CONTRACY REPORT WO, 3-8

PHOTOELASTIC STUDIES FOR
VEHICLE MOBILITY RESEARCH

by

F. B Mellinger
J. 4. Hubbsed
R. L. Paters

Sponsored by

aaa
=

Directorete of Researck and Davelopment
U. S. Aimy Materiel Commend
Conduoted fo:

U S Aéu-y Enginesr Witerways Experiment Station
CORPS OF ENGINEERS
) Vieksbusg, Missiscipg!

S AL BCTENTIFIC AND by
NICAL INFORMABION | . ¢ oo ,
- rwigrertete ], Y. S. Ammy Eagineer Division \[

o ] ; Ohio River
T AAR
Chio River Division Laboratores
' Cincinnati, Dhio

far v Ry
WATE™A S aPLiiMENT STATION
079

C. R g%




Qualified roquesters moy obtoin copies of this report from DDC.

Destroy this report when it is no longer needed. Do not retum
it to the originator.

The findings in this report ere not Yo be construed os an official
Department of the Army position, unless so designated
by other authorized documents.




CONTRACT REPORT NO. 3-118

PHOTOELASTIC STUDIES FOR
VEHICLE MOBILITY RESEARCH

by

F. M. Mellinger
J. H. Hubbard
R. L. Peters

August 1965

Sponsored by

Directorate of Research and Development
U. S. Army Materiel Command
Project No. |-V-0-21701-A-046-03

Conducted for

U. S. Army Engineer Waterways Experiment Station

CORPS OF ENGINEERS
Vicksburg, Mississippi

by
U. S. Army Engineer Division
Ohio River
Ohio River Division Laboratories
Cincinnati, Ohio

ARMY MRC VICHSBURG MISS




PREFACE

The investigation reported herein was conducted in accord with the
request contained in letter from the U. S. Army waterways Experiment Sta-
tion to the Ohio River Division Laboratories subject, "Photoelastic Studies
for Vehicle Mobility Research" dated 3 January 1964, and indorsements
thereon. The study was part cf the research being conducted under DA Proj-
ect 1-V-0-21T01-A-Ok6, "Trafficability and Mobility Research," Task
1-V-0-21701-A-046-03, "Mobility Fundementals and Model Studies," under the
sponsorship and guidance of the Directorate of Research and Development,

U. S. Army Materiel Command.

These studies, which were conducted by the U, S. Army Engineer Divi-
sion, Ohic River, Ohin River Division Laboratories (ORDL), included investi-
gations of the mode of failure of gelatin under the influence of various
probe shapes, and the qualitative investigations of the state of stress
within the gelatin as affected by a moving wheel load with controlled slip.
Laboratory tests to determine the strength characteristics of gelatin also
were performed there.

ORDL personnel actively engaged with the planning, testing, analysis,
and report phases of the work were Messrs. F. M. Mellinger, R. L.
Hutchinson, J. H. Hubbard, R. L. Peterc, and D. J. Calvert. Principal con-
tact personnel at the WES were Messrs. G. W. Turnege, C. J. Powell, and
D. R. Freitag of the Mobility Section, Army Mobility Research Branch,
Mobility and Environmental Division. This report was prepared by
Messrs. F. M., Mellinger, J. H. Hubbard, and R. L. Peters, all of ORDL.
Messrs. F. M. Mellinger and J. M. Merzweller were Director and Assistant
Director, respectively, of the Ohio River Division Laboratories during
this study.
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The test procedures and techniques developed in the studies reported
herein provide a means c¢f chtaining photoelastic stress patterns for
moving wheel loads at controlled degrees of slip. Sufficient information
was developed to compute normal and shear stress distribution on planes
in the gelatin foundation within one-fourth inch of the contact surface
betwveen the moving wheel load and gelatin, if certain approximations are
made. PFurther study is indicated to accurately define the stress at a
point.

Concerning the action of the static and moving wheel loads on the
gelatin model, it was found that there was an increase in maximum shear
stress for the moving wheel load at O, +25%, and +50% slip over that of
an equivalent static wheel load. This increase in maximum shear stress
was due to & redistribution of normal stress at the wheel contact with
the gelatin. Also, the maximum shear stress under the action of the
moving wheel load was greater at O slip than at +25% and +50% slip.
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PHOTOELASTIC STUDIES FOR
VEHICLE MOBILITY RESEARCH

PART I: INTRODUCTION

Purpose

1. The purpose of this report is to present the results of photo-
elastic model studies, where gelatin (the photoelastic media) is loaded
and penetrated with model probes of nine different configurations, and
with a model wheel powered to operate on the gelatin surface under loed.
Results anticipated from these studies were: <the modes of failure of the
gelatin media when penetrated by the model probes and the stress distri-
bution therein, the applicability of the gelatin to simulate soil in the
model, and the relationship of the stress distribution under the moving
wheel load to that developed by the various probes.

Scope

2. Typical photoelastic stress patterns are presented for the
model probe loadings and the model of the moving wheel. Both still anmd
moving pictures, in black and vhite, of the stress pattern have been
selected and cover each phase of the study. Also presented are load
deformation data for the model probes up to the point of failure. This
is correlated with appropriate information from the photoelastic stress
patterns. Information is also provided on some of the pertinent physical
properties of the gelatin, preparation of the gelatin, testing procedures
and pertinent information on the definition and analysis of photoelastic
stress patterns. Part II of the report is concerned with the model probe
studies; Part III describes the model studies of the moving vheel.
Results are discussed, and pertinent conclusions are presented for each

study.




Analysis of Photoelastic Stress Patterns

3. Gelatin, glass, bakelite (temporarily), as well as certain
other plastics, have the property of becoming doubly refracting when
stressed. This property can be seen when a stressed model of such a
material is placed between the polarizer and analyzer of a polariscope
and viewed through the analyzer. A description of various polariscope
arrangements used for photoelastic studies is shown on pages 124-128 of
Reference 1. By using a circular polariscope andi a monochromatic light
source, a fringe pattern such as shown on Figure la is obtained. In this
case, a nominal l-inch thick section of gelatin, cast and contained bve-
tween two glass plates, is loaded on the surface by a rigid l-inch square
plate. The unit load is 1.84 psi. The grid system on the glass side of
the container consists of l-inch squares. The dark fringes are loci of
points cf equal maximum shear stress, P_;_Q, vhere p and q are the major
and minor principal stresses. The fringe order, which is marked on the
photograph of Figure 1, indicates the relative magnitude of stress for
any given fringe. If n is designated as the fringe order, then the maxi-
mum shear stress indicated by a fringe 1is:

2?.:11-' (1)

vhere
2F 1s the fringe calibration value for the model. In this
case and for all models discussed in this report, 2F « 0.128 pei.

4. Methods for determining fringe values for model materials are
glven on page 160 of Reference 1. In the case of gelatin, model fringe
values are obta 1ed by adding increments of unifora loading at the sur-
face of the gelatin, as shown on page 345 of Reference 1. FHere the maxi-
mun shear stress £ has a fringe order of n = 3.5, vhere p is the unit
load applied. (For theoretical correlation of this method of calibratiom,
see pages 68-69 of Reference 2.) Therefore, on Figure la, the quanti-
tative vaives of the maximm shear stress (253) can be obtained at
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any point. For example, the maximum fringe count at the lower corner of
the loading plate is 13: then using formula (1) v.ch n = 13, and F = 0.06&

psi

253 = 13 x 0.064 = 0.83 pst

Another application is to determine the principal stress at a free or un-
loaded surface of the gelatin model where the fringe value "n" 1is aoout
2.5 at 1 inch from the axis of loading on Figure 1la. Here the principal
stress normal to the surface is zero.

Then
E%S = 2.5 x .06L or
P = 0.32 p81
Where

p is a tensile stress acting tangent to the surface but
within the gelatin.

S. Isoclinics, or lines of equal inclinaticn of the principal
3tresses, can also be obtained rom the stressed model by reans of the
polariscope. These are obtained by removing the guarter wave plates
from the polariscope, and viewing the model *‘hrough the polarizing
plates. If the polarizing elements are crossed at 90° and 0° (the 90°
being vertical), one or more dark traces will te observed crossing the
isochromatic fringes. This signilles that all aiong this *race one of
the principal stresses, p or q, makes an angle of 90o with the hori-
zontal or x axis of the model. The other isoslinics butween 0° anc 0°
are odbtained by revolving the polarizing plates toge'.her. Each iso-
clinic can be traced separately or photographed. The right side of
Figure 1b is such a tracing for the s‘ress pattern of Figure la. The
values of the isoclinics are given in degrees. This angle that the
principal stresses make with the x axis is desigrated as 9p throughout
the report. Determination of the isoclinics provides twu other pleces o:




quantitative informetion about the stress distribution. Firat, the
principal stress trajector’es can be drawn as shown on the lef: of Figure
1b. Secondly, the shear stresa LA horizontal and vertical planes (x
and y pleres) at any point can be computed by means of thz relationships
indicated for stress at a point shown in Figure ©.

which 1is:

T =msin23p.........o(2)

Since 2%9 aad Gp are known at any point.
6. Jontours of equal values for the shear stress at a point or the
x and y plar~s are shown on Figure lc in terms of fringes. Formula (2)

was used as follows:

-—g-—ln hY
T = Sin 2 9 o & 0 6 w ® v e 2&
Xy 2 P (2a)

Equation (2a) is used to obtein the shear stress in psi for a given con-
tour on Figure lc by multiplying the fringe value given by 2F, or 0.128
»si.

T. The normal stress distribution on any selected plane in the
modcl can be obtained by means of the chear difference method (see
Chapter 8, page 252 of Reference 1). There are other metheds of obtsine
ing normal and shear stress distribution on various planes in a photo-
elastic model; but for the type of photoelastic information developed in
this study, the shear difference method is the most applicable.

Construction of Gelatin Models

8. The gelatin in the models was supported in a glass-sided tank
28 3/8 inches long by 10 inchea high. The inside cleasrance between the
glass sides of the tank was 1 1/4 inch. The gelatin mass 1s made by
heating granulated gelatin ard water in a 15 to 100 perts by weight ratio
until a clear solution is attained. This generally requires heating for

aoatens




one hour in a double boller arrengement with the water at about 180° F
and gelatin at about 170" F. The mixture is then pacsed through &

No. 200 sieve to remove excess air, and siphoned into the glass-sided
model mold. A spacer plate is suspended 3/4 inch helow the top of the
tank. This plate 1s cut out after set 1o eliminate surface tension and
shrinkage effects at the gelatin surface. The mold sides are removadle
and are wrapped in aluminum foil prior to pouring. This prevents alde
hesion of gelatin Ly the glass and creates a smooth surface on the sldes
of the gelatin. The model is normally made in the afternoon and tested
the following morning. A water layer poured on the surface of the model
alter the aluminum has been siripped prevents drying of the gelatin and
provides e reservoir of luoricant for the glass~to-gelatin contact.

Q. The gelatin was formulat!on-controlled and heated as described
sbove for all models. The temperature during setting and testing was
thermostatically controlled, and all models were tested at approximately
the same age. Under zuch conditioms, the fringe calibretion value (2F)
and other physical properties of the geiatin will be reasonably constant
from model to model.

10. The fringe calibration wvalue 2F was not measured during the
course of teste included in this report. An average value of 2F was used
which is based upon 10 calibratior tests run on & 1/2-inch thick models
of previous studies using the same gelatin formulation. The fringe value
2F from these tests varied from C.100 to 0.147. The mesn wae 0.127%, and
the standard deviation was (0.013. The probable deviation is two-thirds
of the standexd deviation, which indicstes that 50% of all calibration
values will lie between (.119 and 0.136. Subsequent to the model testing
phase, supplemeniary calibration tests were run %o verify the applica-
bility of the assumed fringe value to the current program. These addi-
tional calibrations included line load and semicircular area calibration
as well as uniform loed calibrations using l-square inch and S-square inch
rubber bottom containers. The line load calibratione are not well suited
to extremely low modulus materials, such as gelatin, because the deflection
caused by loading tends to develop an area of contact rather thw. a line

M s i T




contact. The mean fringe value 2F using area loadings only was (.130,
vhich falls within 2% of the mean value reported from the previous
stdies. It is therefore concluded that the assumed calibration value
2F of 0.128 psi is justified for use because of the exploratory nature of
the report. The fringe value 1s considered adequate for quantitative

cceparisons of ehear and normal stresses.

Physical Properties of the Gelatin

11. Two types of physical tests were made of the gelatin used for
the models, direct shear and tensile tests:
a. Direct Shear Tests. These tests were made on cylindrical

specimens 2.5 inches in diameter and about 1.5 inches long. The shear
load was applied normal to the axis of the specimen, and normal loads
were parallel to the axis. A soil type direct shear machine was used.

Test results were as follows:

Normal Load, Shear Load at
psi Failure, psi

0 0.71

1.2 1.00

1.4 1.43

1.8 1.22

The above values are plotted on Figure 13, with the normal load as the
abscissa and the shear load at failure as the ordinate. A straight line
drawn with reference to these points indicates an angle of internal
friction ¢ of about 15°, =nd a cohesive strength of about 0.68 psi.

b. Tensile Tests. Tensile tests were performed on specimens
cast in two metal tubes having an inside diameter of 1 3/8 inches. The
tubes were placed end to end and taped on the outside. The insides of
the tubes were grooved to prevent slippage of the gelatin when the tubes
were pulled apart. The test was made with the tubes appropriately gripped

= —— P . e i . . .
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in a vertical position and loaded by adding water to a container attached
to the bottom tube. The failure surface was slightly dished. Little or
no necking of the gelatin occurred up to .ailure. Four tests of this type
vere made. The vertical load at failure divided by the cross sectional
area of the gelatin normal to the load gave the following values of
tensile strength.

Tensile
Test Strength,

Number psi
0.95
1.03

0.93
0.88

Average 0.95

W on o

The average tensile strength is shown as a circle on the negative side of
the shear versus normal load plot of Figure 13 for the direct shear tests.
The circle falls slightly below the extended shear envelope.

';&;\M\i:r.f..» SREEES . R I
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PART II: MODEL PROBE TESTS

Test Procedure

General

12. For purposes of description and discussion, the probe models
fall into three groups: the rectangular probes, the wedge-shaped probes,
and the wheel-shaped probes. In all cases, the probes were l-inch wide,
vhich was the nominal thickness of the gelatin foundation. Three rec-
tangular probes were tested, and were 1 inch, 2.5 inches and 5 inches in
length. All three probes had square end bourdaries bearing on the
gelatin. In the tests, these sharp corners produced high stress concen-
tration in the gelatin; for this reason, an additional 2.5-inch rectan-
gular probe was studied. This probe had the end contact corners rounded
to an 0.125-inch radius. The second group of probes consisted of symme-
trical wedges having vertex angles of 30°, 45°, and 90°. The vheel-
shaped probes were 3 inches in diameter. For one of these probes, the
semicircular surface was flat in the wide dimension; the other two probes
had a toroidal shape in this dimension.

Loading

13. The probes were loaded by adding lead shot to a sheet metal box
attached directly to the probe. The box was 5 inches high, and conformed
to the depth and width of the probe. Under each increment of load up to
fajilure of the gelatin foundation, the deflection and the maximum fringe
value were recorded. The bearing aree of the probe is the surface in
contact with the gelatin, and is sceled from photographs tsken at the
time a given load increment is applied. The stress pattem in the gelatin
wvas photographed at selected periods. The isoclinics were traced for
selected loadings. In order to get reasonably complete information, sev-
eral gelatin foundation models were cast for each of the probe tests.
After initial failure of the gelatin occurred, the load acting could not
be measured by the above methods; since the load would immediately de-
crease, and then build up as resistance to further penetration developed.




An attempt was made to load the probes by means of an air piston in order
to obtain load measurements after failure of the gelatin; this was unsuc=-
cessful insofar as measurement of load was concerned. Moving pictures
vere taken of the stress patterns in order to obtain a concept of stress
development while the probes penetrated the gelatin foundation. The
motion pictures also show the isoclinics for the 90° wvedge -shaped probe
in a static position. Table A lists these movies in their sequence on
the film accompanying this report.

Table A

Moving Picture Record of Ciress Pattern
Development by Penetraticn of Model Probes Into Gelatin

Type of Method Average Rate of | Total Time 1
Model of Penetration, of Loading,
Probe loading in./sec . _Seconds

l-inch Flat Plate Loading Frame®* 0.10 59
S-inch Flat Plate | Loading Frame 0.07 62
2 1/2-inch Rounded | Air Piston 0.15 1k
30° Probe Air Piston 0.15 b1
30° Probet* 3/8" rod by hand 0.10 32
45° Probe AMdr Piston 0.20 12
45° Probew+ 3/8" rod by hand 0.20 21
90° Probe Mdr Piston 0.20 61
Semicircular Air Piston 0.07 L1
® Yoke driven by & screv jack.
#% Mstal casing making probe continuous at top removed. Figures
6b and 6c shovw this difference.
®#% Values obtained from film by counting frames.

14. The inconsistency in the ra‘e of penetration for the various
proves listed in Table A i{s due to experimenting wvith methods of
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measuring the magnitude of the load with reference to penetration. Under
these conditions, the rate of penetration is influenced by the shape of
the probe as well as the method of load application. Up to the point of
initial failure, the stress patterns on the motion picture film compare
vell with the patterns obtained by static loading with lead shot. The
rate of penetration does not influence the character of the failure in
the gelatin; but it is likely that it would influence the relationship of
the rate of penetration versus load after initial failure, by increasing
the rate of tearing. A plot of load versus time would indicate an in-
crease in resistance to penetration as the probes penetrate the gelatin.
A peak load would be obtained at the instant of failure. Certain probes
(such as the 2 1/2-inch rounded plate, the 45° probe, the 90° probe, and
the semicircular probe) develop a sudden rapid iucrease in rate of pene-
tration immediately after initial failure. The increase of penetration
for other probes advances at a reasonably constant rate before and after
failure. In all cases, a marked rearrangement of fringes occurs, and the
influence of side friction or plate resistance is clearly indicated. The
magnitude of stresses observed after failure appears to be a function of
hov the fringes redistribute after failure. This new pattern is, in tum,
affected by hov rapidly the cracks in the gelatin develop; and is
strongly influenced by the rate of penetration immediately after failure.

Test Results

15. Teble 1 summarizes and Teduces the information obtained from
the loading of the model probes. Generally, data for two loaiings on
each probe are given; one prior to failure of the gelatin foundation, and
one just at failure. The bearing area for the wedge-shaped probes, the
semicircular prode, and the toroidal semicircular prodbe is taken as the
area in actual contact vith the gelatin foundation for a given load; and
is used as the basis for computing the unit load. The maxdmum shear
stress "1'-:" given in Table 1 is that for the maximum fringe order "n"
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observed for the given loading. It is computed as follows:

me'np

vhere
F = 00%)‘ psi

16. More detailed information on the load, deflection, and stress
measurements for the rectangular and semicircular probe models is given
on Figures 10-12. Figure 10 shows load versus maximum fringe value;
Figures 11 and 12 are plots of deflection against loed and maximum fringe
values. All values plotted in these figures are given in Table 2. The
toroidal-shaped semicircular probe performed the same as the semicircular
probe vith the flat transverse surface. The 45° wedge-shaped probe
caused failure of the gelatin under such low loads that no static loed-
ing data vere obtained. In the case of the 30° and 90° wedge-shaped
proves, only data for the static condition at failure vere obtained for
the same reason.

17. Mgures 1-4 show the isochromatic fringe pattern for a
selected loading of each of the rectangular model proves. The loading
for each probe is the same as the loading prior to failure, and given in
Table 1. Figure 1lb gives the isoclinic pattern corresponding to the
fringe pattern of Figure la. Only half the isoclinic patterm is shown,
since it is symmetrical about the axis of the loaded area. On the left
half of Figure 1lb, the trajectories of principal stress derived from the
isoclinic pattern are shown. This isostatic pattern is also symmetrical
about the axis of the loaded area. Figure lc shows contours of the com-
puted values of T <’ the shear stress at a point on the vertical and
horizontal planes of the model foundation. The shear stress at & point
is alvays equal on planes at 90° to each other. A similar development is
shown for Figures 2-h.

18. Pigures 6b and 6c shov the isoclinic pattern for the 45° wedge-
shaped probe at appreciable penetrations into the gelatin foundation,
after initial failure. These figures differ in that the sheet metal forwm




conforming to the top of the probe was used with 6b while it was omitted
for 6c. There are no Figures 6a or 6d.

19. FPigures 5a and 7a show the isochromatic patterns for the 30°
and 90o wvedge-shaped probes, just as initial failure is occurring beneath
the point of the wedge. The isoclinic pattern, principal stress tra-
Jectories, and Tiy contours for the stress pattern are also shown with
Figures 5 and 7. Figures 5d and 7d show the isoclinic pattern after ini-
tial failure, when the 30° and 90o wedges have penetrated an appreciable
depth into the gelatin foundation.

20. The isochromatic pattern for the semicircular probe at a load
of about one third the failure load is given on Figure 8a; additional in-
formation and development is shown on Figures 8b and 8ec.

21. One of the ‘mportant results is the mode of failure when the
loading of the various probes exceeded the strength of the gelatin foun-
dation. In the case of the four rectangular probes, initia. failure
occurred as a horizontal parting of the gelatin. This parting, or tear-
ing of the gelatin, started at the corner of the probe in contact with
the gelatin surface in the area of high stress concentration, after the
gelatin had deformed anywhere from 1 to 2 inches. In the case of the
wedge-shaped probes, initial failure occurred as a vertical split origi-
nating at the point of the wedge. For the 30° probe, the deflection of
the gelatin at failure was l-inch; and for the 90° probe, 0.6 inch. The
initial failure of the gelatin foundations under the loading of the semi-
circular probes occurred as a vertical split in the gelatin foundation
along the axis of the loaded area. The split originated directly beneath
the probe, in an area of high stress concentration, at a deflection of
2.9 inches.

22. The initial failures described above are shown on the moving
picture film strip accompanying this report. In some cases, us the load-
ing or movement of the probe into the gelatin foundation progressed, a
secondary type of failure developed along with addit‘onal splitting. This
secondary type of failure consisted of a remolding of the gelatin beneath
the probe, and was particularly evident in the case of the rectangular
proves.




Discussion of Results

General

23. From a dimensional standpoint, the model simulation to a
vehicle wheel on soll for the probe loedings is only approximate, since
the model represents a condition of two-dimensional strain. Thus, the
stress conditions shown for the probes would most closely represent
strip-loadings of infinite length. Secondly, the gelatin has different
strength and deformation characteristics than a weak soil. Gelatin has
appreciable tensile strength, and deforms elastically to about initial
failure under the loading of the probes. The chief advantage of gelatin
is that stress patterns can be obtained at large deformations prior to
failure, and after failure, under predetermined types of loading. This
is the chief reason that it was selected for these exploratory studies.

Deflection and Maximum Shear Stress

2Lk, The deflections with regard to load and maximum fringe values
are vell summarized on Figures 10-12 for the rectangular and semicircular
model probes. The last point plotted on each curve of the above figures
is the deflection for the load at failure; there 13 no sharp breek up to
this point for any of the curves, except on the load versus deflection
curves (Figure 11) and load versus maximum fringe crder (Pigure 10) for
the semicircular probe. This occurs, in this instance, because unit
loads are plotted, and the area taken for the semicircular prove is the
area in contact vith the gelatin. Therefore, the area used in computing
the unit load increases as the deflection increases. This influence is
not present in Figure 12, vhere the deflection is plotted against the
mxisum fringe order. Here, the curves for the various probes make fairly
straight lines. This would indicate that *he gelatin shoved a reasonadle
amount of elasticity up to the point of initial failure under the rate and
magnitude of loadings applied. It should be pointed out that the gelatin
will deform slovly under a given load increment; hence, the deflection
reading is quite dependent on the time a given increment of load has been
acting. Varying amounts of time were spent in applying the initial load

13
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increments, as well as subsequent ones for the various probes. This
would account, to some extent, for deviations in the curves of Figures
10-12 from a straight line. In any event, it can be concluded that the
gelatin exhibited a greater tendency toward elastic behavior than a weak
soil would at similar deformations.

25. If the unit load at initial failure is divided by the corre-
sponding deflection for the rectangular shaped probes, a so-called modulus
of subgrade reaction can be obtsined for purposes of comparison. This
reduction is shown in the following Table B:

Tahle B
Subgrade Modulus - Rectanguler Probes

Type of Unit Load Subgrade
Model at Failure, Deflection, Modulus,
Probe psi ! inches 1bs./in.3
l-inch Flat Plate 2.75% 0.9% 2.90
2 1/2-inch Flat Tlate 2.4o | 1.50 1.50
2 1/2-inch Rounded 3.6u% 2.30 | 1.58
Seinch Flat Plate | 2.16 | 2.00 1.08
) IR SRR SN [T R
2 |
% Contact Area = 2.5 in. ) J

As would be expected, the subgrade modulus decreases as the loaded area
increases. Moduli of the order shown in the above table would te repre-
sentative of a very veak soil. The effect of rounding the corners on the
2.5-inch probe is quite evident in terms of initial failure load and
corresponding deflection; hovever, this modulus is not too different from
the 2 1/2-inch plate vith the wnrounded corners.

.. The deflection of the vedge-shaped probes at {nitial failure is
quite small and diflicult to meesure vwith : spect to load. No load
deflection measurewents wvere obtained for tae loso vedge. Such measurements
vere obtained only for the 30° and 90° wedges. As may be seen from Table
1, failure of the 90° wedge occurred at slightly over twice the total load
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causing failure for the 30o wedge; the deflection was slightly less at
failure for the 90° wedge. If further tests are made on wedge loadings
for gelatin models, a more elaborate loeding device will be ne .ssary.
27. An interesting nethod of comparing ihe behavior of the rectan-
gular and circular probes is tc compute concentration factors, K, on the
basis of the maximum shear stress measured at various loadings. The

concentration factor for a given unit load "p" on a probe is taken as the

maximun shear stress produced for losd "p" divided by the quantity 12;,
where £ is the maximum shear stress for a uniform load on an elastic foun-
dation of semi-infinite extent in two dimensions. This computation for
the rectangular and circular probes is shown in the following Table C.

The load "p" and corresponding deflections are taken from Table 2. The
maximum shear stress is obtained by multiplying the appropriate fringe

value in Table 2 by the model fringe value, 0.064 psi/l fringe.
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Table C

Summery of Concentration Factors for
Rectangular and Circular Probes

Meagured Concen-
Type of Model Toad, Tmax, | Defl., | tration
Probe psi psi in Factor*
l-inch Flat Plate 1.h40 0.77 0.70 1.72
1.84 0.83 0.80 1.42
2.75%* 1.02 0.95 1.17
2 1/2-inch Flat Plate 0.99 0.77 0.80 2.4y
1.95 1.02 1.30 1.65
2. Lowx 1.15 1.60 1.51
S-inch Flat Plate 0.80 0.83 0.90 3.26
1.94 1.34 1.80 2.17
2.16%% 1.kl 2.00 2.05
2 1/2-inch Plate, Rounded | 0.80 0.45 0.90 1.77
(See Note) 1.64 0.77 1.40 1.48
3.19m% 1.09 2.30 1.07
3=-inch Semicircular 1.03 0.45 0.90 1.37
(See Note) 1.84 0.77 1.65 1.32
| 2.86% 1.28 | 2.9 1.h1

* Concentration Factor, K, = Tmax/g
i
* Load at lnitial Failure

Note: Surface area used for computations is the
actual contact surface rather than a pro-
Jected area.
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Probably the best concentiration factors to compare are those obtained for
the lover loads. The lower the concentration factor, the more nearly the
probe loading approaches the performance of a uniform load. For the

lower loadings, the order in which the various probes approach the effect
of uniform loeding would be as follows: (1) circulsr probe, (2) l-inch
plate, (3) 2 1/2-inch plate, rounded, (4) 2 1/2-inch flat plate, and (5)
S-inch flat plate. At the failure load, the 2 1/2-inch rounded plate more
nearly approaches the condition of uniform loading than the l-inch flat
plate. The 2 1/2-inch plate with the rounded corners alsoc appears to more
nearly approach the condition of uniform loading at failure than does the
circular probe. If the contact area for the 2 1/2-inch plate with

rounded corners is taken as 2.5 square inches, instead of the surface
area in contact with the gelatin, the concentration factors for this plate
become 1.56, 1.28, and 0.94 as compared to 1.77, 1.48, and 1.07 shown in
Teble C. Table C also shows that as the load on the probe increares, the
concentration factor is reduced. This reduction is greatest for the ren-
tangular probes, and least for the semicircular probe. It is interesting
to compute the concentration factors for the circular probe, assuming

that the contact area for the varicus loads is ithe plan projection of the
surface in contact with the gelatin rather than the area of the surface in
contact with the gelatin assumed for the tabulation. This results in con-
centration factors 1.25, 1.07, and 0.97 as compared to 1.37, 1.32, and
1.41 given in Table C for the circular probe. The chief conclusion that
csn be drawn from the above discussion is that the semicircular probe
produces the least distortion of stre.s development as it is loaded to
initial failure, since the variation in concentration factors is less.

Stress Patterns

28. General. The stress patterns shown for the various probes on
FMgures 1-5 and Figures 7 and 8, prior to failure of the grlatin foun-
dation, are essentially what one could infer from the theory of elasticity
and photoelastic studies of similar nature. Basically, vhere a stress
pattern is produced either prior to or after initial failure, it is char-
acteristic of that in an elastic media. The actual pattern is influenced

7
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by the boundary conditions which are the shape of the loading probe, the
depth and length of the gelatin in the tank, boundary changes at the
surface due to large deformations of the gelatin, and discontinuities
created in the gelatin mass due to local failure.

29. Rectangular Probes. In all cases for the rectangular probes,
the normal stress distribution beneath the probes prior to initial failure
is quite high at the boundaries and falls to about a half to one third of
this value toward the axis of the load. This is exactly the opposite of
the distribution one would expect beneath a loaded rigid plate on a weak
cohesive soil, where the greatest normal stress would be expected to occur
beneath the center of the plate. This effect is minimized, however, after
initial failure has occurred and the gelatin beneath the plate has been
remolded by confining stresses under the plate. It would be interesting
to study this further by means of a load-deflection curve for the full
range of penetration shown by the movie strip, and with a companion curve
for a weak cohesive soil loaded with a rectangular probe. The 2 1/2-inch
rectangular probe with the rounded edges will come closer than the recs
tangular probe with square corners to producing stress conditions in the
gelatin that one would expect to occur when a weak cohesive soil is
loaded by means of a rectangular plate. The stress pattern for the S-inch
rectangular plate is well defined in the vicinity of the plate; however,
the deflections and failure of the gelatin beneath this plate were likely
influenced by the lower rigid boundary of the gelatin, since it is only
twice the length of the plate below the surface of the gelatin. There is
e high concentration of shear stress at the corners of the rectangular
plates which falls off rapidly toward the center of the plates. It is in
this area of high shear stress that initial failure occurred. Failure
occurred here probably because there is a complete reversal of shear
stress on the vertical plane where it intersects the 90° isoclinic.

30. Wedge-shaped Probes. When the vedges first contact the gelatin
they produce & line load. In this case, the isochromatic pattern devel-
oped is a series of circles all tangent at the point of application of the
line load (see page 42 of Reference 2). This pattern is still dominant
on Figures 5 and 7, even though part of the wedge loading is being
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transmitted to the gelatin by the sides of the wedges. In both instances,
the maximum fringe order is produced by a normal reaction along the sides
of the wedge and away from the point of the wedge. It is possible that
fallure of the gelatin has already occurred at the point of the wedge and
the concentration of stress relieved there. The normal and shear stress
distribution along the sides of the 30° and 90° wedges that would result
from the patterns on Figures 5 and 7 may be fairly close tc vhat one
would expect for a weak cohesive soil. The 90° isoclinics indicate a
reversal of shear stress at the point of the wedge and where the side of
the wedge leaves off contact with the gelatin surface.

31. Semicircular Probes. Since the patterns for the flat semi-
circular probe and the toroidal shaped probe vere similar, only the stress
ratterns for the semicircular probe with the flat transverse surface will
be discussed. The configuration of the isochromatic fringe pattern on
Figure 8 resembles that for uniform loading on a semi-infinite plate (see
page 6T of Reference 2). The normal stress distribution is likely to be
reasonably near that experienced by a weak cohesive soil loaded by a flat
rectangular plate. The mode of failure of the gelatin under the circular
probe is interesting. On Figure 8, the maximum fringe order n is 8.

This occurs directly urder the loaded area and about 0.5 inches below the
load contact surface. When initial failure occurred, a vertical split
took place when the fringe value reached 20 at this point. Failure was
progressive with the initial split extending to the loaded surface and
down into the gelatin. Initial failure took place at the point of maximm
shear stress. This is shown on the motion picture film.

32. Strength of Gelatin Versus Stress Conditions Beneath Probe
Loadings at Failure. This coumparison, at first glance, would appear to
be relatively simple since all failures of the probes took place at the

point of maxiwum shear stress; and for the rectangular and circular probes,
the maximum shear stress aversged 1.19 psi with a maximum of 1.41 pei and
a miniomum of 1.02 psi. In parsgraph 11, results of tensile strength tests
and direct shear tests are given for the gelatin. An average tensile
strength of 0.95 psi 1s given. If it 1is assumed that the gelatin has an
angle of internal friction of zero, then its maximum shear strength would
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be one half the tensile strength, or about 0.5 psi. This is less than
half the maximum shear stress observed in the gelatin at initial failure
under the probe loadings. While the direct shear test results given in
paragraph 11 and Figure 13 are not too conclusive, they do indicate that
the gelatin may have an angle of internal friction. This then would mean
that the strength of the gelatin at failure is dependent on the combi-
nation of principal stresses acting at the point of failure. A further
complication arises since the stress in the gelatin beneath the probes is
three-dimensional because of the confining glass plates. Only the strain
is twvo-dimensional. However, if we assume that the gelatin has the angle
of internal friction and cohesion shown on Figure 13, and that the stress
in the gelatin under the loading of the probes is two-dimensional, the
principal stresses at the point of failure can be obtained since the maxi-
mum shear stress at the point of failure is known. Therefore, all that
is necessary is to use the maximum shear stress as a radius and drav the
Mohr circle tangent to the shear envelope for the gelatin. This can also
be done analytically. The following Table D gives the unit loading of
the probe at initial failure, the maximum shear stress for the failure
load, and the derived major and minor principal stresses.

Teble D
Principal Stresses at Point of Failure
for Rectangular and Circular Probes

Type of Load at,
Model Failure, Tm, Principal Stresses, psi
Probe psi psi Major Minor
wciﬂ!w holS’ 1-28 'low '3.%
2 1/2-inch Flat Plate, Rounded | 3.64* | 1.09 =0 .50 -2.68
l-inch Flat Plate 2.75 1.02 -0.30 2.3k
2 1/2-inch Flat Plate 2.41 1.15 0.6k «2.94
S-inch Flut Plate | 2.16 1.6 ~1.30 k.12
(=) Compression
#* The failure loed is camputed on the basis of the
projected aree.
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The use of Tmax in the derivation is permissicle because in all cases
initial failure originated at the precise locstion of the observed maxi-
mum fringe value. It will be noted that the probes listed in Table D

are arranged in the orier of increasing etress concentration factors at
failure as shown in Table C, paragraph 27. The principal stresses are
all nompressive stresses. In the case of the semicircular probe, the
minor principal stress is about 0.86 of :the unit load acting. For uniform
loading on a semi-infinite plate, the theory of elasticity gives a ratio
of 0.80 p for the vertical or minor princiral stress at the point of
maximm shear stresses. It also indicatee a ratio of 3.0 between the
minor and major principal stresses at the location of the maximum shear
stress as compared to 3.6 in the tuble. When the principal stresses for
the other probes are examined with respect to the stress trajectories,
mode of failure, and locatior of the failure point, they do not appear
unreascnable. For example, in the case of the 2 1/2-inch and S-inch
plates, fallure occurred at the corner vhere the normal loed acting was
undoubtedly greater thar. the applied unit load. In these two instances,
the minor principal streis is greater than the unit loading. These *wo
probes aiso had the highest concentration factors. A similar examination
can be made for “he 30° end 90° wedge-shaped probes. However, referring
to Figures S ard 6, it has been indicated previcusly that the maximum
fringe order coes not correspond to the point of initial failure which
took place at the point of the wedge. On Figures 5 and 6 the maximum
fringe order is 8 fox the 30° vedge, and 9 for the 90° wedge at the point
of failure. These fringe orders uay have been higher before the gelatin
split. The following Table E gives the maximm fringe order, the maximm
shear stress for the failure load, and the derived major and minor princi.
pal stresses.
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Table E

Principal Stress at Point
of Failure for Wedge-Shaped Probes

Type of Max.
Model Fringe 'rm’ Principal Stresses, psi
Probe Order psi Ma jor Minor
30° Wedge 8 0.512 | +1.040 +0.016
90° Wedge 9 0.586 | +0.800 -0.372
(+) Tension (-) Compression

The above analysis of the possible fajilure conditions beneath the probes
is presented for qualitative comperisons and for ideas that may be used
if further more precise studies of this type are made. In conclusion, it
appears that the initial failure at a point in the gelatin mass may be
similar under the probes at failure to what occurs in a veak cohesive
soil. However, the progression of failure after failure at a point in the
gelatin occurs bears no resemblance to what occurs in a veak cohesive

soil mass.

Summary and Conclusions

33. Under the loading by the various probes, the gelatin exhibited
elasti¢ behavior to a greater degree vith regard to deformation and stress
increase up to initial failure than would a weak cohesive soil sudbjected
to deformations of the same magnitude. *

34. The semicircular probe and the 2 1/2-inch flat plate with
rounded corners produced less distortion in the build up of maximum shear
stress to the point of initial failure than did the l-inch, 2 1/2-inch,
and S-inch plates.

35. The stress distribution at the contact surface of the rectangular
plate prodes at loadings less than their initial failure losd on gelatin is

quite different than that for a rigid plate loading on a veak cohesive soil.




36. The stress distribution along the contact surface of the semi-
circular probe on a gelatin foundation 1s similar to that expected for a
rigid rectangular plate loading on a weak cohesive soil.

37. The stress distribution along the contact surface of the wedge-
shaped probes before initial failure of the gelatin appears to te reason-
ably compatible with wvhat might be expected when this type of probe
penetrates a weak cohesive soil.

38. The rupture surfaces observed in the gelatin for the various
probes after initial failure hed occurred at a point are not compatible
with failure surfaces that would take place in a weak cohesive soil under
similar loading.

39. With the possible exception of the wedge-shaped probes, initial
failure in the gelatin took place at the point of maximum shear stress.
This may or may not be true for a soil under similar conditions of load-
ing.

LO. Sufficiently conclusive information was not developed durl:ng
these studies to correlate the strength of the gelatin with stress con-
ditions at failure under the loading of the model probes tested. However,
this aspect of the study is discussed in paragraph 32 and a possible
approach indicated.

L1. These stulies have been exploratory; and as a result, the infor-
mation develuped is incomplete in some respecte. However, the results
and experience obtained do indicate quite clearly vhat is pertinent if
further studies of this type are made. The following should be considered:

a. Development of detailed information on the physical pro-
perties and strength characteristics of the photcelastic materials used.

b. AMequate instrumentation end improved technigques should be
planned well in advance of actual model testing.

¢. Further investigations should be concerned with the semi-
circular and vedge-shaped probes or shapes other than the rectangular
plates.
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PART III: MOVING WHEEL LOAD STUDIES

Test Procedure

General

42. Five gelatin foundaetion models were consiructed us describad
in paragraph 8. Penetration tests were made on each foundation model up
to 1l-inch deflection with the 3-inch diameter semicircular probe. The
relationships between load, deflection, and fringe value were similar for
each model foundation as well as for the foundation models tested with
the semicircular probe described in Part II. These relationships for the
semicircular probe of deflection, load, and maximum fringe value are
plotted on Figures 21-23. The difference bYetween these curves and those
shown on Figures 10-12 for the semicircular probe is that total load rather
than unit loed is plotted; and they are better defined in the range of
0 to l-inch deflection. The moving wheel load tests of the five foundation
models are developmental in character. The developmental aspects are:
the method of applying the moving wheel load, control of speed and slip
of the wheel on the gelatin surface, and photographic techniques for
recording isochromatic and isoclinic patterns. This development is best
indicated by the following description of the five model tests.

a. Model No. 1 - Towed “heel. An aluminum vheel was pulled

across the gelatin surface with negligible friction developed betvween vheel
contact and the gelatin. Four runs were made and the isochromatic patterns

recorded on moving picture film.

b. Model No. 2. The wheel was fitted with a cog belt to pro-
duce some friction between the wheel and gelatin contact surface. Nine
runs were made. Slip of the vheel was controlled; however, speed was not
controlled. A moving picture record of the isochromatic patterns for each
run vas made. Slip as used in this report is positive, and is defined as
one minus the ratio of the actual wheel advance per revolution to the cir-
cumference of the vheel. Thus, if the distance the wheel advances in one
revolution is equal to its circumference, the slip is zero.
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¢c. Model No. 3. Some friction was obtained between the wheel
contact and gelatin surface by using a grit belt on the wheel. Nire runs
were made with this model. Both speed and slip of the vheel were con-
trolled. Five runs wvere made at O slip, and four runs vere made at +25%
slip. Moving pictures were made of the isochromatic patterns for each
run.

d. Model No. 4. Wheel loading and procedures were the sanme
as for the preceding Model No. 3. Moving pictures vere made of the iso-
clinic development at O slip, +25% slip, and +50% slip.

e. Model No. 5. This model was simiiar to the preceding
Model Nos. 3 and k. For this model, flash pictures were taken of the
isochromatic stress pattern with a still camera. This provided a better
defined isochromatic pattern than the moving pictures. A picture wvas
taken of the isochromatic stress pattern at O slip, +25% slip, +50% slip,
and also for the semicircular probe. This probe produced the same
deflection and stress pattern as the moving wheel in a static position.

Wheel Loading
43. The 3-inch diameter by l-inch wide aluminum vheel apparatus

used to load the gelatin foundations was furnished by the WES, and 1is
shown suspended in the glass sided tank in Figure 1la. The wvheel in con-
tact with the gelatin was driven initially by turning the vheel in the
carriage wvith a crank; however, the aluminum wheel would not develop
sufficient friction vith the gelatin to move the assembly acrogs the sur-
face. Therefore, in the tests of Model No. 1, the assembly was towed
and the vheel in contact vith the gelatin did not revolve. In order to
continue with the moving vheel load tests, it wvas necessary to modify the
loading apparatus so that the vheel wvould turn and develop frictional
contact with the gelatin.

Lk, The apparatus shown in Pigure lia provides positive linkage
between the driven and loed vheels through a delt drive. The axle for
the vheel is mounted rigidly to a carriage that runs on the track located
above the tank (see Pigure 1ib). The load vheel 1s linked to & vheel of
the same diamster mounted on & parsllel axls in the carriage. An 0.25-
inch vide timing belt provided the linkage betwveen the vheels. This delt
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is set flush with the surface of the two wheels and centrally aligned.
(Note that on Figure 1ib, the gear Lelt is covered by the grit belt used
for Models 3, 4, and 5.)

LS. The elevation of the track is adjustable to permit controlled
deflection of the gelatin. Loading of the gelatin surface is accomplished
by lowering the ‘racks and the carriege so that the lower wheel produces
& predetermined deflection and fringe pattern in the gelatin at the static
position. Since the wheel has the same diameter as the semicircular
probe, the approximate total load on the gelatin can be determined in
grams from the graphs of either Figure 21 or 22.

L6. Positive slip control comes about through the linkage provided
by various gear wlicels in contact with the gear rack. The gear wheel
attached to the carriage (Figure 1kb) is 3 inches in diameter, and when
twred with a crank will advance the load wheel at a constant rate with
0 slip. The gear wheels of lesser diameter lying on the bed of the car-
riage are used with the carriage and rack to advence the load wheel at
+25% and +50% slip.

L7. To obtain frictional resistance in the tests of Model No. 2, a
3/b-inch wide timing belt was used with the protuberances or cogs turned
outward @o that they would be in contact with the gelatin. The cogs on
the timing belt protruded about 0.125 inches from the belt surface. As
wi_. . be seen from the results, reasonable consistent stress patterns were
obtained in the gelatin for the nine runs made with the cog belt. There
are two disadvantages to this arrangement. First, a high concentration
of stress occurred vhere the cogs came in contact with the gelatin sur-
face; and second, propelling the carriage and load wheel wi:h the crank
vas 'erky and produced some distortions in the stress pattern.

4L8. The areas of high fringe order show what may occur betveen deep
tire treads, but do not stmulate the effect of a smooth vheel on an
elastic medium. This éffect can be more nearly simulated by replacing
the cog delt vith a belt having less pronounced protuberances. The belt
material selected wvas an open weave emory cioth without backing. This
cloth, vhen cemented together and tightly fitted to the assembly vheels,
forms the grit belt used for Model Nos. 3, U, and 5 (Figure 1ib).
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L9, The final step i~ the design evolution was to reduce the  'erxy
motion due to hand crark activation. A fractional horsepower motor with
a speed reducer was installed to drive “he carriage. This then permitted
the rate of advance of the carriage to be controlled by a current regu-
lator on the circuit to the rmotor. The mo‘or mounted on *the carriage is

shown on Figure 1k,

wheel Slip Centrol
50. Slip as defined in paragraph i2b is ore minus the ratio of the

actual wheel advance per revolution to ‘he circriference o -he wheel.
This is shown graphicalily on the trace pho'ographs of Figure 15. These
photographe were obtained by mounting a srmall light source on the rim of
the wheel and a second light source on the ‘rame. The traces o the twa
light sources were photographed by opening the camera shutter ard driving
the wheel across a focused area in a darkened room. Figure 15a shows the
trace for the moving wheel geared for O slip; Flgures 1i5b and 15c show

the cycloids for +25% and +50% slip respectively.

Photographic Techniques
51. There were three photographic techniques used {or recording

the isoclinic and isochromatic patterms produced by the moving wheel

load. The moving pictures of the isochromatic stress patterns were ob-
tained using a vhite 1ight source in a circularly polarized polariscope,
and a monochromatic filter mcunted on a 16 rm motion picture camera. The
camera speed vas 16 frames per sscond. This photographic procedure wvas
used for Model Nos. 1, 2, and 3. The photographic procedure for Model

No. U 1s the same as above except that a crossed plane polariscope wvas
used o emphasize the isoclinics, and the monochromatic filter wvas removed
from the camera. The photographs of Pigures 17(a), 18(a), and 19(a), show
the iscchromatic stress patterns for the moving vheel load at 0, +25%, anmd
+50% slip for Model No. 5. Thege photographs were obtained viih a still
camera {itted with a monochromatic filter. The light source im the polare
iscope vas replaced vith a standard electronic flash. The stress pattem
in the gelrtin was photographed by flashing the light at a giﬁtn instant
vith the camera shutier open. This effectively stoprped the motion of the
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moving wvheel and recorded the instantaneous fringe pattern in the gelatin.

Measurements
52. In eddition to information obtained from the iscchromatic and
isoclinic patterns, three other types of information were obtained, they

are:

8. Deflections. All deflections measured are the maximum
deflections of the gelatin under the wheel loading. This is the differ-
ence betveen the original surface elevation of the gelatin and the
elevation of the gelatin directly beneath the load wheel. These meas-
urements were cobtalned from the moving picture fiim and from photographs
taken of the moving wheel load.

b. Forward Speed of the Moving Wheel. This was obtained by
couting the number of frames for a given run and dividing this vaiue by
the film speed (16 frames/sec.). This procedure was checked by timing
the uns with a stop watch.

c. Gelatin Differential. Again, this measurement was obtained
froe the moving picture and photographs. It is the difference in ele-
vation of the gelatin surface about 0.5 inches fore and aft of the moving

wvheel.

d. Contact Area. This measurement was obtained from the
moving pictures and photographs Ly scaling the chord length of the portion
of the wheel or semicircular probe in contact with the gelatin surface.
The wheel contact area was then computed using *he chord length, radius,
and width of the wheel.

Test Results and Discussions

General
23. The basic results of the five models tested are given by the
moving picture film accompaaying f.h:ls report, and by the photographs of
Figures 16(a), 17(a), 18(a), and 19(a). The initial sequence of the
moving picture film describes the apperatus used to apply the moving wheel
load. This is followed by isochromatic patterns for Model Nos. 1, 2, and
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3, and finally the iscciinic development for Model No. L at 0, +25%, and
+50% slip. The basic isochromatic stress patterns for Model No. 5 are
given by the photographs of Figures 17(a), 18(a), and 19(a) at 0, +25%,
and +50% slip. The following paragraphs present the results with a brief
discussion in the order of the model test sequence.

Model No. 1
S5k, Test Results. The information contained in the following

Table F was taken from the moving picture film accompanying this report.

Table F

Measurements from Model No. 1 - Towed Wheel

Mex. Forward Speed Gelatin
Run Defl., Fringe of Wheel, Differential,
No. in. Order in./sec. in.
1 0.38 3 %0 2 1.0 0.25
2 0.38 b to 3 1.0 0.25
3 0.38 k to 3 2.3 0.2%
L 0.88 5 to bl c.8 0.25

For all four runs, the configuration of the fringe pattern was similar.
In all cases, the fringe value at the start of a run was higher than at
the end. There was a measurable change in deflection as the wheel ad-
venced over the surface. This slight change was enough to account for
the change in fringe order. No friction betweenr the wheel and gelatin
vas avallable, and the towed wheel did not revolve as it was pulled
across the gelatin surface at either a deflection of 0.38 or 0.88 inches.
55. Discussion. The forware speed of the wheel d1id not affect the
meximm fringe value. This ie shown in Table F, where the apeed for Run
No. 3 was over twice that for Run No. 2 at the same deflection. Refer-
ring to Figure 23, which gives the maximm fringe order-deflection rela-
tionship for the semicircular probe, the maximun fringe value for a
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deflection of 0.38 inches is about 3, and for a deflection of 0.88 inches
the value 1s about 7. Table F indicates a fringe order of 3 and 5
respectively for these deflections. This would tend to indicate an
equivalent or lower stress for the moving wheel load than for the static
loeding. This is inconsistent with the results obtained for the other
moving wheel load studies, where friction between the gelatin and wheel
was present. For this condition, the maximum fringe value is generally
greater than for the static case. There is some indication from the
moving picture that the gelatin adhered to the glass sides of the tank;
therefore, any ccnclusions concerning the maximum fringe values for the
towed wheel are questionable. To clarify the matter these model tests
should be rerun.

Model No. 2

56. Test Results. ‘s 18 the model run with the cog belt. The
following Table G summarizes the results from the moving picture sequence
for this model.

Table G
Model No. 2 Measurements - Moving Wheel Cog Belt

Max.

Fringe .

Order Forward Speed Gelatin
Run Defl., (Dominant of Vheel, Slip in Differential,
No. in. Pattern) in./sec. % in.
1l 0.9 9.0 2.3 0 0.25
2 0.9 9.0 2.5 0 0.25
3 0.9 9.0 1.3 0 0.25
h 0.9 8.0 1.2 +50 0.13
5 0.9 9.0 2.5 +50 0.13
6 0.9 8.0 1.6 +50 0.13
T 0.9 T.0 Static Load -
8 1.2 9.0 0.9 +50 0.38
9 1.5 12.0 0.6 +50 Failure

The moving picture of the runs listed in Table G indicates that the
dominant stress pattern is quite similar to that of the smooth wheel.
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However, at the points where the cogs contact the gelatin surface, there
are local stress concentrations. The maximm fringe value given in the
third colum of Table G is from the dominant stress pattern, and occurs
in the gelatin foundation a short distance below the wheel as with the
circular probe. During Run No. 8, failure started about midway on the
gelatin surface beneath one of the cogs. Complete failure of the gelatin
foundation took place during Run No. 9, and progressed from this initial
failure.
57. Discussion. A static loading to 0.9 inches deflection was
placed on the gelatin with the cog wheel for Run No. 7. The maximum
fringe value, neglecting the stress concentration at the cogs, was T7.0.
This same maximum fringe value is indicated for the circular probe on
Figure 23 at 0.9 inches deflection. However, for the moving wheel at
this deflection, the maximum fringe value was greater as may be seen from
Run Nos. 1 through 6 on Table G. Therefore, it can be tentatively con-
cluded that a moving wheel load produces greater stress in the foundation
than an equivalent static loading. With the exception of Run No. 5, there
is an indication that the maximum fringe value is greater for O slip than
for +50% slip. It follows that the stress is greater for O slip than for
+50% slip. At O slip, the gelatin differential ahead of the wheel is
greater than for +50% slip for runs at the same deflection (see Table G).
For Run No. 8, the deflection was increased from 0.9 inches to 1.2 inches.
Referring to Figure 22, this would indicate that the load on the moving
vheel was increased from about 1050 grams to approximately 1700 grams.
At this latter loading, initial failure occurred in the gelatin surface.
For Run No. 9, when the deflection was increased to 1.5 inches or an
approximate load of 2300 grams, complete failure of the gelatin foundation
took place. In the case of the static loading for the semicircular probe, '
initial failure in the gelatin foundation occurred at a deflection of 2.9
inches and a loed of 5600 grams. The failure under the moving wheel load
vas undoubtedly accelerated by the tearing action of the cogs which oc-
curred as repetitive runs were made across the gelatin surface. Some
minor marring of the surface became evident by the third run. As the
vheel advanced across the gelatin for the eighth run, a small tension
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crack appeared slightly to the right of the center vertical grid. This
developed initially when the center of the advancing wheel was still
about 2 1/2 inches away. After completion of the eighth run, the crack
moved about 3/L-inch into the gelatin. After the ninth run, this crack
extended to the final failure state. It is probable that initial failure
at 1.2-inch deflection progressed from one of the minor blemishes noted
during the third run. Table H below presents a comparison of the initial
failure conditions for the moving wheel with those of the semicircular
probe and l-inch flat plate given in Table 1 at the end of this report.

Table H

Comparison of Ioad and Stress Conditions at Initial
Failure for Probes and Moving Wheel lLoad

Max.
Load Loed, Defl., Fringe
Condition ans in. Order
Moving Wheel - Cog Belt 1700 1.20 12
Semicircular Probe 5600 2.90 20
l-inch Flat Plate 1250 0.95 16

It is obvious from Table H that the failure conditions for the semi-
circular probe are not close to the conditions of initisl failure for the
moving vheel with the cog belt, even though there is considerable simi-
larity between the dominant isochromatic patterns. The l-inch flat plate
probe more nearly simulated loed, deflection, and stress conditions at
initial failure for the moving wheel. Final failure appeared on the ninth
run vhen cne of the cogs moved under the vertical axis and was directly
over the area of maximum shear stress. The approximate order of fringe
build up at the cog was 4; while the build up to the point of maximum
shear stress wvas 12. If it is assumed that these are additive, then the
maximum fringe order at the point of failure would be 16. This is the
same order cbserved for the l-inch flat plate at failure. The foregoing
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discussion indicates that in selecting the type of probe to measure foun-
dation strengths, the type of contact employed by the moving wheel
loading is a factor to be considered, at least in the case of gelatin
foundations. It may alsc be a consideration for a soil foundation.

Model No. 3
58. Test Results. This model was tested with the moving wheel loed,

using the grit belt in contact with the gelatin surface. The following
Table I gives measurements taken from the moving picture sequence of iso-
chromatic fringe patterns for this model.

Table I

Measurements from Model No. 3,
Moving Wheel, Crit Belt

Max. | Forward Speed Gelatin

Run | Defl., | Fringe of Wheel, Slip, | Differential,
No. in. Order in./sec. % in.
1,2 | 0.6 7 3.0 0 0.3
3,4 | 0.6 7 2.5 0 0.3
5 0.6 7 1.k 0 0.3
6,7 | 0.6 6-T 2.5 +25 0.1
8 0.6 6-T 1.b +25 0.1
9 0.6 6-T 1.6 +25 0.1

BT 2ot e b e

The grit belt provided a smooth contact surface agninst the gelatin, and
no stress coucentration is present at the vheel contact with the gelatin.
For Run FKos. 1 through 5, vith the vheel at O slip, the isochromatic
stress pattern remained quite uniform. It differed from the pattern for
static loading with the circular probe in that it wvas not symmetrical
about the vertical axis of the vheel. Actually, the aree of the maximum
fringe value vas displaced slightly ahead of the advancing vheel. For Run
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Nos. 6 through 9, at +25% slip, the area of maximum fringe value was dis-
placed slightly to the rear of the vheel. The maximum fringe order for
the +25% slip appeared to vary from 6 to 7 during the run. Much of this
variation may be attributed to surface merring that developed due to
repeated passages of the vheel over the surface.

59. Discussion. The isochromatic pattern for the moving wheel load-
ing vas similar to that of the semicircular probe loaded statically,
except that it wvas not symmetrical about the vertical axis. Another
difference vas that the semicircular probe at 0.6 inches deflection devel-
oped a meximumm fringe order of about 5 (see Figure 23); whereas the moving
vheel load developed approximately 7 fringes for this same deflection for
both slips. This is a clear indication that for these moving vheel load
conditions the maximum shear stress is greater than for the static load
condition. It may also be seen from Table I that the maximum fringe order
remaired the same for a given load condition regardless of the forward
speed of the vheel. This is to be expected since the deflection is held
constant throughout the runs by the method of applying load. Gelatin
differential is sbout one third as much for +25% slip as for O slip (see
Teble I).

MNodel No. U

60. Test Results. This model provided a study of the isoclinic
development in the gelatin foundation under the moving vheel load at O,
+25%, and +50% slip. Six runs are shown by the moving picture film for
each percent of slip. The isoclinics are shovn at 15° intervals for each
case. The grit belt vas used on the load vheel and the deflection for
each case (% slip) vas 0.6 inches. The forvard speed of the vheel vas
2.5 in./sec. for O slip, 1.7 in./sec. for +25% slip, and 1.2 in./sec. for
+50% slip. The gelatin differential wvas 0.3 inches for O slip, and 0.1
inches for +25% slip. There was no gelatin differential for the +50%
slip case. For ease of study and comparison, the complete isoclinic
pattern for 0, +25%, and +50% slip is presented on Figures 17(v), 18(bv),
and 19(b) respectively. These isoclinic patterns vere obtained by
tracing the isoclinics recorded by the moving picture sequence for each
slip. The motion pictures indicate little or no change in the position
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of the isoclinic during each run.

61. Discussion. As would be expected, the isoclinic patterns shown
on Mgures 17(b), 18(b), and 19(b) are not symmetrical about the vertical
axis of the wheel. For the case of O slip, they tend to bunch to the
rear of the wheel at the contact surface; while for the case of +25% and
+50% 8lip, the opposite is true. Some indication of the normal stress
distribution on the wheel can be obtained by using the isoclinic patterns
to draw the principal stress trajectories or isostatics. This has been
done on Figures 17(c), 18(c), and 19(c). On Figure 17(c) (0 slip), the
number of trajectories normal to the wheel contact is greatest to the
rear of the wheel. This would indicate that the normal stress distri-
bution on the vheel contact surface is greater on the portion of the wheel
on the left side of its vertical axis, or tae side away from the direction
of movement. Figure 18(c) (+25% slip) indicates just the opposite; the
normal stress distribution on the forward portion of the wheel is greater
than that on the rear portion in contact with the foundation. This con-
dition is more pronounced in Figure 19(c) (+50% slip). Thus, for +50%
slip, the normal stress distribution on the forward contact surface of the
vheel is greater than for +25% slip; and in both cases, the normal stress
distridbution on the aft contact surface is less than that on the forward
portion of the contact surface.

Model No. S5
62. Test Results. This model, tested vith the grit belt, was simi-

lar to Model Nos. 3 and 4, except that the wheel deflection used was 0.55
inches instead of 0.60 inches. As indicated in paragreph 42 e., the pur-
pose of testing this model wvas to provide well-defined photographas of the
isochromatic fringe pattem for the moving vheel load. These photographs
for 0, +25%, and +50% slip are reproduced on Figures 17(a), 18(a), and
19(a) respectively. Mgure 16(a) 1s a photograph of the isochromatic
fringe pattern for the static loading of the vheel at the same deflection
(0.55 inches) used for the moving vheel load. The difference in deflec-
tion betwveen this model and the models recorded on motion picture film
does not affect the location of the isoclinice; and vill not affect the
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overall results. The following Table J sumerizes the pertinent meas-
urements and results for this model.

Table J

Measurements for Model No. 5 - Moving Wheel, Grit Belt

Max. Forward Speed
Loading Slip, | Defl., | Fringe of Wheel,
Condition % in. Order in./sec.
Wheel Static - 0.55 5.0 0
Wheel Moving 0 0.55 7.0 4.0
Wheel Moving +25 0.55 6.0 3.0
Wheel Moving | +50 0.55 6.0 2.0

63. Discussion. Teble J and the isochromatic fringe patterns of
Figures 16(a), 17(a), 18(a), and 19(a) provide a good comparison of the
stress variation for the static wheel load and the moving wheel loed at
the three slip conditions. The forward speed of the wheel does vary (see
Table J) for the three degrees of slip. However, previous results (see
Table I) indicate that there is no change in the stress pattern, even
vhen the speed is doubled at the same degree of slip. The fact that the
deflection is constant for each run, and the speeds are relatively slow,
would not lead one to expect a change in the stress pattern because of a
change in speed. Table J and the isochromatic patterns for the static
and moving vheel loadings confirm more precisely the fact that the maximm
fringe order or maximum shear stress is greater for the moving vheel loads
than for the static loading; and that the maximum shear stress developed
by the moving vheel at O slip is greater than at +25% and +50% slip. The
total load for all runs should remain constant, since the gelatin is
loaded to a coustant set deflection by lowering the track assembly of the
loading apparatus. In this case, at a deflection of 0.55 inches, a total
load of 650 grams is indi ited by the curve of Figure 22. The shear
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stress indicated by the maximum fringe order for the moving wheel load
can be increased over that for the static wheel load by & change in
normal stress distribution and by an increase in stress with constant
total load. The discussion of paragraph 61 and the isostatic patterns
of Mgures 17(c), 18(c), and 19(c), clearly indicate a change in normel
stress distribution at the moving wheel contact with the gelatin, as
compared to that of the static case (see Mgure 8(b)). An increase in
stress could be caused by a decrease in the wheel contact area with the
gelatin foundation. The contact area was measured for the three con-
ditions of the moving wheel load and the static load. The results are
glven by the following Table K:

Table X
Unit Load Measurements for Model No. 5

Total Wheel Unit

Loading Slip, | loed, Contact Load,
Condition % 1bs. | Area, in.2 pei
W el Static - 1.43 1.93 0.7k
Wheel Moving 0 1.43 1.75 0.8
Wheel Moving +25 1.43 1.8 0.79
Wheel Moving +50 1.43 1.8 0.79

The measurements in Teble K are not precise; howvever, they do indicate
the relative magnitude of the average contact stress for the four load
conditions. Referring to Figure 10, vherein maximum fringe order is
plotted ageinet the unit loading for the semicircular prodbe as defined in
Table K, it will be seen that for average contact stresses renging fiom
0.Th to 0.82 psi, the maximm fringe value falls betveen S and 6. 1In
Table J, the maximm fringe order for the static vheel load {s 5; and for
the moving vheel lcad at O slip, it 1s 7. Therefore, it appears resson-
able to assume that the main factor causing the increase in the maximm
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fringe order, (maximum shear stress) when the wheel load changes from a
static position to a moving loed at O, +25%, and +50% slip, is the
redistribution of normel stress at the wheel contact with the gelatin
foundation. The matter of stress distribution is explored further by
preparing Pigures 16(d), 17(d), 18(d), and 19(d). These figures show the
cantours of equal shear stress on the vertical and horizontal planes in
the gelatin foundation beneath the static vwhezl and the moving wheel at
the three conditions ot slip. They were ob*uiined using the isochromatic
fringe patterns of Model No. 5 (Figures 16(a), 17(a), 18(s), and 19(a)).
and the isoclinic patterns of Model No. 4 (Figures 17(b), 15(b), and
19(b)). The symmetrical i1soclinic pattern of Fix - 8(h) was used to
obtain the Ty contours shown on Figi= :5(d). Tae vaizes for plotting
the Txy contours were coupu:ed as descrived by esuation {2) paragraph 5.
Actual ~tresses in 1bs./in.” can be cbtained by multiplying *he fringe
value given for the T contours Yy the model frirge culibration value,
2P, or 0,128 psi (see paracrsph S,. The T Sontours for the stetic
vheel load (Figure 16(d)) ere of course symmetrical sgbout the vertical
axis of the wheel; and for the moving wheel load &t the three degrees of
slip (Figures 17(d), 18/3), ari 19(a)), ihey are definitely unsymcetrical
as would be expected. This Z:ssymmetry for the moving wheel load i
interesting in that the shear stress on the x and y planes in the gelatin
foundation is greater beneath the fo:vard portion of the wheel ihan
beneath the aft portion for the movisg wheel at o slip; while the ooposite
is true for the conditions of +25% and +50% slip. This s also true for
the maximum shear strescas, but to a leaser degrre. Figure 2C has been
prepared from Figures 15{d), 17(d), 18(d), amd 17(d) to 1llustrate this
distridution of shear ziresa on a horizontal plane. This Tigure shows
plots of shear siress distribution on a horizontal plane 0.2% {nches
belov the point at which the vertical axis of the vheel intersect; the
gelatin surface for ‘he case of the static vheel loading and of tre
noving vheel load at the three conditions of slip. The sh-ar st-»ss
distribution for the static wheei load, stwwn on Figure 20, {s symmetrical
about the vertice: axis of the vwheel vith a reversal in shear stvess occure
ring vhere the horizonisal plane intersecits the a® isoclinic, vhich for
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this case coincides with the vertical axis of the wheel. This is to be
expected, since all normal stresses are syrmetrical asbout this axis.

For the moving vheel load, the shear stress distributions are urbalanced,
as are the normal stresses. For the casc of O slip, the reversal in
shear stress distribution is slightly behind the vertical axis ol the
vheel; and for the cases of +25% and +507 slip, the reversal is ahead of
the vertical axis. For the last two cases the distance ahead of the
vertical axis increases with the percentage of slip. The magnitude of the
total shear force to the right and left of the point of reversal is shown
in pounds on Figure 20. These values are f{or the l-inch width of the
nodel, and are obtained from the area below the curves of shear stress
distribution multiplied by the model fringe value 2F or 0.128 Ibs./in.2.
The absolute magnitude of the total shear force on the horizontal plane
is appreciable, varying from about 40% to 50% of the total vertical loed
on the wheel. The chord length for the portion of the wheel in contact
with the gelatin surface is also shown on Figure 20. The area of the
contact surface is computed from the chord 1eng£hh, which are shown in
their relative position with regard to the horizontal and vertical axis
of the wheel. The chord is horizontal for the static wheel load. At O
slip, the angle the chord mukes with the horizontal is about 5,5°, This
angle is about 3.4° for +25% slir, and 2.0° for +50) slip. There appears
to te a definite relation between this angle and the percent o slip.

Summary and Discussion

Model Simulation of Moving iheel on a Soil Foundation
6L, The gelatin foundation loaded with the movins wheel has the
{following limitations when compared with this tyve of loading on & proto-

type scil foundation: _
a. The strain conditions in the gelatin model are two-~

dimensional rather than three-d.mencional, as in the case of a moving

wheel loading on a soil foundation.
b. The deformation of the gelatin foundation is elastic in

character, as compared to the mcre plastic deformation of a weak cohesive
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solil. For the moving wheel load on the gelatin foundation, no permenent
deformation of the gelatin surface takes place, and no how wave develops
shead of the wheel.

¢. A further limitation is the method of loading the moving
wheel for the model. As described in paragraph 43, this is accomplished
by lowering the entire apparstus sc that the wheel applies & constant
deformation t.0 the gelatin foundation. Ia the case of a prototype loading,
there woulu be acceleration effects on the load and its intensity would
be affected by the speed of travel of the wheel.

Advantages and Application of the Photoelastic Model Studies

65. The photoelastic methcde, procedural testing, and observational
techniques developed as & part of this study offer the following advan-
tages and sppliicaticns:

8. Results of the teste are reproducible, and comparisons
between tiie static and moving wheel lcad conditions can be made relistle
on a quantitative basis.

b. Although there are certain limitations to epplying the
results of the model studies directly to prototype wheel loadings on a
weak cohesive soll, the photoelastic results do indicate differences in
stress conditions and stress distribution for different loading con-
ditions of the static and moving wheel loads. These differences and
their degree of differences should be helpful in planning and analyzing
prototype tests.

c. The isoclinic and isochromatic patterns from Model Nos. 4
and 5 provide the necessary information for computing normal and shear
stress distribution on selected planes in the models for the various
loading conditions subject to the following limitations:

(1) Computations of normal and shear stress in the gelatin
at the contact surface of the wheel are not practical since the iso-
chromatic pattern is not sufficiently well defined in this area.

(2) The isnchromatic patterns are sufficiently well
defined at a distance of 0.25 inches or more from the wheel contact sure
face for reliable computationz of normal and shear stress distribution.
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(3) The gquantitative reliapility of rormal and shear
stress computation® is dependent on the accuracy with which the normal
and shear stress is defined at a given point vhere the computations are
started. For example, computations are usually started at a free sur-
face, where the stress riormal to the surface is a principal stress and
equal to zerc. fhe other principal stress ias cbtained directly from the
isochromatic fringe order (see paragraph 3). As may be seen from Figures
16(a), 17(a), 18(a), and 19(a), the fringe order at the free surface of
the gelatin is not too well defined. Therefore, in future studies of
this type, provisions should be made to define the normal stresses at
not less than two points. This could be accomplished by encapsulated
strain gages calibrated in the gelatin by a uniform surface loading.

(4) A static check of the normal end shear stress distri-
bution will require some approximations in the case of the moving wheel
load conditions. This comes about by the fact that although the totsal
vertical load 1s reasonably well defined from the deflection measurements,
the shear force applied to the gelatin for the three cases of slip is not
accurately determined for these studies.

Relationship of Probe Tests to the Moving Wheel Tests
66. The tests with the semicircular probe (static loading) having
the same diameter as the moving wheel indicate s maximum shear stress

(maximum fringe order times F) of lesser magnitude than that for the
moving wheel load for the three cases of slip, for the same deflection.
This emphasizes, at least for studies such as these, the necessity of
accurately defining the state of stress beneath the probe and the moving
wheel. This would allow more precise comparisons of normal and shear
stresses to be made. This would also permit the computation of normal
and shear stresses on planes of failure assumed for a soil foundation for
these load conditions.

Failure Conditions Under the Moving Wheel Load
67. Failure of the gelatin foundation was produced in only one test.
These were the tests of Model No. 2 with the cog belt on the moving wheel
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(see paragraph 56). In this instance, initial failure appeared to teke
place at the point of maximum shear stress. However, the protruding
cogs on the surface of the moving wheel complicated the stress pattern at
failure by creacving concentrations of stress at the surface. The other
model tests with the grit belt were not tested tc failure. The maximum
deflection for the grit belt models was 0.6 inches, while for the cog
belt at initial failure the deflection was 1.2 inches and 1.5 inches for
final failure. This does not define the failure condition particularly
well. Further studies should be made with the grit-belt-clad moving
wheel at loads that will produce failure in the gelatin foundation. How-
ever, it is realized, from the deflection producing failure for the
semicircular probe and the moving wheel with the cog belt, that the
moving grit-clad wheel deflecticns at failure can be greater than one half
the wheel diameter. This is certainly a limiting consideration for the
prototype; but in the case of the gelatin foundation deflections greater
than one half the diameter of the wheel are considered justified for
determining the failure characteristics of the gelatin under the action
of the moving wheel load. This should better define failure conditions
for the moving wheel loading.

Conclusions

68. Test procedures and techniques developed in the course of these
studies provide a means of obtaining photoelastic stress patterns for
moving wheel loads at controlled degrees of slip.

69. Sufficient information has been developed to compute norme and
shear stress distribution on planes in the gelatin foundation within 0.25
inches of the contact surface between the moving wheel load and gelatin,
if certain approximations are made (see paragraph 65).

70. Further development or exploration of measuring techniquee is
needed to accurately define the stress ot a point at two or more selected
locations in the model foundations. However, preiiminary preparation for
this developmental work should include computations of norral and shear
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stress distribution for the static and moving wheel loads using the avail-
able results and meking the necessary approximations.

Ti. Since many prototype tests have been made of towed vwheels on
soil foundations, it would probably be desirable to make further studies
of the towed wheel with sufficient friction available to turn the wheels
as it is pulled in contact with the gelatin surface. This will require
some minor modification of the load apparatus.

T2. Further information should be obtained using presently developed
techniques to define failure conditions in the gelatin foundation for the
moving wheel load at O slip.

T3. The following are specific conclusions concerning the action of
the static and moving wheel loads on the gelatin foundation:

&. There was an increase in maximum shear stress for the
moving wheel load at 0, +25%, and +50% slip over that of an equivalent
static wheel load.

b. This increase in maximum shear stress is due to a redistri-
bution of normal stress at the wheel contact with the gelatin.

¢. The maximum shear stress under the action of the moving
vheel load is greater at O slip than at +25% or +50% slip.
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Figure 6. Isoclinics for U5C wedge with 3/8- and 1l-inch followers.
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(a) View of wheel and gear belt with track for moving
wheel on gelatin surface.

(b) Reduced speed motor with gear and rack arrangement
and gears for +25% and +50% slip. Note the grit and
thin timing belt.

Figure 1k, Moving wheel apparatus ani mounting track.




(a) Moving wheel cycioid for O slip.

(b) Moving wheel cyclcid for +257 clip.

(c) Moving wheel cycl~id for +504 siip.

igure 15. Moving wheel cycloids at o, +:5%, and +50% s1ip.
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