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OBJECTIVE

The object of studies reported herein is the experimental verification
of the dimensionless parameters developed in Ref. 1 when applied to powered
model wheels of different diameter and aspect ratio operating in a typical
Michigan farm soil.

In addition work is reported on the development of a combined radial
and shear load transducer capable of operation in the model wheels employed
in the above dimensionless work and possessing the desired degree of accuracy
for the scale models employed.

XV






ABSTRACT

This report covers experimental results obtained in an attempt to verify
the ugefulness of similitude studies for soil-vehicle analysis work when em-
ploying rigid powered wheels in a typical Michigan farm soil possessing both
cohegion and friction.

A range of wheel diameters and aspect ratios was tested with wheel slip
from -50 to +100% approximately.

It was impossible with present knowledge to control all parameters in-
volved to a sufficient degree to keep the dimensionless expressions constant,
hence complete gimilarity was not obtained.

However, the results obtained for some of the coefficients appear to
be sufficiently close, when plotted in the dimensionless manner, to indicate
that, given complete control of the factors, the similitude relationships
will prove a very useful tool.

Some factors appear to be relatively insensitive to the parameter which
could not be controlled, in which case the tests grouped in a satisfactory
manner. Others were gpread sufficiently that a definite conclusion could
not be drawn.

The tests also showed that the soll properties themselves need some
further clarification when the ratio of the depth of soll to bevameter foot-
ing falls below a certain value. In this range soll properties appear to
vary with soil depth, moreso when using a farm soil than when sand was the
medium being tested. This raises the point as to what soil values should be
empleyed in calculating the results.

The measurement of radial and shear loads on a very small surface of a
rigid wheel are algo reported. The first results indicate that a successful
piece of equipment cculd be produced for this purpose given additional time
and money to congtruct a second version of the model reported upon here.

Xviil






PART I






A. INTRODUCTION

This report is one of a series (Refso l,2,5,h) covering the application
of dimensional analysis and similitude testing to a soil-vehicle system.

The present report covers a serieg of tests employing the same range of
wheel sizes used previously, in the same typical Michigan farm soil; the dif-
ference in this case is in the application of power to the wheel to cause
varying degrees of slip under a range of loads and sinkages. The farm soil
was maintained at a constant moisture content of approximately 10% throughout
the tests. Under these conditions the soil had both friction and cohesive
properties; the average values of ke, ké, and n for soil in the tank were 1.09,
1.33, and 1.20 respectively. There is still considerable variation in the
soil constants between tests (Ref. 4).

In addition to constant moisture content, the ratio of soil depth to
wheel diameter was held constant at 1.56 (Ref. 2) to maintain the depth pre-
viouzly determined as satisfactory for operating conditions in sand. IFurther
tests are needed to determine if this same ratio applies to typical Michigan
farm soil.

For convenience, the relationships employed between the model and proto-
type are repeated below and remain as developed in Ref. 1.

(1)
() = (=)

an*Sed g dn”‘"%%

ke _ . ke (-
(3 Kgpp (5 ké) _ (2)
d, _d
(B)p (D)m (3)
(d)p = (@) m (L)
(We = W (5)



The functional relationships between dependent and independent dimen-
sionless variables are:

R = f2( W ke D (4 | (8)
W %dn-}-%{éb (d k¢ ); (a‘): (d)) (U-)) ( )) ( )E
T = /[ W ke D .
ﬁ f{\dl’He kgé), (d kgg)’ (E)) (7); (U-): (n): (l>j (9)
= ( W R k.C 2 n i %
Z/d f{dn+%{¢ ),) (d k;é), (d)) (7)) (U); ( ); ( ) ? (lO)

The following pages record tests aimed at demonstrating the validity of
the relations expressed by Egs. (8, 9, and 10) for powered wheels in a typical
farm soil.



B. PROGRAM

The program for the work under review followed these steps:
1. Measure the soll moisture content during each tesgt day.

2. Obtain the Bekker soil values at frequent intervals throughout the
tests and during each series of tests.

3. Conduct tests under various loadings for drag, sinkage, torque,
slip, ete., with at least two sizes of wheels, viz., 12.5 in. and 8.56 in.
diameter, as employed previously, with aspect ratios of 0.27, 0.52, and 0.84
for each diameter.

L., From the results of item 3 calculate the dimensionless parameters,
plot and examine results.

In addition, the program was begun for developing a shear measuring in-
strument combined, if possible, with a radial component as used in Ref, 6.
After some preliminary tests, a design was developed combining the radial
and shear elements which were believed would permit the determination of the
total forces on a small element of the wheel surface during rotation under
load at all conditions of slip, sinkage, etc. In addition, provision was
made for traversing the pick-up across the face of a large aspect-ratio wheel
to ascertain the magnitude of the end effects, if any. This instrument was
available for installation and test in the wheel shortly before the end of
the present contract.



C. SCOPE OF TESTS AND METHOD OF OPERATION

Equations (1-7) show that if all variables were systematically varied
over a reasonable range of valueg an enormous amount of testing would be
involved, because the soil valuesg, also a function of moisture content,
should be included.

To approach this problem in the limited time available, we decided to
limit the scope to one moisture content as a starting point. A moisture con-
tent of 10% was selected because the change of soil properties with moisture
was of small magnitude at this point, as can be seen from Fig. 1, which shows
the results of soil box tests. This moisture content provided experience with
the problem of moisture control of the large mass of soil in the tank, because
tests with a reasonable variation of moisture but with little accompanying
change in soil values could still fit into this program. Six hours are re-
guired to determine the moisture content of the soil; during this time the
soil bed is gradually changing its moisture, of course. As a result of some
experience, the procedure was to add the estimated amount of water uniformly
throughout the bed before tests began, cultivate as necessary to spread this
throughout the soil, then sample for the moisture content and proceed with
the test runs while the actual moisture content was being determined. Occasion-
ally this method resulted in too high or too low a water content, but tests
were considered acceptable if the final water content was between 9-11% approxi-
mately. After some experience, we were able to hold moisture to within 9.5 to
11.5% in general. (See Figs. 2a and 2b for the test results taken during runs
in the tow tank itself.)

The wheel slip was varied from about -50% to +lOO%, the slip being cal-
culated from Eqg. (11)

Vo=V
i = X2 x 100% (11)
Va
where
i = nondimensional slip coefficient, o/o
v,, = theoretical forward speed of wheel for no slip in fps
= peripheral velocity of surface of wheel in fps, and
vq = actual forward velocity of wheel axle in fps.

With the above nomenclature a negative slip corresponds to braking the
wheel, skidding relative to the ground in the direction to decelerate the



carriage, producing a drag agalinst the motion; while a positive slip cor-
responds to the wheel skidding to accelerate the carriage, producing a force

in the direction of motion. With this system v, can be any value desired, e.g.,
three times that of vy, the axle speed, which results in a slip of +200%, but
for a locked wheel v, = O, and only 100% negative slip is possible without re-
versing the direction of rotation of the wheel.

Equations (l~7), which must be fulfilled for similitude, show that in
the case of Eq. (l), for given valuesg of ké and n, we have

(ta) = (o) - (1)

$ m

Using the same schedule of loads for the 1.04-ft wheel as in Ref. 3, then for
the 0.71L-ft diameter wheel the equivalent loads should be as follows when n
= 1.20 and k¢ = 1.25:

1-04 ft-wheel, 1lbs 100 60 Lo 20 10

0.714 ft-wheel, 1lbs 30.0 18.0 12.0 6.0 3.0

Weights were available for the schedule of 33.0, 20.0, 13.0, 6.25, and
3.25 from the work of Ref. 3, and cross plots will be made from which the re-
guired readings for the exact load coefficients, drag, etc., can be read for
any or all conditions and, if necessary, allowance made for the small varia-
tions of ké and n during the tests.

Considering Eq. (2), then

(o) - (ke 2)

To fulfill this relation with the 12.5-in. and 8.56-in. wheels kc/ké
for 12.5 in. wheel = (1.L46 kc/k¢) for the 8.56-in. diameter. Such a change
of value for kc/k to maintain this equality does not seem out of order if
Refs. 4 and 5 are studied, however the means to effect this change of soil
values has not been investigated with soll of the type under consideration.
The work of Refs. L and 5 was conducted with sand and its modifications, aiso
with a magnetic material, barium ferrite. To establish such a range of wvalues
for kC/k¢ as indicated above for the farm soil would involve considerable ex-
periment. We decided to proceed without change of soil properties, irn other
words neglecting Eq. (2) for the time being, and to ezstablish the degree of
variation between the tests without such control. Thkis should at least pin



down the degree of influence that the relation of Eq. (2) has on the results.

One other important factor in this study is that given by Eq. (3), which
has been shown to exert considerable influence upon the results (see Ref.?2).
In the tests being discussed the ratio of wheel diameter to soil depth was
held constant at 1.56, the same as that found to give satisfactory correla-
tion in Ref. 2; this however doesg not necessarily give the same correlation
for the present soil because sand was used previously. The effect of varia-
tion of d/D should be tested with the Michigan farm soil.

In the tests under review a soil depth of 8 in., giving a d/D = 1.56 for
the 12.5-in. wheel, was the greatest that could be employed with the present
equipment. Any greater depth resulted in a large amount of soil being thrown
out of the tow tank during soil preparation procedures. A change of equip-
ment would therefore be involved if the effects of d/D are to be investigated.

Another factor appears, which is a side effect of the d/D ratio: Which
set of measured soil properties are to be employed in any invegtigation?
This question arises directly from the change of soil depth with wheel dia-
meter. For the 12.5-in. wheel, the value of D is 8 in.; for the 8.56-in.
wheel, the value becomes 5.5 in. With the soil depths indicated, the same
depths used when investigating sand, a distinct change was observed in some
of the soil parameters when using farm soil with change of depth which was
not obsgerved for the sand. It can be concluded that the farm soil is sensi-
tive to the depth above hardpan of any sort, while the sand continues to
flow round the footing more easlily in shallow depths than does farm soil.
The actual change of these magnitudes is given in Table I for the average
moisture conditions employed in these tests.

TABIE T

EFFECT OF SOIL DEPTH UPON THE SOIL PROPERTIES

8.0 in. 5.5 ins
Ko 1.07 1.27
kg 1.3 3.h
n 1.2 1.25
ke/ké 0.82 0.37k

The main change is in the wvalue of k; which in turn affects kc/k¢° Using
these two sets of values in Eq. (2) yields the following:



ko = 0.82
— i
kg 105

146 kc/k¢ 856" 1*46 x 0°37h

= 0546
ke |
ke ; (M) g
kfé 12‘511

The difference in the ratio for prototype and model is not as great
as the ratio of the direct magnitudes shown in Table I, however there is suf-
ficient difference—0.82 to 0,546——that complete similarity and equality of
dimensionless coefficients cannot be expected unless the effect of the factor
kc/dké is of small magnitude as far asg the dimensionless factors are concerned.
If correct conditions are to be obtained, both ké and kc/ké should be changed
considerably with but small effect upon Lo

Each of the relations Egs. (4-7) can be fulfilled easily: the wheels of
varylng diameter can be made with the same aspect ratio &; the soil, if un-
changed by moisture variations or soil depth, has the same u and n; while the
slip i is capable of variation over the same wide limits in each wheel size.

The result is that the similitude relations Egs. (1-7) can be fulfilled,
with the exception of Eq. (2), plus that extra item of soil depth effect on
soil wvalues.

The tests were thus conducted to verify the validity of the similitude
parameters, using rigid aluminum wheels operating in typical Michigan farm
soil. The wheel diameters, loads, etc., are ghown in Table II; the glip was
varied from -50% to +100% approximately; and the drag, tordque, sinkage, etc.,

were recorded for a soil moisture content of about 10%.

TABLE IT

WHEEL SIZES, ASPECT RATIOS, SOIL DEPTH, AND LOADS USED

Whee} dia., Aspect Ratios Ipadsy oo:Ll‘Depth.y
in. lbs in.
12.5 0.27,0.52,0.8k4 10,20,40,60,100 8.0
8.56 0.27,0.52,0.84 3.25,6.25,1%3.0,20.0,33.0 5.5




D. TEST RESULTS

The above program was carried out, and, over the period of testing,
the moisture was controlled within the limits of 9.3 to 1106%3 the majority
of the readings being in the 9.8 to lan% range; periodic checks on the Bek-
ker goll values were also made and the averages used in the calculations.

Figure 3 shows the assigned directions of positive and negative forces
and torques exerted by the soil on the wheel, where

Vg = forward velocity of the wheel axle or carriage in fps;

Vy = peripheral velocity of the wheel in fps = Emf-fps;

d = diameter of wheel in in.;

& = angular velocity of wheel, rad/sec

R = resultant horizontal force on wheel due to the earth, -ve asg
a drag on carriage, +ve as a driving force;

T = torque exerted on wheel ft/lb, -ve when V., <Vg, *ve when Vﬁ>Vé,

The nomenclature for Fig. 3 results in a drag such as that provided by
a towed load's being negative, a powered wheel giving a drawbar pull becomes
positive. A driving torque applied to a wheel is positive, a braking one
negative.

The results obtained for each wheel diameter are divided into two
groups: Group 1 consists of the fundamental recorded data for the 12.5-in.
wheel plotted directly from the test results (Figs. 4-12). Cross plots of
this material are shown in Figs. 13-21, plotted on a wheel-load base which
permits some correction of observed data and at the same time permits any
load condition to be read from the graphs. Obsgerve that the load coefficient
w/dn+2k¢ is, for a given soil and moisture content when n and k4 have fixed
valuesg, a function of the load. Then the horizontal axis of Figs. 13-21 can
also be an axis of load coefficient. The scale for this coefficient has been
added to each of the above diagrams. ‘

Figures LO-L45 show the corresponding set of Group 1 observed data for
the 8.56-in. wheel; Figs. L6-51 are the corresponding cross plots. As before,
load coefficient scales have been added.

Group 2 consists of the results obtained by calculation from the data of
Group 1. The calculations for sinkage coefficient, drag coefficient, and tor-
que coefficient are plotted on both slip and lcad axes, and are shown in Figs.
22.39 for the 12.5-in. diameter wheel and in Figs. 52-63 for the 8.56-in. dia-
meter wheel. Again when the horizontal axis is load, it has also been plotted
ag load coefficient.

10



E. DIMENSIONLESS PARAMETERS

A third set of parameters, which are dimensionless, have been plotted
with the aid of Figs. 4-63. One can plot various groups of the dimension-
lesg coefficients on an axis of slip coefficient (dimensionless) for constant
values of the load coefficient w/dn+2k¢, or gimilar constant slip curves on
an axis of load coefficient.

In Eq. (8), for example, theory states that R/w,would be constant if the
right-hand side of this equation were also constant. The first term of this
right-hand side—the load coefficient--can be maintained constant because R/w
can be obtained, from the curves, for any selected value of the load coeffi-
cient. The second term has already been discussed, and at present cannot be
maintained constant. The remaining items, by adjusting the reguired condi-
tions, or because they are constants for a given soil, have been maintained
at a given value, at least to a first approximation. These items will be con-
gidered in turn:

D/d = soil depth to wheel diameter; constant by adjustment of D for
each value of wheel diameter employed.

a = aggpect ratio; constant by use of the correct wheel dimensions.

8 = coefficient of friction; should vary but little with change of
wheel size, provided moisture is constant.

n = ginkage index; changes slightly with soill depth and moisture

content (see Table I). No means yet available to keep it
exactly constant without also affecting the values of k. and

kéo

i = wheel glip coefficient; can be kept constant by reading the
appropriate values from the curves.

From the data, we can thus state that except for the second term, R/w,
T/wd, and z/d can be plotted on a dimensionless basis.

Figures 64-85 plot these terms on a slip base for various values of the
load coefficient; plots on a load coefficient base for the average drag and
torque coefficients for the two sizes, at various slips are given in Figs.
86-88. One exception however is the torgue coefficients for o = 0.27 for the
two wheel sizes, shown in Figs. 78-80; these are so widely separated that no
averaging is justified. These results thus throw doubt as to whether Figs.
86-88 represent a true condition. These average diagrams have been plotted

11



on the assumption that at the same load coefficient the 12.5- and 8.56-in.
wheels zhould have the came drag coefficient, etc., if the other terms are
conatant; thus the use of the average value of the two sizes. But, as pointed
out, in the light of Figs. 78-80 a preferred plot of the data handles the two
diameters separately; this approach is shown below.

If all the points of Figs. 78-80 are plotted on one graph (Fig. 89),
and one curve can now represent almost all of the data for the 12.5-in.
wheel but nct the 8.56-in. wheel, the result is that a plot on a base of
load coefficient becomes that shown in Fig. 90; i.e., torque coefficient for
each given diameter remains constant at some slips for the range of load co-
efficients covered, but there ig a wide variation between the results for the
two wheel gsizes.,

Reexamining Figs. 81-83 in this light indicates that the same results
could be obtained with these data for o = 0.84 and 8.56-in. and 12.5-in.
wheelg, in place of Fig. 88. The revised diagrams are shown in Figs. 91
and 92. The results for the two diameters at each slip for this aspect ratio
are grouped closer together than in Fig. 90, but can still be shown as two
separate sets of curves in place of the theoretical single one. Figure 92
shows up the differences made by the averaging of Fig. 88.

Considering these data for the torque coefficient redirects attention
to Figs. 86 and 87, and the guestion can be asked "Does the average plot for
the 12.5-in. and 8.56-in. wheel for each slip represent a single nondimensiona
curve or are there two curves, similar to Fig. 90, for the torgue coefficient?
Admittedly, the data for drag do not change so much as for torque, perhaps
because kc¢/dk4 has a smaller effect on drag.

For sinkage results, Figs. 93 and 94 plot sinkage coefficient versus
load coefficient.

12



F. DISCUSSION

Examiration of the results plotted in the dimensionless manner, i.e.,
the various coefficients on a slip or load coefficient base, permits certain
observations.

From Egs. (8-10), one would expect the coefficients to plot dimensgion-
less provided the right-hand side of the equations are constant. The in-
ability tc keep the second term kc/dké constant has already been discussed.
In addition, the tests were conducted at two values of &, the asgpect ratio.
Neglecting the first, it follows that two sets of dimensionless curves should
result, one ‘for each aspect ratio. Taking the various curves in turn we will
examine what has actually happened.

1. SINKAGE COEFFICIENT

The sinkage coefficients of Figs. 70 and 71 on a slip bage, and Figs. 93
and 94 on a load coefficient base, show a distinct similarity in as much as
two separated sets of curves occur at each aspect ratio. According to Eg.
(10), Z/d should be constant when all the factors on the right are constant.
The diagrams under discussion show great separation of the pointg for any
given value of the load coefficient. It follows that the effect of kc/dk¢
is considerable in this case; in addition, perhaps the soil values resulting
from depth (shown in Table II) are entering the picture. The change in shape
of the curves, straight lines for the 12.5-in. wheel and curves for the 8.56-
in. one, could also be caused by the effect of the bottom of the tark, despite
d/D being constant. In fact, Z/d will, given sufficient load, reach a limit-
ing value as t7e load coefficient increases, because the wheel will eventually
rest or the tank bottom. The data for the 8.56-in. wheel then may already be
reflecting this effect. With lower load coefficients relative to this limit-
ing value, these curves could become straight lines, the same as those for
the 12.5 in. wkeel. Indications point in this directiorn.

Regarding dimensionless parameters for the sirkage. Trne work pregented
kere has rnot established their existence, not because they are nonexigtent,
but because of insufficient control of the various factorg affecting the re-

sults.

2. DRAG CCEFFIZIENT

The drag coefficients (Figs. 72-77) for & = 0.27 and 0.8L for the two
whieel sizes plotted for load coefficients of 5, 10, and 15, show congiderable



similarity. The two curves on each diagram should, theoretically, be identi-
cal. At slips greater than iBO%, reasonable plotting occurs; only in the
range of ilO% glip is there serious divergence.

Figures 86 and 87 show the average drag coefficient for the two wheel
diameters at each value of glip plotted against load coefficient.

If one could have included the effects of kc/dké in these results, pos-
sibly the plotting could have been improved.

Figures 8L and 85 show all of the points for & = 0.27 and 0.84. From
these plots one could almost say that drag coefficient is independent of load
coefficient for each value of the slip, because diagrams similar to Figs. 86
and 87 would now consist of a series of straight lines parallel to the load-
coefficient axis. Once again the effects of the missing factor should be ob-
tained before giving a positive result. However, the indications are that
regsonable dimensionless data have been obtained under the limited conditions
of the test.

3. TORQUE COEFFICIENT

The plots of torque coefficient shown in Figs. 78-80 for o = 0.8k, show
greater differences with respect to aspect ratio than did the plots of drag
coefficient; aspect ratio has become a more dominant factor.

The data of Figs. 78-83 have been superimposed on Figs. 89 and 91 for
each of the aspect ratios. In Fig. 89 the points for all load coefficients
of the 12.5-in. wheel almost coincide except at the large negative slips,
while the 8.56-in. data coincide at low slips and separate at positive values.

For Fig. 91, three curves can be drawn for each wheel diameter, though
the difference between them for each wheel size is relatively quite small.

In evaluating these diagrams it must be remembered that variations in
moisture content of the soil between the tests has some effect on the results.
Allowing for these variations, one is inclined to state that torgue coeffi-
cient is almost independent of load coefficient, but is dependent on the slip,
aspect ratio, and wheel size.

Figures 90 and 92 have been plotted from a dimensionless standpoint; if
the results were completely dimensionless the lines for the 12.5-in. and 8.56-
in. wheelg at -50% slips should be identical. Similarly the solid and dotted

1icas fQr all qther slins shauld calunceidas

In fact, this is far from the truth; the differences are relatively
small for o = 0.84, but are great when @ = 0.27. One could conclude that

1k



the factor kc/dk¢ has a greater effect at small aspect ratios.
In the case of the drag coefficients shown in Figs. 84 and 85, there is

also a distinct shift with aspect ratio. In this case the drag coefficient
increases with the aspect ratio, at least in the positive slips.

15



G. CONCLUSIONS

The work under review has failed to pin point definitely the dimension-
less relationships, but has shown that the differences encountered have, in
some cases, been small. When a little license is taken with the observed points
and an average used, the gap between the usual two curves for each of the load
coefficients is relatively small and & single curve can be drawn. In other
cases this difference is great; some factors appear to be affected much more
than others by the parameter kc/dk¢; this of course assumes that Eqs. (8-10)

apply.

In some cases, such as the torque coefficient curves of Fig. 89, the value
at this coefficient is independent of the load coefficient over a considerable
portion of the range, for example, when the slip was from 0% approximately to
+100% and the wheel diameter was 12.5 in. But this same torgque coefficient
factor is not equal for the two wheel sizes for any given load coefficient;
the difference is too great for an average value to mean anything. Such cases
reflect the absence of control of kc/dké. With such control, plus constant
soil values irrespective of soil depth, one could draw some conclusions about
the validity of Egs. (8-10) for the farm soil in question.

This report brings up the problem of the effect of soil depth in the tank
relative to wheel size. To eliminate this problem would require a much deeper
tow tank, which in turn would involve establishing experimentally the ratio
of wheel size to soll depth parameters. From the present tests one can con-
clude that farm soil behaves quite differently from sand when exposed in given
depths cver a hard surface and tested for Bekker values with the same sgize
equipment. Apart from increased soil depth, one other solution would be to
coordinate the. dimensions af the bevameter footing to the demth and tyne of
soll.

If scale model tests in Michigan farm soil are to be carried out success-
fully, some means must be found of holding constant all the factors of Egs.
(8-10). This is our chief conclusion.

A second but equally important conclusion is that soil values must be
investigated to establish values when the depth over hard-pan is relatively
small compared to the wheel diameter. Indications are that soil values in
Egs. (8-10) will not be constant without greater soil depths than those pre-
sently used. To establish the validity of the dimensionless parameters will
probably require a relatively great depth of soil so that the wheel size will
in all cases be small relatively, and the method and penetrator for the soil
values for various wheel sizes will give the same soill properties irrespec-
tive of goll depth.
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PART II






A. SHEAR TRANSDUCER

To understand the effects of load, soil, etc., on the performance of
a wheel one must know the total resultant forces acting on the surface of
the wheel. Measurements were made of the radial load on a small element of
a wheel's surface when operating in sand (Ref. 6). These measurements pro-
vide only part of the required information; in addition to the radial load
a tangential force component relative to the wheel surface must provide the
tractive force between the wheel and the ground.

Theoretically the total load-carrying capacity of the wheel can be de-
fined in terms of the combined radial and tangential forces in a manner similar
to the resultant Llifting force of an airfoil or the resistance of a ship's
hull. Any reasonably simple, theoretical relationship between wheel drag,
sinkage, load, etc., cannot be determined unless the sum of the total forceg
on the wheel can be obtained and interpreted in some simple mathematical man-
ner. Thus for a complete analysis, the shear force must be determined as
well as the radial one for all points on the surface in contact with the ground.

A number of attempts have been made to determine this shear load; but
because in all cases so far seen the load was measured on a relatively large
portion of wheel surface, average values only were obtained.

In this case we attempted to reduce to a minimum the surface area on
which the measurements were made so that the forces at a point could be
approached as closely as possible. The design provided a surface area of
1/16 sq in. on which both radial and shear loads could be determined simul-
taneously; the mechanism is described below.

19



B. DESCRIPTION OF APPARATUS

The fundamental element of the apparatus consists of a square element,
l/h in. x l/h in., of the wheel's surface supported so that it can move
freely in both radial and tangential directions over extremely small dis-
tances (about 0.003 in.) under the influence of the forces of the soil on
its surface. These movements are applied to the cores of two differential
transformers, one for radial movement and the other for the tangential direc-
tion. It follows that signals are developed proportional to these movements,
and the forces can be recorded individually.

The apparatus, shown diagrammatically in Fig. 95, consists of a frame-
work, A, fitted into the rolling surface of the wheel and provided with a
slot, B, into which the measuring surface, C fits. The measuring surface
consists of a rectangular element, 1/4 in. x 1/4 in., which forms part of
the wheel surface.

This surface i1s connected to a rod, D, pivoted at its upper end to a
block, E, held by two cantilever springs so that E 1s compelled to move in
a vertical direction only under the influence of the forces applied fo the
measuring surface. Attached to E is a rod on which the core of a differen-
tial transformer is mounted; thus any vertical movement of block E under the
control of the measuring surface and springs, F, can be calibrated and re-
corded in terms of a vertical load applied to the measuring surface. Because
the maximum resulting motion is small, about 0.003 in., there is a well-de-
fined linear relationship between force and displacement; thus the radial
load can be determined.

The tangential force on the 1/16 sqg in. area is opposed by the loads of
the two springs, G, and the resulting movement recorded by the differential
transformer, H. Again the small movements result in a linear scale; in addi-
tion the rod joined to the springs has great flexibility so that radial move-
ment does not disturb the individual results. Location of the measuring ele-
ment in the glot is affected by two linear ball bearings, shown in Fig. 95.

Two shoes, added to the surface in contact with the ground, are adjust-
able so that the circumferential clearance between them and the moving ele-
ment can be sget at a minimum value for the exclusion of dirt and still permit
the desired movement of the element.

20



C. CALIBRATION

When complete the instrument was placed in a calibrating stand, and
both radial and tangential loads applied to the surface.

The instrument proved quite sensitive, so much so that friction of
all parts had to be reduced to a minimum for a sufficiently accurate return
to the null position. The movements under calibrating conditions were trans-
ferred to a two-channel oscilloscope, and eventually sufficiently satisfactory
operation was obtained to permit a test in the wheel.

21



D. WHEEL TESTS

On assembly in the wheel, various modifications were necessary to pro-
vide for ease of adjustment, setting of zero, etc., because outgide settings
could not be transferred without maladjustments when in place.

On the first runs, the wheel rotated but not in contact with the ground.
Under these circumstances the recorder reflected the changing direction of
gravity on the rotating mechanism. This was overcome by correcting the balan-
cing mechanism.

Figure 96 shows an early run with a load of 40 1b on the wheel; it shows
the wave due to gravity as well as the high peak due to soil contact. The
change in the zero as well as the shape of the diagram is apparent. This
change was the result of dirt's entering the mechanism. The greatest force
on the 1/16 sq in. area indicated by the peak in the diagram, amounts to
about 3 oz for the radial load and to 2-5/h oz for the tangential load. The
variation of each rotation caused by the dirt is apparent. During this early
test, paper speed was kept at a minimum.

As a result of this preliminary run, modifications were made: +the mech-
anism was correctly balanced, efforts were made to prevent entrance of dirt,
ete. Figure 97 shows a second rununder a 20 1lb load. Dirt remains a problem,
zero changes occur, etc., which throw considerable doubt on the accuracy of
the diagram.

Further efforts were made to exclude the very fine dust from the close
clearances; the best of the diagrams obtained is shown in Fig. 98. This was
taken at the first revolution of the run. Again zero change occurred, and
subsequent diagrams varied considerably with the entrance of dirt. Figure 98
indicates a maximum radial load of 9.7 oz with a shear of 2.4 oz, eguivalent
to 9.7 and 2.4 psi, respectively.

Many changes were made in an effort to eliminate the introduction of
friction caused by dirt's entering the moving element, all without success.
The soil had been cultivated so that it was well powdered, and even the pres-
ence of moisture tending to bind it together did not stop some particles en-
tering the clearance on the gides of the moving element even though this
clearance was about 0.0003 in. and its width in the radial direction eventually
reduced to about 0.010 in.

At this time the contract terminal date was reached and the work was
brought to a standgtill.
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E. CONCLUSIONS
The basic principle of recording both radial and tangential forces on
a small element of a rotating wheel has been demonstrated as a possibility.
The present apparatus suffered from the defect that the extremely fine
dust associated with the farm soil employed could not be excluded from the

mechanism with the design employed.

Judging from the initial early experiments, with sand as the working
material, the present design would be suitable for that type of soil.

In order to be successful with the farm soil a redesign would be
necessary, a design in which positive exclusion of dirt would be necegsary.
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(2) Soil value measurements at various moisture contents during 12.5-in.
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Fig. 2. Soil values determined with soil in tow tank during test.
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Fig. 95. Diagrammatic sketch of radial and tangential force transducer.
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