it had been sprinkled with water. The pre-
pared upland surfaces were tested after the grass covering had been re-
moved and the soil compacted with a steel roller. Prepared surface con-
ditions tested were: dry, after sprinkling with water, and after flooding. 
The bottomland areas tested were natural surfaces and were either bare 
or covered sparsely with short grass. 

d. Natural and prepared CH soil surfaces in a pasture. The 
natural surface was covered with short grass and tested while dry and 
after sprinkling with water. The prepared surface was tested after the 
grass had been removed and the soil sprinkled with water. 

e. An unsurfaced road of CH soil compacted by vehicular traffic 
(fig. 2). Tests were conducted on the following surface conditions: dry, 
firm surface; firm surface after it had been sprinkled with water; and a 
firm surface wetted by natural rainfall. 

f. A river beach area of level, natural sand. Dry, moist, and 
wet surface conditions were tested. 

TEST VEHICLE AND PERFORMANCE MEASUREMENTS 

As previously stated the test vehicle was a standard 3/ 4-ton M37 
truck similar to the one shown in fig. 3. Two sets of 9.00-16 tires were 
tested at two tire deflections. One set of tires was standard military non-
directional tread (fig. 4), and the other set was the same type of tire ex-
cept that the tread had been removed (fig. 5 ). The vehicle was loaded so 
that the wheel loads were the same for all test conditions. Pertinent tire 
data are given in the tabulation on the following page. 
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Treaded Tires Smooth Tires 

Tire Factor 

Inflation pressure, psi 
Contact area/wheel, sq in. 
Wheel load, lb 
Contact pressure, psi 

15o/o 
Deflection 

39.1 
56.8 

1810.0 
31.9 

35o/o 
Deflection 

13.4 
107. 7 

181 o.o 
16.9 

15% 35% 
Deflection Deflection 

38.3 10.4 
44.0 105.5 

1810.0 181 o.o 
41.1 17 .1 

The contact areas were measured from tire prints on a hard, un-
yielding surface. Interruptions of the contact area due to tread patterns 
were considered to be part of the contact area of the treaded tire. 
Deflection (1) is defined as follows: 

unloaded carcass section height 
p t d fl t• _ - loaded carcass section height x 100 ercen e ec ion - unloaded carcass section height 

Instruments were installed on the test vehicle to obtain a con-
tinuous record of drawbar pull, driveline torque, wheel distance traveled 
by all wheels, and vehicle distance traveled. Depths of ruts made by the 
vehicle were measured with rod and level after each test. 

DETERMINATION OF SOIL STRENGTH VALUES 

The devices and methods used to obtain soil strength data and the 
data reduction procedures are described below. 

Cone Penetrometer 

Soil strength measurements were made with a standard hand-
operated penetrometer similar to that used in soil trafficability studies 
(fig. 6) and a recording penetrometer. The recording penetrometer most 
used in these tests is shown in fig. 7; it is a hand-operated device also. 

Standard penetrometer 

The standard penetrometer has a 30-deg apex angle cone with a 
base area of 0.5 sq in. mounted on a 0.625-in. -diameter shaft. When the 

(l)Smith, J. L., "A Study of the Effects of Wet Surface Soil Conditions on 
the Performance of a Single Pneumatic-Tired Wheel,•• Technical Re-
port No. 3-703, Nov 1965, U.S. Army Engineer Waterways Experiment 
Station, CE, Vicksburg, Miss. 
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force (in pounds) required to cause the cone to penetrate the soil is divid-
ed by the base area of the cone (in square inches), the value obtained is an 
index that reflects the shear resistance of the soil. In this study cone in-
dexes (CI) were read from the dial gage when the cone base penetrated the 
surface and when it passed each inch increment to the 6-in. depth unless 
penetration resistance was greater than the capacity of the instrument, 
i.e. 300 CI. The readings were obtained at a penetration rate of about 
6 ft/min. 

Recording penetrometer 

The recording penetrometer employs a standard penetrometer 
shaft and cone, but the proving ring and dial gage assembly are replaced 
with a load cell for electrically measuring the vertical force applied to the 
penetrometer handle and a linear potentiometer for electrically measuring 
depth of penetration. In this study vertical load capacity and penetration 
rates were about the same as those for the standard penetrometer. Con-
tinuous records of Cl's and penetration depths were made with an X-Y re-
corder. Fig. 8 shows examples of recordings for four penetrations made 
at one location on a test lane. 

Multiprobe Penetrometer 

Soil strengths were also determined by the multiprobe penetrom-
eter, the device shown in fig. 9. The device can be used on standard pene-
trometer shafts by simply replacing the cone with the multiprobe plate. 
Penetration is limited to a maximum of 1-3/4 in. below the surface, which 
is the height of the individual probes. The probe tips have a total base 
area of 0.5 sq in. Nine individual probes, each with a tip diameter of 
0.266 in. (area of 0.056 sq in.), are uniformly spaced in the base plate. 
The individual probe stems are smaller in diameter than the tips to mini-
mize stem-soil friction during penetration. For this program the meas-
urements were made and recorded and data were reduced in the same 
manner as that for the recording penetrometer. Values were read from 
the recorder traces at 1/4-in. vertical intervals from 1/4 in. below the 
surface to a depth of 1-3 / 4 in. 

Cohron Sheargraph 

Soil strengths were also measured with the Cohron sheargraph 
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(fig. 10), a hand-operated shear device utilizing a coiled helical spring 
system for measuring axial and rotational forces. Several different shear 
heads are available for this device, but the two used in this study were a 
vaned head and a smooth, rubber-coated head, both having a 2-sq-in. end 
area. One end of the spring is attached to the shear head and one to a 
metal stylus. The stylus responds to the yielding of the helical spring in 
both the vertical direction and in torsion, and it traces the response onto 
pressure-sensitive graph paper mounted on a drum attached to the handle. 
Selected normal stresses up to 20 psi (approximate capacity of instru-
ment) can be applied to the handle, and the instrument is rotated until 
shear failure occurs in the soil. Shear failure may be abrupt with the 
vaned shear head but is usually gradual with the rubber head. Through 
use of the chart obtained from the sheargraph, linear relations of best 
visual fit for shear stress (approximating peak shear) versus normal 
stress can be developed. In this study these relations were used to obtain 
values for the effective cohesion ( c for rubber head and c for vaned · r v 
head) and internal friction angle (cf>) of the soil being tested. Shear stress 
values (S for vaned head and S for rubber head) were then computed v r 
for the contact pressure N of the vehicle by Coulomb's equation: 

S =c +Ntancf> r r r 

S =c +Ntancf> v v v 

Mark II Soil Truss 

The Mark II soil truss (fig. 11), designed by the U.S. Naval Civil 
Engineering Laboratory to obtain measures of the effective coefficient of 
cohesion and the effective angle of internal friction of in situ surface 
soils, was also used in this program. The instrument consists of two 
pivotal legs attached to a collar that operates vertically on a calibrated 
loading cylinder. Application of a vertical force on the cylinder is trans-
ferred through normal and shearing components to an anchored shoe on 
one leg and to a shear device on the other leg. By attaching one of several 
specially designed rubber-coated skis (shoes) or center-load tare (shear 
box) shear devices, the soil surface can be made to shear horizontally 
when load is applied vertically on the handle. Normal load range is be-
tween about 10 and 110 lb. The legs can be set at angles between 30 and 
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60 deg. For a given test condition, at least five measurements are made 
of shear at different combinations of loads and leg angles. The load and 
angle readings are then transferred to field charts, a sample of which is 
shown in fig. lZ. A line of best fit is then drawn through the measured 
data points to develop the envelope of failure for the particular soil con-
dition tested. Measures are then obtained of coefficient of cohesion ( c s 
for the rubber ski and ct for the shear box) and angle of internal friction 
(<!>). In this study shear stress values ( S s for rubber ski and St for 
shear box) were computed for contact pressure N of the vehicle by 
Coulomb 1 s equation: 

S =c +Ntan<I> s s s 

Friction Wheel 

Soil strength measurements were made with the friction wheel 
shown in fig. 13. This device is designed to measure the shear resistance 
of in situ soil produced by the rotation of a smooth, hard, rubber wheel 
11.8 in. in diameter and Z in. wide. (1) The friction wheel was originally 
mounted in a portable frame for field use. In the tests reported herein the 
wheel was attached to a counterbalanced beam center-pivoted so that it 
could be made to just touch the soil surface (zero load on the wheel) for 
calibration purposes, and a desired constant vertical load could be applied 
during testing. Measurements were made of torque, angular displace-
ment, and sinkage of the wheel during two revolutions (7ZO deg). These 
measurements were made with wheel loads o~ 5, 20, and 35 lb and were 
electrically recorded on an X-Y recorder. A record of tests with a 35-lb 
load is shown in fig. 14. By combining three test parameters (torque, 
radius of wheel, and contact area of wheel), an index of the shear strength 
(traction index, TI) of the soil measured by the rotating wheel was com-
puted for each load using the following equation: 

(l)Meyer, M. P., "Comparison of Engineering Properties of Selected 
Temperate and Tropical Surface Soils,•• Technical Report No. 3-732, 
June 1966, U.S. Army Engineer Waterways Experiment Station, CE, 
Vicksburg, Miss. 
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where 

tor ue in. -lb) 
TI (psi) = radius o wheel in. X contact area sq in. 

contact area =width of the wheel (2 in.) x the arc length of the 
wheel in contact with the soil after 720-deg 
rotation 

torque = average torque for 720-deg rotation 

A plot was then made of friction wheel contact pressure (varies 
with load and sinkage as well as torque) for each test (fig. 15). To obtain 
TI for the test, a line of best fit was drawn through the data points and TI 
was read from the line at the contact pressure of the vehicle. 

OPTIMUM TRACTIVE COEFFICIENT (OPT TC) 

The drawbar pull-slip curves that were developed in this inves-
tigation had many different shapes. It was desirable to select a drawbar 
pull value for each test that, by definition, would be consistent for all tests 
and that could be used to establish correlations with soil strength as 
measured by the various measuring devices. The value selected, opt TC, 
is based on criterion of maximum work output (WOC) during a specific 
drawbar pull-slip test. A woe curve is developed from the tractive co-
efficient (TC) curves as shown in the ex~mple in fig. 16. The slip at 
which maximum woe occurs is termed optimum slip and the tractive co-
efficient at this slip is termed opt TC. WOC is an arbitrary index of ef-
ficiency defined as the ratio of "work output" to "work input" where work 
output is drawbar pull (D) times the distance the vehicle travels (S) in the 
time interval (t) and work input is the weight of the vehicle (W) times the 
distance the wheels travel (L) in the same interval (t), or 

and since 

and 

or 

_ D(S t 
woe - W(L t) 

D w= TC 

slip= 1 - t7~ 

~ = 1 - slip 
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then WOC = TC (1 - slip) 

DRA WBAR PULL-SLIP TESTS 

Drawbar pull-slip data were plotted and an average curve was 
drawn for each test. Examples are shown in fig. 17. As indicated by the 
examples, on dry, firm surfaces drawbar pull increased rapidly with in-
creasing slip up to about ZO% slip but remained about the same for the 
rest of the slip range. On soft, weak surfaces the drawbar pulls were 
low and maximum pulls were not obtained until about 70% slip. In some 
cases the data points between 80% and 100% slip indicate sharp increases 
in pull when compared with pulls at lesser slips. This probably occurred 
when the tires dug through wet surface layers and gained traction on firm 
soil beneath. 

EFFECTS OF SURFACE CONDITIONS ON DRAWBAR PULL 

Examples of the effects of surface conditions on drawbar pull are 
shown in fig. 18. For the most part, when a dry surface is sprinkled or 
flooded surface strength decreases. The examples in fig. 18 show a de-
crease in drawbar pull with a decrease in the sheargraph shear-stress 
measurements S • When all tests were considered, however, data were r 
insufficient to categorize, quantitatively, the effects of surface cover, 
soil type, surface treatment (flooded, sprinkled, etc.), or effects of pre-
pared versus natural surfaces on drawbar pull. As mentioned above, 
however, differences in drawbar pulls brought about by differences in 
surface conditions are generally reflected in surface strengths. 

RELATIONS BETWEEN OPT TC AND SOIL PROPERTY MEASUREMENTS 

Opt TC was determined fo1· each test in the manner described 
earlier. For the preliminary analysis, plots were made of opt TC versus 
soil property measurements. This involved many plots since two tire 
patterns and two tire deflections were tested and soil measurements were 
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made with the cone penetrometer (surface, 1-, Z-, and 3-in.-depth read-
ings), multiprobe penetrometer (1/4-in. increments through 1-3/4-in. 
depth), sheargraph (rubber and vaned heads), soil truss (rubber ski and 
center-load tare), and the friction wheel. Of the 105 tests conducted, 50 
(nearly one-half) were conducted with treaded tires at 15% deflection; 
therefore, results of these tests generally were examined for best corre-
lations between soil strength measurements and opt TC. 

Opt TC Versus Cone Index (CI) 

The preliminary analysis of data indicated that relations between 
opt TC and CI at all depths were poor; however, the surface CI (CI0) value 
appeared to have a better correlation with opt TC than CI at other depths 
and is therefore shown in fig. 19. CI0 values above 300 were plotted on 
the 300+ line since it was felt that soils with surface strengths between 
300 CI and maximum capacity of the instrument (750 CI) would have unde-
tectable effects on opt TC. It can be seen by the spread of opt TC values 
along the 300+ CI line that effects of thin surface layers on opt TC are not 
measurable by the cone penetrometer. 

Opt TC Versus Shear Stress 
as Measured by Soil Truss 

The shear box device was not suitable for measurements of sur-
face layers except perhaps for sand. Shear stress values with the rubber 
ski (S ) showed the best correlation with opt TC (fig. ZO). However, for s 
very soft surface conditions shear occurred without normal load, indicat-
ing the instrument itself was too heavy for some conditions. 

Opt TC Versus Traction Index (TI) 

Because the friction wheel was difficult to move from test area to 
test area, insufficient data were collected to correlate with opt TC. 

Opt TC Versus Multiprobe Index (MPI) 

Preliminary analysis of data indicated that relations between opt 
TC and MPI were best for MPI at the 1/4-in. depth (MPI1; 4> (fig. Zl). 
There is, however, some scatter in the data. 

Opt TC Versus Shear Stress as 
Measured by the Sheargraph 

The vaned shear head produced maximum shear stresses that 
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exceeded instrument capacity, particularly on firm, dry surfaces. Shear 
stress values measured with the rubber head (Sr) showed reasonably good 
correlations with opt TC (fig. 22). 

TENTATIVE CURVES FOR PREDICTING OPT TC FROM MPI1/ 4 AND Sr 

As indicated by the example plots (figs. 19-22), the multiprobe 
penetrometer and sheargraph with the rubber head gave the best correla-
tions with opt TC. Average curves were drawn through the data points for 
each tire pattern and tire deflection for MPI1; 4 and Sr. Analysh of 
these curves resulted in development of tentative equations for predicting 
opt TC based on deflection (expressed as a decimal), MPI1; 4 , and Sr as 
follows: 

For treaded tires 

Opt TC = 0.04 x deflection °· 195 x MPI~j~45 

Opt TC= 0.265 (deflection X Sr)0•815 

For smooth tires (Sr only) 

Opt TC = 0.265 [(deflection X Sr) - 0.47] 0•815 

COMPARISON OF MEASURED AND PREDICTED OPT TC 

Comparisons were made of measured and predicted opt TC 
values from the equations above. The comparisons are shown below: 

Total Percent of Data Avg Deviation of 
Soil Strength No. of Points Within Predicted Data from 

Value and Tire Data :t:0.10 Opt TC of Measured Data in 
Pattern Points Predicted Points Terms of Opt TC 

MPI1; 4 , tread 65 63 0.15 

s r, tread 80 60 0.11 

s r • smooth 22 63 0.09 

Avg 62 0.12 

Once sufficient data are collected to establish the quantitative effects of 
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surface cover, soil type, etc., on surface strength measurements, the 
deviations shown above can be reduced. 

CONCLUSIONS 

Data were insufficient to determine quantitatively the effects of 
surface cover, soil type, surface treatments (sprinkled, flooded, etc.) or 
effects of prepared versus natural surfaces on opt TC. Obviously, how-
ever, different surface conditions did affect opt TC values in that dry, 
firm surfaces yielded the highest opt TC values; but when these surfaces 
were sprinkled, flooded, or covered with mud, opt TC values were reduced 
considerably. For the most part, the reductions in opt TC values are re-
flections of reductions in surface strengths. The multiprobe penetrometer 
and the sheargraph show the most promise as instruments for measuring 
surface strength. However, other instruments should not be completely 
ruled out until other surface conditions and vehicles are tested. 
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Fig. 1. Prepared test lane in WES building 

Fig . 2. Unsurfaced road .. 
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Fig. 3. M37 3/4-ton truck 

Fig. 5. Smooth tire 
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Fig. 4. Standard nondirec -
tional tread tire 



Fig. 6. Standard cone 
penetrometer 

Fig. 8. Profiles obtained 
with hand-operated record-

ing penetr ometer 
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Fig. 9. Multiprobe penetrometer 
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Fig. 10. Cohron shear graph 
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Fig. 11. Mark II soil truss with rubber -coated ski 
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Fig. 12. Field chart for soil truss 
with large rubber ski 
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Fig. 17. Examples of test data and average 
curves of drawbar pull-slip 
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