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ABSTRACT

Transmission photoelastic arulys;is of comporite mow:ls has attracted
increasing attention in recent years. 'nae' interpretation of the photo-
elastic response in terms of the average (macroscopic) composite stresses
" is more involived than for isotropic models. Methods of determining the
individual principal stresses (or strains) which have been suggested so
far are not satisfactcry. In this paper, three new methods are examined.
The first rrethadls an extension of the oblique incidence technique in
which the model (or the light beam) is rotated about one of the material
symmetry axes. In the second nethod, transmission and reflection photo-
elastic responses are cambined. The third method requires the drilling
of small holes and the determination of the fringe orders at selected
points on the hole boundary. The three methods are applied to an ortho-
tropic circular disk under diametral compression. Results are compared
with strain gage data.



INTRODUCTION

A conmplete stress analysis and reliable failure criteria are essential
for optimm utilisation of the unigue properties of composite materials in
structural applications. The case for micromechanics analysis of camposites
is very strong because the materials are ﬁeterogemus and exhibit several
modes of failure. However, micromechanics analysis is complicated and the
results from such analysis cannot directly be applied to design. An engi=-
neering or macromechanics analysis of composites is, therefore, needed and
the results from such analysis have been found to agree well with experimental
results. For the design and analysis of composite structures on a macro-
scopic scale, for instance in ti'fe failure theories such as the tensor poly-
nomial theory, the individual average composite stresses are required.

When polarized light is passed through a transparent birefringent
composite, the phenomenon on a microscopic scale is very complicated. But
over-all fringe patterns are observed. (onsiderable progress has been
achieved in the application of transmission photoelastic techniques to cam-
posite orthotropic models in recent years. The developments in the subject

have been reviewed by the au.xt:hr::r.:L

The isochromatic fringe order is a
carplex function of the principal stresses (or strains), their orientations,
etc. The isoclinic parameter gives the directions of the principal bire-
fringence camponents according to a Mohr circle of birefringence.

For the transmissicn photoelastic analysis of an orthotropic bire-
fringent model to yield useful informatici, methods must be developed to
determine the individual values of the principal stresses or strains.
Several methods have already been proposed, such as shear difference,

nurerical solution of the compatibility equation and holography. These
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methods have been reviewed by the aut.mr.2

Some of these proposed techni-
ques suffer from the disadvantage that they use the photoelastic res onse
partially and rely on analytical procedures which either give rise to error
or are involved. The holographic method of cambining isochromatics and
isopachics is not feasible for composites because of the complex nature of

3

both families of fringes. 'n’xereismns,q:.entlyaneedforasinplearﬂ

capletely experimental method of detemmining the individual values of

. principal stresses or strains. Three such methods are proposed and examined

in this paper.
_DREILDGSW&ILHOIE

In order to determine the magnitudes and directions of the principal
stresses at a giw)en point in the interior of an isotropic photoelastic model,
'1’¢-=sar4 suggested making a very small circular hole at the point. Referring
to Fig. 1, the stresses at the points A and C on the boundary of the hole
of radius a are determined from the isochromatic fringe orders at these
points. It can be shown that the principal stress magnitudes, corresponding
to the center of the hole and in the absence of the hole, are given by

ax- 0A+3cvc 1)

———

o, = cv<:+3crA (2)

: §

This procedure has the disadvantage of depending on the precise determina-
tion of the boundary stresses at the edge of a small hole. Durelli and
M.u:rays have overcome this disadvantage by determining the principal stresses
corresponding to the hole center from the principal stress differences
measured at 'mterior points. If these interior points on a circle of radius

2a beyond A and C are designated as E and F, respectively, then it can be
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cl = 7aE +15<1F (3)
- G - n
S 9y = 705 *+ 150, (4)
1

where o and op are the principal stress differences. Compared to Tesar's
i -
method, the improved procedure represented by equations (3) and (4) has

the disadvantage of larger errors due to stress gradients.

The am.xt:l'n:r6 has suggest’< ‘.1 extension of Tesar's method to birefrin-

gent composites. The state of stress around a circular hole in a composite
plate._subjected to a b:.axial loading is quite complex in the general case.
ginpl_:_Lfications can be made if the composite plate is considered to be sub-
jected to stresses _which act along the material symmetry axes, as shown in

ﬁ.g; 1. f e oo L

- - - - - - - -

Whe\ only the stress pa.rallel to the reinforcement, o,, is acting, the

s =
tangentlal stress on the hole boundary is given by
e = [—k cos 8+ (n+l) smze] (5)
T whe oentir - 0- 2 EL
where .

LT k= TEL (6)

n-f*(%;- - )" g

In't.h; ;boveequauéns E is tﬁéiYéung's modulus, G the shear modulus, v the

lgéiéson's ratio, L and T the material symmetry axes and 6 the angle measured
e - "
from the ol-direction. "At the points A and B (8=0, )

o = - ] 8
mezc st oo - BB -T:' & mop ol sl (8
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arﬂatthepointscmo(e-%,%)

%,p = % (1+n) (9)

When the stress perpendicular to the reinforcement, Oy is acting alone,
the tangential stress on the hole boundary is given by

2 ,
. 28 « % aint
o =9, EL [(k+n)kcose ksmeJ (10)
r
At the points A and B
° . k+n (11)
A,B 2 k
and at the points C and D
%,p = -kag, (12)

Superposing the stresses H ard a, ard solving for them,

g. =k%0, + (k+n) o,

1 A (13)
n(n+k+l)
o, = k(1+n) % + %
n(n+k+l) (14)

While the measurement of the isochromatic fringe order is difficult
on the hole boundary and it would be preferable to make the measurement at
interior points, the analytical expressions for stresses at interior points
in an orthotropic plate with a circular hole are not available in a closed
form. Experiments to substantiate this proposed method are described in
a later section.

QGBLIQUE INCIDENCE
In orthotropic birefringent models, the isochromatic fringe order under

normal incidence of light is related to the principal stresses by the equation
2
N, = h{[T (g, cos?a + o, sinZ) - (c sin?a + o, cos?a a

[T -c)sto]} (15)
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where 0,00, are the principal stresses, a the angle between o and L
directions and fL' f,r, fLT are the principal stress-fringe values. As the

ant.lbr?

has pointed out, rotation of the model about either of the principal
stress directions is not possible because the principal stress angle, a, is
mt given by the optical isoclinic. It is possible to rotate the model about
either of the principal strain directions, if it is assumed the the isocli-
nic parameter approximately gives the principal strain directions. The
equations resulting from this approach are involved and the procedure is
very complex. It is also necessary, in this approach, to directly or
indirectly determine some ocut-of-plane elastic constants.

Instead of trying to dete.r_mi.ne the principal stresses or strains directly,
the cblique incidence technique can be adapted to composite models by seeking
the stress components ¢ O and Trpe referred to the material symmetry axes.
One of the three equations required for this purpose is equation (15), which

can be rewritten as

R I

According to the Mohr circle of birefringence, the optical isoclinic para-
meter, ¢, is related to the stress camponents by

21
tan 2¢ = I‘T/fm

(’L h - op /f'r)

The third equation required can be obtained by rotating the model about

(17)

the L~axis by 6, as shown in Fig. 2. The oblique incidence fringe order

is given by . )
h 0.y @ 2T
N = — 1 T! LiT!
® o©osb - + 18
(fa f;) ( ) 4
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where o Ople Tyl are the transformed stress camponents and le,f 1r

2 T
le,rg are the transformed stress-fringe values. While the transformed
stress camponents are given by

9p1= op

Ol =0y, cos28 ~ (19)

Tlpl™ TpCOSO ,
the transformed stress-fringe values, due to transverse isotropy, are
given by
=i
fn = £, (20)
fI.lTl" fm

It is therefore possible to rewrite equation (18) as

h o 0,, cos?8 2 2 T, CO0sb 29 %
el (E-2—) E—) =
S L LT

The three stress camponents can be obtained by solving equations (16), (17)
and (21). Experiments verifying the proposed method are described in a
later section.
QOMBINED TRANSMISSION AMND REFLECTION

The aut'.l'l:r8 had proposed, without applications, cambining the tran-
mission and reflection photoelastic methods in order to determine the prin-
cipal stresses or strains. If the symmetry axes for the camposite model
ooincide with the material symmetry axes and if the loads are applied along
these directions, then the principal stress and strain directions are the
same., Assuming faithful strain transmission from the camposite to the

coating, the reflected isochramatic fringe order can be expressed as

-6~



Zh ¢ S J
—_— (1+v ) =T (1+v.,.) (22)
= c TL
[& 5

where the superscripts ¢ and s refer to the coating and the camposite
specimen, respectively, and ftc is the strain-sensitivity of the coating.
The transmitted isochromatic fringe order, Nt' given by equation (16),

simplifies to
4 (23)

S 0. .S
s (L ; o )
N_=+h -

t - 7; "q
where the positive or negative sign is chosen appropriately to keep the
fringe order positive. The principal stresses oLs ard c:,rs can be obtained
from equations (22) and (23) as

c 2
2N, h® {f ( I+vo) £ -Nths £.° Qo) -£
.‘

. E° £ fr B

h = (24)
Wy, & g
T L5

C Cc
2N 08 £7 (w) i (L4v,,)
,
. E° E (23)

lwm fL 1+
B
Experiments verifying the proposed method are described in the next section.
TESTS
To verify the proposed experimental methods, threecircular disksof 7.6 cm.
diameter were tested in diametral conpression. The disks were machined from
aunidirectionally reinforced E-glass-polyester laminate. The elastic and
photoelastic constants for the material were determined by standard calibra-
tion procedures and are given in Table 1.
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On one of the disks, circular holes of 0.3” am. diameter were drilled
on radial lines parallel and perpendicular to the reinforcement, at locations
1.27 ecm. and 2.54 cm. from the center. Electrical resistance strain gages
were mounted at similar points diametrically across from the holes. The
disk was loaded parallel and perpendicular to the reinforcament and strain
gage readings as well as fringe patterns were recorded. Typical isochro-
matic fringe patterns are shown in Fig. ;. The values of principal stresses
given by equations (13) and (14) were found to differ from the strain gage
results by a maximum of 10 per cent.

On a secord disk, a circular photoelastic coating of slightly smaller
diameter was bonded. The disk was again loaded under diametral campression,
parallel and perpendicular to the reinforcement. The isochromatic fringe
patterns for the coating are shown in Fig. 4. The fringe patterns for the
composita disk in transmitted light were also recorded as a reflected pat-
tern from the back of the photoelastic coating. Fringe patterns obtained
in this manner are shown in Fig. 5. As birefringent composites incorpo-
rating glass fibres as reinforcement are usually photoelastically inzensi-
tive, this procedure doubles the maximm fringe order. For carmarison,
isochromatic fringe patterns for a third composite disk in transmitted
light are shown in Fig. 6. All the fringe patterns shown in Figs. 3,4,5
and 6 correspond to a diametral compressive load of 1730 N. The values
of principal stresses given by equations (24) and (25) were found to differ
from the strain gage results by a maximum of 5 per cent.

Ghlique incidonce measurements were conducted on the “hird composite
disk for which thc angle of oblique incidence with the chopped prism arrange-
-ment was found to be about 30°. The oblique incidence fringe order was
cambined with the normal incidence fringe order and the isoclinic para-

-8-



-meter by equations (16), (17) and (21). The results obtained in this manner
differed from the strain gage results by a maximum of 7 per cent.
QONCLUSIONS

Three caxpletely experimental procedures have been proposed and cam=
pared. In cne of the methods, small circular holes are drilled at the
poinis of interest and the isochromatic ;ri.nge order at selected points
on the hole boundaries are measured. In the second method a photoelastic
. coating is bonded to the birefringent composite model and the transmitted
and reflected fringe orders are cambined. In the third method, the ohlique
incidence fringe order, obtained by rotating the model or the light beam
about the material symmetry axis, is combined with the normal incidence
fringe order. ﬂumreemund;hémbeenappued to acircular disk under
diametral campression, with the load parallel or transverse to the direc-
tion of reinforcement. Comparison with strain gage results indicate that
the method of drilling holes is the least accurate, due to the difficulty
in determining the fringe order on the boundary of a hole and the stress
gradient from the hole center to the hole boundary; this method also
requires extension to the more general biaxial loading where the material
symmetry axes are not the principal stress directions.

The method of combining transmitted and reflected isochromatic fringe
o:dershast.headdedxlvantageofcbuhlingthe.transnitted photoelastic
response if it is obtained by reflection from the back of the coating.
However, the method requires.several corrections due to the coating.

The oblique incidence methcd is easily applicable to general biaxial
loading but the method depends on the isoclinic parameter and also yields
the stress components referred to the material symmetry axes. Use of the
chopped prism restricts the angle of ohligque incidence to just one value.
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Tahle 1

ELASTIC AND PHOTOELASTIC PROPERTIES

OF BIREFRINGENT COMPOSITE MODEL

Value

28.8 GpPa

9.4 Gpa

3.2 Gpa

0.3
156 Kpa -n/fringe
78 Kpa -n/fringe

69 Kpa-m/fringe
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