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STRESS-SINGULARITIES DUE TO UNIFORMLY
DISTRIBUTED LOADS ALONG STRAIGHT BOUNDARIES
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Abstract—The optical method of caustics, as it has been developed for the study of the stress-intensity factors at
the crack-tips, was used for the evaluation of the stress-singularities created by uniformly distributed loads
applied at a straight boundary in generalized plane-stress problems. The absolute retardations of light rays
impinging normally at a plate under conditions of plane stress and partly reflected either on the front, or on the
rear face of the plate, are deviated due to the constraint of the plate at the vicinity of the applied load and the
refractive index variation. The deviated light rays, when projected on a screen, are concentrated along a singular
curve, which is strongly illuminated and forms a caustic. It was proved that the shape and size of the caustic
depend on the stress singularity at the point of application of the load. Thus, by measuring the dimensions of
the caustic, it is possible to evaluate the state of stress at the singularity. The properties of the caustic were
studied in relation to the loading mode of the plate.

INTRODUCTION

THE problem of stress distribution in a semi-infinite plate under generalized plane-stress
conditions, which is loaded by a concentrated force acting at some point of the straight
boundary, which was taken as origin, was solved by Flamant, as early as 1892 [1]. Flamant’s
solution was based on Boussinesq’s three-dimensional solution [2]. While Flamant solved
the problem of a concentrated vertical force acting upon the straight boundary, Boussinesq
gave in the same year the solution for the case of any inclined force [3].

It has been found by these early solutions that the stress-distribution in the semi-
infinite plate is a radial distribution. The polar components of stresses at any point of the
plate with polar coordinates r and 3 are given by the simple relationships:

2P cos 8

g, = - 0y =T, =0.

Furthermore, it can be readily shown that the radial stress ¢, has the same magnitude
at all points of any circle, which is tangent to the straight boundary at the point of contact.
If the diameter of the circle is denoted by d, the radial stress component is:

_ 2P
o, = vt

This value holds for all points of the circle except the point of application of load,

where a stress singularity appears of the order of r 1.

In order to avoid the existence of stress-singularities at the point of application of
loads, Hertz [4] considered the case of two spheres under contact. By defining the circular
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or elliptic surface of contact this theory can avoid the stress singularities at the boundary
of the surface of contact. The Hertz problem can readily be reduced to the corresponding
plane problem for a frictionless cylindrical punch acting upon a semi-infinite space.

If, instead of a concentrated load, a uniformly distributed load along a part of the
straight boundary is considered the problem of stress distribution can be solved by super-
imposing the stresses produced by each of the vertical forces creating the uniform dis-
tribution. For each of them the components of stresses are obtained by shifting the cor-
responding curves which express the distribution of each component of stress constructed
for a particular place of the concentrated load to new origins defined by the relative
position of each concentrated load and the initial one. The complete solution of this
problem is given in Timoshenko’s classical book [5].

As an application of Hertz’s theory Shaw and DeSalvo [6] have recently shown that
elasticity plays a significant role in the formation of the plastic zone beneath a flat rigid
punch, which differs significantly from the slip-line field assumed initially by Prandtl
{who considered the material as plastic-rigid one}). They concluded that a blunt indenter
yields a plastic-flow zone, corresponding to a slip-line field only if there is a sufficiently
small quantity of elastic material beneath the punch, so that the plastic-rigid assumption
holds. If the elastic material is sufficiently large, the solution may be based on the elastic
Hertz problem, and the elastic-plastic boundary resembles a line of constant maximum
elastic shear stress, as it is derived from Hertz’s theory.

However, if the applied load is either strictly concentrated or the indenter is not blunt,
at the extremities of the contact area of the indenter and the semi-infinite elastic body
singularities of the order of r~! appear and these create uncertainties for the stress-field
at the vicinity of these areas.

The method of caustics, developed by the author [7], is a unique experimental method
suitable for the study of stress-singularities, as well as any other type of stress discon-
tinuities or concentrations due to either a change of the externally applied load, or the
geometry of the specimen. According to this method the stress singularity is transformed
into an optical singularity expressed by a caustic (line of concentration of light-rays), the
shape and dimensions of which yield sufficient information for the evaluation of the stress-
field at the close vicinity of the singularity. The method was applied up to now to stress
singularities created at the tips of single cracks or arrays of cracks [8], as well as to the study
of stress-concentrations around small holes drilled at the interior of any two-dimensional
stress-field [12].

In this paper the same method is adopted for the study of singularities created by either
concentrated loads or uniformly distributed loads, applied at the straight boundary of an
elastic half-plane. The experimental evidence, based on the above method on plexiglas
plates, corroborated with existing elastic theories concerning the order of singularities for
uniformly distributed loads.

THE METHOD OF CAUSTICS

If a monochromatic and coherent light beam, emitted from a He—Ne gas laser, impinges
normally on the lateral faces of a thin-plate made of a transparent and optically-isotropic
material (such as plexiglas) and subjected to a uniformly distributed load along a part of
its straight boundary, it is partially reflected on the front and rear faces of the plate. We are
interested in the light rays traversing the plate once, as well as in the light rays reflected
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either once on the front, or once on the rear face of the plate. This is because the intensities
of these bundles are significant and they readily yield satisfactory caustics [7].

The light rays traversing the plate are retarded along the thickness and, if the principal
stress-axes are denoted by 1 and 2, the absolute variations of the optical path along these
axes are given by [9]:

As,, = As,, = dc(o,+0)). (1)

The absolute variations of the optical paths for light-rays reflected on the rear face of the
plate are:

As, = As,, = dc(o,+0,) (2)
where d is the thickness of the plate, (¢, +¢,) is the sum of principal stresses c, is the optical
constant of the material for traversing light-rays, and ¢, is the optical constant for reflected
light-rays at the rear face of the plate.

Interferometric measurements on plexiglas combined with simultaneous measure-
ments of the elastic constants E and v of the material allowed the evaluation of ¢, and c,
from relations:

¢, = %[(1—2v)b—v(n—1)]
= 21— 2wp !
¢, = Z[(1=29b—s(n—}]

where b 1s Neumann’s optical constant of the optically isotropic material and n is the
refractive index of the material when unloaded.
The values for the constants of the material were:

E = 2-80 x 10* Kp/cm? v=034 ¢ = -101x10"3cm?/Kp

4
¢, = —324x107° cm?/Kp. @

The emerging light front S(x, y, z) after traversing the plate, or reflected on the rear
face, is deviated and vector w, which expresses the displacement (PP’) of a generic point P
on the plate, as it is projected on a reference plane at distance z, from the mid-plane of the
plate (Fig. 1), is given by:

Wer = —2, grad Asr,r(x’ y) (5)
Introducing either relation (1) or (2) for the transmitted or the reflected light rays we
obtain:
w = Cgrad(c,+0,) 6)
where constant C takes the values:
C=C,= —zdc, (for transmitted light)

and (7
C=C, = —zdc, (for reflected light on the rear face).
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Similarly, it can be shown that the deviation w of the reflected light-rays on the front
face are given by:

vd
W= — &g grad(o, +0,)

which may be also expressed by relation (6) if one puts:

d
C=¢ = —z,vf. @)

ci

incident Se.

light

F1G. 1. Geometry of semi-infinite plate partly loaded along its straight boundary and relative position
of specimen dnd reference screen.

UNIFORMLY DISTRIBUTED LOAD ALONG A PART OF THE
STRAIGHT BOUNDARY

Consider a plate of an elastic, homogeneous and isotropic material in a generalized
plane-stress condition occupying the negative half-plane and a reference frame Oxy, as
indicated in Fig. 2. The plate is uniformly loaded along the part AB = 2a of the straight
boundaries by a normal stress . A generic point P of the plate at distances r, r, and r,
from points O, A and B respectively, and angles subtended by r, r, and r, and the positive
x-axis equal to 9, 3, and 9, respectively, is in a state of stress, defined by the function
®(z) of the complex variable z = (x+iy) given by [10]:

1 % o _ g (z—a)

= =2 .
i) -2 T i (z+a)

o(z)
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FiG. 2. Geometry of semi-infinite plate uniformly loaded along a part of its straight boundary and
the related reference frame.

Differentiating ®(z) with respect to z we obtain:

w__oe (10
dz  ni(z—a?) )
v _ _oa )
dz  gi(a*~z%)
2
d<o 20az (12)

a2 ni(z% —a?)?
where @'(z) is the complex conjugate of @'(2). )
Since it is valid that z =re™™, z, = r, e™® and z, = r, ¢7™, while z, = (z—a) and

2, == (z+a), relations (9) to (12) may be written as:

@(z) = {;[-—i m:—;+(92—91)] (13)
®- e (14)
L. 2 etan 15
and
%? _ %i%%ei[z(swsz)-s]_ (16)

The biaxial state of stress at any point of the plate under load is expressed in complex
form by:

4Re®(2) = (0, +0,) (a7
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where the function ®(z) = [u(x, y)+iv{x, y)] is expressed by equations (9) or {13). Intro-
ducing relation (17) into equation (6) and taking into consideration the Cauchy-Riemann
relationships, we obtain for w in complex form that:

ou . du
——— 1......_
ox  Qdy
where w is referred to a reference frame with origin the projection P’ of every point P of

the plate on the reference plane Sc (Fig. 1). If w is referred to a fixed reference frame 0'x'y’,
it becomes:

vl

W= (x' +iy) (18)
with
F
v =lx+c? and y=|y+c? (19)
_0x ay

Quantity W expresses the projections on screen Sc of the deviations of the reflected
or transmitted light-rays. These rays at the constrained zone, surrounding the singularities
of the stress-field, due to a significant lateral contraction there, as well as a considerable
variation of the refractive index, are deviated by different amounts, depending on the
slope of lateral faces and the variation of the refractive index. These rays are concentrated
at an envelope, because of the singularity, which is strongly illuminated and forms a caustic.
This envelope represents a singular curve for W. The conditions for existence of a singularity
is the zeroing of the Jacobian determinant J = &X', ¥')/&(r,3) = 0. This relation, after
some algebra, yields:

2
4(:[‘23] = 1. (20)

Relation (20) expresses the equation of the initial curve creating the caustic. The
envelope of this curve is given by the set of equations (20) and (18), which may be written as:

d*o
00 |
dz

Introducing equations (10) or {13) into relations (20) and (21) we obtain for the equation
of the initial curve that:

21
= z—4C-

8Ca| a’z
nat|(@ =z L (22)

The above relations hold for a parallel light beam impinging on the plate. If the light-
rays are divergent (or convergent), the magnification ratio 4, is defined by:

z,+z;
Z.

1

i

where z, is the distance between the focus of light beam and the mid-plane of the specimen,
while z, is the distance between the mid-plane and the reference plane Sc. This ratio must
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be introduced into relation (22), which becomes:
8Co

na’l;

a’z

——=| = L
(az_zz)z

In order to simplify the above expressions we put:

_ 8Co
T na*l

*

23)

and introduce normalized coordinates to the semi-width a of the uniformly applied load o,
so that:

2o = z/a, re = r/a, For = 1/a, Foz = I'a/a, wo = w/a. (24)
Then, the expression for the initial curve becomes:

Z9

* ] =
(1—z3)

(25)

which, after some rearrangement, yields:
re—2r3cos 28— C*ry+1 = 0. 26)

Equation (26) yields the expression of the initial curve in polar coordinates ry and §.
From relation (26) it can be derived that:

os 29 = (rt— C*ro+1)/(2r2) 27)

where angle 3 for the type of loading considered here is varying between 0 > 3 > —=.
For a generic value of r, there is a corresponding value for 3, if it is valid that:

Ir3—C*ro+1] < 213 (28)

In this case the value for cos 29 is fixed, which yields two values for the angle 23, that is
29, and 29, in the interval — 27 < 28,,29, < 0. The angles 3, and 3, are connected by
the relation (3, +8,) = — = Thus, 3, = —{rn+38,). This relation indicates that the singular
curves expressed by relation (26) are symmetric with respect to the Ox-axis (3 = +nr/2).
This result was expected from the symmetry of the problem.

The equation for the epicycloid created by the initial curve of equation (26) is given by :

W = Afz—(4C*/2)d®/dz] = A{z%—ﬁ -———ﬁ——]

4wz —a?)

i

which, when it is referred to the normalized coordinates, expressed by relations (24), and
if relation (25) is taken into account, yields:

Wy = Alrg e ®—i(rd e 28 —1)/2r,]. (29)
This relation readily yields the parametric equations of the epicycloid:
Xo = A[rocos 3—(r3 sin 29)/2r,]

. (30)
Yy = A[—rgsin 8 —(rd cos 23 --1)/2r,]
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or
Xo = Airglcos 3 —sin 29/2]

. 31
Y, = —Airo[sin 9+~1~(cos 2.9——15)] 1)
2 rs

In these relations r, and 9 are related by the equation of the initial curve (26).

DISCUSSION OF PARTICULAR CASES

(i) Concentrated load (¢ = 0)
Consider first the case when C* — oo, that is when ¢ — 0. In this case the initial curve
becomes a half-circle with radius r, given by:
ro = (C*H% (32)
Indeed, equation (26) becomes:
(C*)* —2(C*)? cos 29 —(C*)¥ 41 = 0.
Since for C* — oo the second and fourth terms are insignificant, the above equation is
satisfied identically. The parametric equations of the epicycloid become:
X, = 4(C*)*[cos §—sin 29/2] }

(33)
Y, = —A4(C*)*[sin $+4{cos 28— (C*)~#}]
(ii) Uniform load extended to infinity (C* — 0)
If C* - 0, then it may be taken that a — co. Equation (25) of the initial curve may
also be written as:

rd, . rt, = C*rg. (34)

We consider first point B for which we have ry; >~ 2 and r, ~ 1. From equation (34) it
can be deduced that r,, = {C*)*. Similarly, for point A we have r,; = 3(C*)%. For C* - 0
we have as initial curves half-circumferences of a very small radius at the extremities A
and B of the loaded boundary x = +a and y = 0. The corresponding epicycloids are
expressed by:

4C .
W=4 [z+—C T i ”’ﬂ}. (35)
Ay Wirgr,
By putting into equation (35) r, = 2a, §, = —n and z = (—a+r, e"*?) we obtain,
after some straightforward calculations, that:
. iC*
Wy = Ao~ [r02+-——-] (36)
4ry,

where W, = (W,, +1). But, we have already found for this case that r,, = LC*), then:

Wy, = %(C*}% e~ 91 +1] (37
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which yields:
A .
Xo2 = ?(C*}*{cos 8, +sin §,)

2 (38)
Yo, = E‘(C*)*(cos 9,—sin 3,)
Similarly, for the other extremity of the loaded boundary A we have:

Xy = %{C*)*{cos 3, —sin §,]
n 39

Yo = j(C*)*[cos 8, +sin 3]

and

Wy, = %(C*)* e” ™1 i), 40)

(iii} General case for a # {0, )
In the general case the width of the applied load 2a is significant and it does not tend to
infinity. Then, from relation (27) we obtain:

- C*rg+1
81 = _%COS 1("9—“2—?%’0—) 41
Fg—C*ro+1 1)
3, =%cos™! 5z | T
Q

For each value of the radius r satisfying the inequality {28) we define two values for
angle 9 from equations {(41), and therefore two points of the initial curve, which yield
afterwards, by applying relation (29), the corresponding points on the epicycloid.

However, this procedure by a series of trials with arbitrary values for rqy is rather
cumbersome, and it does not yield a full picture of the shape of the epicycloid. It is better
practice to select various angles for 3 and define the corresponding values for the polar
radii 7, and r,. In this case it is necessary to solve the equation of the fourth order:

ré—2rfcos 28— C*ro+1=0. (42)

Since equation (42) does not contain a third-degree term, and since the coeflicient
(—C*) of the first-degree term is always negative, this equation has solutions ry, ; 34
given by:

ror = 3[(s )t + (s +(s3)H]
roz = 3ls ) —(s)f —(s3)1]
ros = 3[— (st + (st —(53)1]
roa = 1l —(51)* ~(s2)* +(53)¥]

where s , ; are the roots of the corresponding resolvent equation of the third degree
expressed by:

(43)

5% —4 cos 2852 — 4 sin? 295 —(C*)? = 0. (44)
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Since it is always —(C*)* < 0 and —4sin? 29 < 0, the third-degree equation (44) can
have either one positive and two negative roots, or one positive and two complex roots,
when the fourth-order equation must have respectively either four complex roots or two
real and two complex roots. Therefore, since we seek real roots for the initial equation (42),
we are interested for the solution of its resolvent equation yielding one real and two com-
plex roots. In order to find this solution we form the equation of the third-degree:

Y +py+q=0 (45)
with
p= —%(3+cos*29) (46)
and
g = —3=[27(C*)* + 144 cos 29— 16 cos® 23] 47)
which has a real root:
vy, = (A+B) (48)

and two complex roots:

Ya3 = — 5 ii\/3T (49)
where
2 174
I I O B
A —-|: 2+(4+27) ] (50)
q [¢¢ pP\'P
B = [—E—(?+2_7 J (51)

In order that equation (45) must have one real and two complex roots it is necessary
that:

q*/4+p*/27 > 0. (52)

The roots s,, s,, s; of the initial resolvent equation (equation 44) are given by:
S1,2,3 = (V1,2,3 +3 cos 29). (53)
Introducing the values for s, , 5 into equation (43) we define easily the roots ry; ;34
of the initial fourth order equation. From these roots two are real and positive, if
(g*/4+p3/27) > 0, and they coincide to only one, if (¢*/4+ p*/27) = 0. It can be readily

found that the two positive roots for equation (42) are expressed by:
For2 = 3s[{A+B+%cos 29}  + {—(A+B)+5 cos 29

+[{—(A+B)+%cos29}2+3(A—-B)*]*}%]. (54)
Equation (54) shows that the initial curve passes always by two points of each polar radius

ro-
In order to define if the initial curve is either a continuous curve or it possesses two
branches, symmetric with respect to the y-axis, we examine the case for which § = n/2.
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For 8 = /2 it is valid that cos 28 = —1, p = —1¢, g = [—(C*)>+128] and therefore the
expression:

yields:

Cc* = —1—69l/3 (55)

If the sign of equality is taken in equation (55) the values fer g, 4, B, y, , ; and s, , 3 become:
q=-23°, A=B=}%

y, =

§y

and y, =y; = —

Wl Wi
Wwic Wik

and s, =53 = —

In the case when s, = 5, = negative, instead of equations (43), we have the simplified
relations: ry, = ry, = 3{(s;)*] and the roots of the fourth-order equation take the values:

1
rop = Yoz = ‘\/—3

Thus, for C* > (16\/ 3)/9 we have two branches of the initial curve, one of them enveloping
the other. For C* < (16,/3)/9 there are two separate branches of the initial curve en-
veloping either extremity of the loading area (points A and B in Fig. 2). For C* = (16,/3)/9
the two distinct branches are tangent along the y-axis (3 = n/2) at the point r = 1/,/3.

(56)

NUMERICAL AND EXPERIMENTAL APPLICATIONS

For the study of the development of the constrained zones at the vicinity of the uniformly
applied load, a series of computations were undertaken in the IBM 1620 computer of the
Technical University, where the solution of the equation (42) was programmed and the
shapes of the initial curves and the corresponding generalized epicycloids were directly
plotted for various configurations of applied loads and optical set-ups.

The governing parameter for the type of the epicycloid is the global constant C*,
which contains the characteristics of the load (magnitude of uniform applied stress o, and
area of application of the load ¢), as well as the characteristics of the specimen (thickness d
and optical constants c,, ,) and the optical set-up (distance z, and magnification ratio ).
The computer programmes were prepared for C* varying between C* = 1000 and C* = 1.
The case C* = 1000 for the usual optical arrangement utilized in the experiments cor-
responded to the case of concentrated load. As the values for C* were diminishing, either
the loading width 2a was increasing, or the applied stress was decreasing.

Figure 3 shows the cases for concentrated load (Fig. 3a) where C* — oo and C* = 3.34
(Fig. 3b), while Fig. 4 shows the cases for C* = 3 and C* = 1 respectively. The cases
presented in Fig. 4 correspond to values of C* < (16,/3)/9 and therefore the initial curves
in these cases contain two separate branches (curves with open circles).

It is clearly shown in these plots that the two branches of the epicycloids form a shape
of crescent for the case of concentrated load. However, for C* — oo there are also parts
of the epicycloids at x = 0 and y = + 0.



666 P. S. THEOCARIS

7
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|
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(a)

(b)

Fic. 3. Computer plots for the initial curve and the corresponding generalized epicycloid for cases
where C* > C% (C% = (16,/3)/9). Figure 3a corresponds to the case of concentrated load (C* = 1000)
and Fig. 3b to the case where C* = 3.34.

As the values for C* are decreasing the internal boundary of the crescent is angularly
displaced toward the center of the loading area and the parts of the epicycloid at infinity
are now displaced, approaching the two main branches, (Fig. 3b, parts (e)) at the vicinity
of the y-axis (parts (i)). Furthermore, the initial curve, which for C* - oo was a circle and
a point at the origin, it contains now two branches, the internal one surrounding the
origin and yielding the parts (i) of the epicycloid, and the external part like a half-eight,
which corresponds to the main branches of epicycloid (parts (e)).

For values of C* below the critical value C% = (16,/3)/9 the parts (e) and (i) of the
initial curve are divided symmetrically and joined together, forming two continuous
curves, symmetric with respect to the y-axis (parts (/) and (r) in Fig. 4). Similarly, the
branches (i) and (e) of the epicycloid are divided along the y-axis and the internal (i) and (e)
branches are joined together (parts (/) and (r) respectively). For the case C* = 3 shown in
Fig. 4a the internal branches of the epicycloid (/) and (r) are tangents along the y-axis.
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(b)

F16. 4. Computer plots for the initial curve and the corresponding generalized epicycloid for cases
where C* < C,,. Figure 4a corresponds to case where C* = 3.0, while 4b shows the case where C* = 1.0,

For smaller values of C* (C* = 1) the left and right branches of the initial curve and the
epicycloids are totally separated and they again resemble to circular arcs, as for the other
extreme case, where C* — co.

In order to check the theory with experimental results, a series of tests were undertaken
with thin orthogonal plexiglas plates subjected to compression at a part of their larger
straight boundary. The thickness of the plate was of the order of 3 mm and their width
and height were sufficient to simulate a half-space. The plate was supported to a specially
designed zig, suitable to avoid any buckling of the thin plate when compressed, without
introducing secondary loadings, other than the compression applied by the flat indenter.
The load was applied through a symmetric wedge made of plexiglas of variable width.
This load was kept always symmetric to the vertical axis of the plate. The dimensions of
the wedge were properly selected to create a uniform stress distribution at the surface of
contact between plate and wedge.
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The plexiglas plates were conveniently selected with almost flat surfaces, which were
optically tested to yield sparse interferograms when unloaded. The plates were interposed
in a monochromatic light beam emitted from a He—Ne gas laser. The light beam was
widened through a lens and reflected on both lateral surfaces of the plate. The distance z,
between the mid-surface of the plate and the reference screen Sc (Fig. 1) varied between
z, = 120 cm and z, = 160 cm. A photographic camera recorded the interference pattern
with the caustics which was projected on the reference screen Sc. The magnification ratio
varied between 4; = 6-7 and 4, = 9-5.

Figure 5 presents parts of the interferograms at the vicinity of the loading area of the
plate together with the caustics formed by reflections on the front and rear faces of the
plate. Figure 5a corresponds to the case of a concentrated load, while Fig. 5b corresponds
to the case where C* > C% = (16,/3)/9. The shapes of epicycloids for C* < C¥ are shown
in Fig. 6. While Fig. 6a shows the case corresponding to the plot of Fig. 4a, Fig. 6b, with
separated parts of epicycloids, presents the case for a large length of a'{aplication of load
and it is related to the plot of Fig. 4b.

The differences in the relative positions of the epicycloids obtained experimentally and
shown in Figs. 5 and 6 and the corresponding computer plots in Figs. 3 and 4 are mainly
due to the fact that while in the computer-plots the global constants C*, incorporating the
optical constant of the material (¢) were taken the same for reflections on front and rear
faces of the plate, in the experiments the values of constants ¢, and¢, for reflections on the
rear and the front faces respectively are different [11]. The values of these constants for
plexiglas were measured interferometrically and found to be:

¢, = —324 x10"°cm?*/Kp ¢ =121 x 107 cm?*/Kp.

This explains the difference in relative positions between the external and internal branches
of the epicycloids found experimentally.

Another possible source of eventual discrepancies between theoretical plots and
experimental epicycloids is the impossibility of creating a uniformly distributed state of
stress at the contact area between plate and loading wedge. Although the shape, dimen-
sions and the material used for the wedge were carefully selected, and the two contact
surfaces were checked to be flat and well polished, it was expected in the experiments that
some discrepancies in the uniformity of constant stresses must exist.

However, if one introduces the suitable values for the optical constants ¢, and ¢, for
the two branches of the epicycloid, the experimentally formed curves coincide well with
the theoretical ones.

CONCLUSIONS

A potential and simple experimental method was developed for the study of the type
of stress-singularities created at the loaded boundary in semi-infinite plates submitted to
a uniformly distributed load along a part of the straight boundary. The method was based
on principles of geometric optics and the stress singularity was transformed into an optical
singularity under the form of a caustic (line of concentration of light-rays). The form and
dimensions of the optical singularity yielded the type of the existing stress singularity at the
vicinity of the applied load, as well as the amount of externally applied load, since the
shape of the generalized epicycloid yields the value for the radius of its initial curve and this,



FiG. 5. Caustics of generalized epicycloids experimentally obtained for concentrated load
(C* - ) (a) and for C* > C; (b).
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FiG. 6. Caustics of generalized epicycloids expe;imentally obtained for two cases where
C*< CT.
cr
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in turn, allows the evaluation of constant C* and therefore the stress ¢ (from either of
equations (7) or (8) and equation (23))

It was shown that the order of singularity given by theory for the case of concentrated
or uniformly distributed loads along a straight boundary is in agreement with the ex-
perimental results found by the caustics.

Furthermore, since the externally applied load or uniform stress can be readily measured
during the experiments, the same relationships allow the measurement of variation of the
optical constants at the highly constrained areas at the vicinity of the loaded boundary.
Indeed, if the material is either viscoelastic or elastic—plastic, it is expected at the highly
constrained zone that an enclave will be created, which is either strongly viscoelastic or
fully plastic, and in this zone the characteristic mechanical and optical properties of the
perfectly elastic material cease to be valid.

The method yields a powerful means for studying the variation of these properties of
the material in the highly-constrained zone, by following the development of the shape
and the geometry of the caustic, created at the vicinity of the singularity.

The method was used with success for the study of singularities created at the tips of
cracks [6-8], as well as for the study of stress concentrations in two-dimensional stress
fields created by the existence of holes [12].
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Abcrpakr—Hcronpiyetes onrTHYeckuil METOA kaycTuK. pa3pabotannblil ang uccneaosanus Qakropos
WHTCHCHBHOCTH HANPAKECHUIE B KOHUE TPEWUHDBI. ¢ HENbIO ONMPEAENCHHA CHHTYIADHOCTER B HATIDAKEHMSIX
COZAAHHBIX BONCACTBUE NPHAOKEHUS NOCTORAHHO PACNIPEACCHHbIX HATPY30K K NpAMON rpanuue, B obobu-
EHHBIX 3334aX ILI0CKOFO HANPIKEHHOrO CoCToAHUA. ABCOMOTHBIC 3ana3auBaHus nyyell CBETA, NMAHAIOWMX
HOPMaJIBHO K MNACTHHKE B YCOBHSAX IUIOCKOTO HANPRXEHWs, ¥ YACTHIO OTPAXEHHBIX KAK HA MNMUEBOA Tak
¥ HA HIKHEH CTOPOHE NIACTHHKH, OTKAOHAIOTCA BAaroaaps OrpaHuyeHuio cBobOaB! NIACTHHEM B OKPECT-
HOCTH MPHIIOKEHHON HATPY3KH W BCNEACTBHME W3MEHEHMst ITOKA3aTens CTenmeHu npenomieHus. Bo spems
NPOEKLMM HA 3KPAH, COCPENOTOYMBAFOTCA OTKJIOHCHHBIE JIyYd CBETa BIOL 0cobOM KpuBOH, Koropas
CHAIBHO OCBELIEHA # npuHuMaet dopmy saycmuru. Joxazano uto GOpMa B PatMep KAYCTHKH 3ABUCHT OT
0COBEHHOCTH HANDKEHHIT, B TOMKE NPUIIOXEHUS HArpy3ku. Takum o6pa3oM, nyTem H3IMepPeHus PaimMepos
KAYCTHKH, MOXHO ONPEAENATh HANPSKEHHOE COCTOAHME B CHHTYJspHOU Touke. Miccnenytores colcTea
KAYCTHKH B JaBUCUMOCTH OT XAPaKTEpa HAIPY3Ky TUTACTHHKH.



