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PHOTOELASTIC SOLUTION OF STRESSES IN THE ELASTIC
FOUNDATION SUPPORTING A PLATE

A. J. DureLLrt, V. J. Parks] and J. S. NORGARD§

Civil and Mechanical Engineering Department, The Catholic University of America, Washington, D.C.

Abstract—The stress distribution in a continuous, linear elastic foundation supporting a centrally loaded circular
plate has been analyzed using the photoelastic freezing method. At the interface between plate and foundation
the axial displacements and the radius of the contact surface were also determined. Comparisons are made with
theoretical solutions. The particular combination of epoxies used in this analysis makes the photoelastic method
easily applicable to the solution of many foundation problems.

INTRODUCTION

THE analysis of stresses in foundations is often conducted with the assumption of in-
dependent linear spring behavior of the foundation material as suggested by Winkler [1].
A thorough and systematic study of the two-dimensional problem based on this assumption
has been presented by Hetenyi [2]. Considerations on theoretical three-dimensional
solutions based on Winkler’s assumption and on continuous behavior can be found in
Timoshenko and Woinowsky—Krieger [3]. Laermann [4] has solved the differential equa-
tions for plates on elastic foundations with creep and gives values for the case with a ring
load on the plate.

Two of the authors of this paper have experimentally solved the problem of the beam on
an elastic foundation, modeling the foundation as a linear continuous media and using
two-dimensional photoelasticity and rubber models [5].

In this paper an experimental solution of the three-dimensional stress distribution in a
foundation is presented. The foundation is supporting a circular plate, which is subjected
to a load acting at its center, in the direction perpendicular to the plane of the plate. The
photoelastic freezing technique, as described in [6], has been used for this three-dimensional
analysis. The geometry of the model is considered an approximation of an infinite plate
resting on a semi-infinite elastic foundation.

PHOTOELASTICITY TEST

Models

The material used for the foundation model was an epoxy compound manufactured
using a formula suggested by Sampson [7]. The critical temperature of this material is
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about 60°C. After casting the foundation model, which was made cylindrical in shape, the
top and bottom surfaces were machined.

The model of the plate was made of another epoxy resin, Hysol 4290, and machined on
all surfaces. The critical temperature of this material is 120°C. The test temperature was
73°C, so that the plate material is in the glassy state when the foundation material is in the
rubbery state. This simulates the usual condition of a hard plate and a soft foundation.

Figure 1 shows the geometry of the plate and the foundation. The diameter of the cylin-
drical foundation is 2r' = 4-86 in. and the height isabout 7-33 in. The thickness, 2 = 0-180in.
of the plate was determined by a desire to limit the radius of the contact area between the
plate and the foundation to about half of the total radius of the two parts. The estimate was
based on a paper by Weitsman [8]. The center axis in the cylindrical coordinate system used
is the z-axis and the radial axis is r, as shown in Fig. 1. They were both normalized with the
contact radius, r,. The tangential coordinate is 6.

M 2r'= 4.8in
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F16. 1. Geometry and loading for photoelastic test.

Loading, freezing and calibration

The load P was applied vertically to the center of the plate by a steel ball, 1 in. in diameter,
as shown in Fig, 1.

A low level of friction is not uncommon in practice. In the modeling it has added im-
portance since the thermal changes might produce unwanted stresses in the bodies. If it is
desired to model a plate and foundation with high friction, then the coefficient of thermal
expansion of the model materials should be matched to avoid thermal stresses. This was
done in other problems [9].
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A ring and a disk from the foundation material and a ring from the plate material were
loaded diametrically for the determination of the mechanical and optical constants. The
loaded model and the loaded rings and disk were placed in an oven.

The temperature was raised at a rate of 1°C/hr to 73°C and lowered at a rate of 0-5°C/hr
to room temperature. After completing the temperature cycle, which lasted about a week,
the loads were removed.

From the calibrating rings and disk the freezing stress fringe value for the Sampson
compound used for the foundation was found to be f = 0-675 Ib/in. fringe, its modulus of
elasticity E, = 1520 psi and Poisson’s ratio estimated to v, = 0-49. For the plate material,
Hysol 4290, the modulus of elasticity obtained at the high temperature was E, = 255,000 psi
and Poisson’s ratio was estimated to v, = 0-37.

Slicing and Photographing

Figure 2 shows how 5 slices were removed from the frozen foundation model. The
slices were cut with a band saw and precaution was taken to limit heating, which could cause
annealing in this epoxy because of its low critical temperature. Annealing tends to reduce
the fringe order. After cutting, the slices were sanded and immersed in oil for photographing
and determination of fractional fringe order. Figure 3 shows dark and light field iso-
chromatics of the meridian slice. As expected the isochromatic pattern of transverse slices
show axial symmetry. Isoclinics were also recorded and from them isostatics were deter-
mined. These are shown in Fig. 4 for the meridian slice.

ANALYSIS

Radial and circumferential stresses in the foundation

The shear stresses z,, in the foundation can be obtained from the isochromatics and
isostatics of the meridian slice, No. 1. The equation to be used is [6]

rz

T, = —nitsin 20 1
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Fi1G. 2. Slicing plan for “frozen” foundation.
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FIG. 4. Isostatics for the meridian slice of an elastic foundation supporting a plate.

where n is the fringe order at the considered position, ¢ is the thickness of the slice, /is the
stress fringe value for the material used and 8 is the angle measured from the r-axis counter-
clockwise to the direction of the principal stress.

From transverse slices such as 2, 3, 4 and 5 the secondary principal stress difference
can be obtained using the following equation

(2)
Assuming that there are no body forces, the differential equation of equilibrium for the

axisymmetric case can be expressed in cylindrical coordinates as [10]:

de, 0t,, 0,—0y

or 0z r =0 )

In finite difference form, this equation can be written as

r A ~ _
g, =0, — Z l:[;:iAH-J' . %Ar], 4

v

where o, is a known value of ¢, at a certain point, in this case at the vertical surface of the
foundation, where g, = 0. At,, is the change in shear stress t,,, in the interval Az in vertical
direction and is obtained from equation (1). The value of g, — g, is given by (2).

The radial stresses were computed from equation (4) by numerical integration at four
levels of z. The circumferential stresses were then obtained from equation (2).
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FiG. 3. Isochromatics in the meridian slice of an elastic foundation supporting a plate.
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Vertical stresses in the foundation

Knowing o,, the vertical stresses ¢, can be obtained from the photoelastic measurements,
using the following equation [6]:

g, = o‘,—2n€cos 20 {5

where n is the fringe order in the meridian slice and 6 is the angle of the principal stress.

Pressure at interface

The contact pressure at the interface between plate and foundation can be obtained
also by numerical integration using a second equation of equilibrium [10]:

[ATrZAZ%—EE Z], (6)
r r

where o7, is the known value of ¢, at the starting point, z".
The integration up to the interface has been carried out starting from three horizontal
levels and over the entire r-range.

Corrections

The above mentioned equations assume that the photoelastic values, » and 8 in the
meridian slice correspond to a plane through the centerline of the foundation. However,
the slice from which those values were obtained had a thickness t and the measured fringe
orders and angles correspond to averages over this thickness. The errors introduced were
largest for small values of r and some corrections were made to eliminate the errors.

RESULTS

The isochromatic patterns of the meridian slice are shown in Fig. 3. No pattern appeared
in slices 2-5 because the maximum fringe order was 0-8 and a compensation technique
was used.

In Fig. 4 the isostatics for slice 1 are presented. If there were no friction between plate
and foundation there would be no shear stresses and the isostatics would meet the top
surface perpendicularly. This is not the case in Fig. 4 and in Fig. 9 the shear stresses 1,, at
the top surface are plotted. Those shear stresses were obtained from equation (1). The
direction of the principal stresses in slices 2-5 is radial and tangential because of axial
symmetry.

The values of g,, o,, and g,, obtained by numerical integration are plotted in Figs.
5-7 for different horizontal levels. For o, and o4 only 3 curves are shown because the values
corresponding to z/r, = 1.258 were very small and about the same as those corresponding
to z/r. = 0-667.

The displacement of the top surface of the foundation was measured on the “frozen”
slice No. 1 and plotted in Fig. 8. The displacement at r = r, was chosen to be zero. For
r < r, the displacement of the plate coincides with the displacement of the foundation,
but for r > r_ both are different.
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FI1G. 5. Vertical stresses, o, at four levels in elastic foundation supporting a plate.

The interface pressure p = —o, between the plate and the foundation is plotted in

Fig. 9 and compared with two theoretical solutions. From the experimental results the
value of the radius of the contact surface r,, was determined. This value was used as a
characteristic length for normalizing the coordinates and the stresses in all plots.

COMPARISON WITH THEORIES

Contact radius

As mentioned above Weitsman [8] has given the expression to determine the theoretical
radius r, of the circular area of contact between plate and foundation. Assuming an
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Fi1G. 6. Radial stresses, o, at the three levels in elastic foundation supporting a plate.
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F1G. 7. Tangental stresses, o, at three levels in elastic foundation supporting a plate.

infinite plate, a semi-infinite elastic foundation and no friction at the interface, Weitsman’s
theory gives

1—v3)E
=113 J| U205
Fes = 16 \/ [ (1-v))E; %
In the present case equation (7) gives
r.; = 1:53in.

Weitsman'’s theory was revised by Pu and Hussain [11]. The revised theory gives
r., = 1-74in.

Yoon and Rim [12] have analyzed the problem, using a computer. For the present case
their program gives
re, = 1-60in.

The contact radius measured on the photoelastic model was

r. = 1-69 in.
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FiG. 8. Displacement, w at the top surface of an elastic foundation supporting a plate.
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F1G. 9. The interface pressure and shear stresses between an elastic foundation and a loaded plate.

Theories for interface pressure

All theoretical solutions of problems similar to the one studied here make three assump-
tions which do not agree well with the experimental conditions, namely (1) no friction
between plate and foundation, (2) infinite size of plate and (3) the load applied at a point.

Two theoretical solutions can be found in Timoshenko and Woinowsky-Krieger’s
book [3]. One of these solutions is based on Winkler’s assumption that the reaction
pressure from a foundation at any point is proportional to the displacement of the foun-
dation at the point, i.e. p = kw, where k is called modulus of the foundation [2]. The value
of k for the present foundation has not been determined and no comparison between the
experiment and Winkler’s theory is shown.

Elastic solid theory of interface pressure

In the other theoretical solution, the foundation is considered as an elastic solid.
Besides the three above mentioned assumptions it is further assumed that there is contact
between plate and foundation in zones of negative pressure.

The elastic properties of the foundation in this theory are characterized by

E
ko = =L
C 21—

For the material used in the test, the value is

ko = 1000 psi.

The curve for the interface pressure based on this experimental k,, value is shown in Fig. 9.



Photoelastic solution of stresses in the elastic foundation supporting a plate 201

Yoon and Rim’s solution

Weitsman [8] has also developed a theory for the interface pressure based on the three
above mentioned assumptions but assuming no contact when pressure goes below zero.
The theory was improved by Pu and Hussain [11] and it was used to compute the radius
of contact for the test data of this paper.

Based on the same assumptions Yoon and Rim have developed a computer program
[12]. Applied to the data used in the photoelastic experiment, the program gives the dis-
tribution shown in Fig. 9. The results have been obtained by courtesy of Professor K.
Rim.

ACCURACY

Appreciable errors may accumulate in the numerical integration procedure. Some
computations have been made of the standard deviations of the stresses o, a,, 64, based
on estimates of the random errors of each of the directly measured quantities. For the three
stress components the standard deviations are almost the same and highest near the center
line. For z/r, = 0-074 the normalized values of 7., a,, and ¢, 3-3, 2.0 and 2-0, respectively
at the centerline, and their standard deviation is 0-2. For z/r, = 0-370 the corresponding
stress values are 2.3, 0-5, and 0-5 and their standard deviation is 0-1.

The systematic error from using equation (4) as an approximation to equation (3),
is estimated to be negligible compared with the standard deviation. The corrections
mentioned above to account for the finite thickness of the slices are carried on up to r
values where the errors due to thickness of the slice are negligible. 0-1.

For all four z levels in Fig. 5 a check for the o, values has been made by integrating
o, over the circular, horizontal plane. The integrated values were found to be in agreement
with the total load on the plate within the random error. The relative deviations of the
integrated values from the total load for z/r, = 0074, 0-370, etc. are —6, +10, +1 and
+ 2 per cent, respectively.

The interface pressure, Fig. 9, is obtained as an average of integrated values from
o, at 3 horizontal levels. Near the centerline pnr?/P = 3-8 and the standard deviation
is about 0-2.

CONCLUSIONS

The horizontal distributions of the stresses in the foundation are rapidly equalized
with increasing depth, z, see Figs. 5-7. The maximum stress is the vertical stress at the inter-
face where

see Fig. 9.

Neither of the theoretical solutions shown in Fig. 9 seems to be in very good agree-
ment with the experiment, probably mainly due to the assumption of a point load in the
theories. The three theoretically obtained values of the radius of contact are in very good
agreement with the experimental one, in spite of the fact that the assumptions for the
theory about infinite plate, point load and no friction are not completely satisfied.
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A6cTpakT—IIyTeM MCrONb30BaHUA (GOTOYNPYIOoro MeTola 3aMOPKHBAHMA, MCCIIEAYETCS pacnpeaeeHue
HATNIPAXKEHHH B HENMPEPHIBHOM THHEHHO-YNPYroM OYHAAMEHTE, HECYUIMM LEHTPANbHO HAarpyXeHHYIO
KpPYIJytO IUIACTHHKY . Onipeensorcs, TakxKe, ocebble MEPEMELLIEHHS U PaIMyC TIOBEPXHOCTH KOHTAKTA, Haa
MOBEPXHOCTH pa3iena Mexay IiacTuHkoi u dyHnameHToM. JaloTcs CPABHEHNA C TEOPETHYECKMMH PelLIEH-
usAMHK. YacTHbIR COCTaB MOKCHAOB HUCMO/B30BAHHBIA B 9TOM aHanun3e, nenaer. GoToynpyruii MeTos JIerko
MPHAOXKEHHBIM K peLIeHHio GONbLIKKHCTBA 33434 (yHIAMEHTOB.



