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Photoelastic studies for composite dynamics
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The orthotropic birefringent composites suitable for the study of dynamic photoelasticity
are investigated and the determination of residual birefringence in the materials is
briefly described. A stress-optic law for dynamic photoelastic analysis of orthotropic
birefringent composites is postulated based on the static stress-optic law of Hyer and Liu.
Subsequently, practical methods of calibrating dynamic mechanical constants and
dynamic stress-fringe values are proposed. With dynamic strain measurements and time
domain BEM for anisotropic media, three calibration specimens (0◦, 90◦ and 45◦) are used to
verify the proposed stress-optic law in uniaxial-stress fields and a plate of unidirectional
fiber-reinforced birefringent composite under impact loading, with the loading direction
parallel, perpendicular and at 45◦ to the fiber direction, is analyzed to verify the proposed
stress-optic law in biaxial-stress fields. Results show that the dynamic stress-optic law for
orthotropic birefringent composites is valid in the two cases. C© 1999 Kluwer Academic
Publishers

1. Introduction
Considerable work has been performed over the past
years on the development of orthotropic birefringent
material and the development of stress (strain)-optic
law which characterize relations between the optical
and mechanical responses of the material. However,
few efforts were made in dynamic analysis of bi-
refringent composites. There were only preliminary re-
searches on the phenomenon of wave propagation in
birefringent composites [1, 2]. Dally, Link and Prab-
hakaran obtained dynamic birefringent fringe patterns
in fiber-reinforced birefringent composites by employ-
ing pulsed-laser illumination in the early seventies.
They observed several kinds of waves which are sim-
ilar to those observed in isotropic birefringent mate-
rials. Dynamic analysis of birefringent composites is
very valuable in the fields of earthquake engineering,
rock dynamics and dynamic composite research. How-
ever, it is faced with some new problems which are
not existent in dynamic analysis for isotropic birefrin-
gent materials and in static analysis for orthotropic
birefringent composites, such as orthotropic birefrin-
gent composites suitable for dynamic analysis, the ef-
fects of residual birefringence in materials, dynamic
stress (strain)-optic law and calibrations of dynamic
mechanical constants and dynamic stress-fringe values
for orthotropic birefringent composites. The purpose
of this paper is to study the above problems, espe-
cially the dynamic stress-optic law for orthotropic bire-
fringent composites. Furthermore, with dynamic strain
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measurements and time domain BEM for anisotropic
media, the proposed dynamic stress-optic law is veri-
fied in uniaxial-stress and biaxial-stress fields.

2. Dynamic stress-optic law
Three categories of orthotropic stress (strain)-optic
laws, which include almost all kinds of interpretations
of the photoelastic effect observed in orthotropic bire-
fringent composites, can be classified in the develop-
ment of static orthotropic photoelasticity. They are rep-
resented by Sampson’s stress-optic law, Prabhakaran’s
strain-optic law and Hyer and Liu’s stress-optic law,
respectively.

In composites, residual birefringence is a result
of residual stresses which arise from differences in
the thermal-expansion coefficients of composites con-
stituents and from volume contraction of the resin dur-
ing the cure. Neither Sampson’s stress-optic law nor
Prabhakaran’s strain-optic law takes the effects of the
residual birefringence into account. Studies [3–6] have
shown that it is the reason that led to the disparity
between experimental and predicted results as these
two laws were accepted. The first general treatment of
anisotropic photoelasticity to include the effects of an
arbitrary residual birefringence is given by Knight and
Pih [5]. Lately, the photoelasticity treatments of Hahn
and Morris [7] and Hyer and Liu [8] also include the
effects of the residual birefringence. Sullivan, Blais and
Van Oene [9] verified Hyer and Liu’s stress-optic law
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on centrally loaded generally and specially orthotropic
beams. Using this stress-optic law, their experimental
results agreed with the theory excellently.

The key to dynamic analysis for orthotropic bire-
fringent composites is obtaining a dynamic orthotropic
stress-optic law. Although the dynamic stress-optic law
and the static stress-optic law for isotropic materials
are identical in form, the former is not extended sim-
ply from the latter. Large amounts of experimental re-
searches were conducted by Frochtet al.[10, 11]; Clark
et al.[12, 13] and Pih [14]. In the end, they proved that
the dynamic stress-optic law is similar to the static law
in form when the static stress-fringe value is replaced by
the dynamic stress-fringe value. Reviewing researches
on the dynamic stress-optic law for isotropic materi-
als, we conclude that the stress-optic law is the same
in form either in static case or in dynamic case. But,
all parameters, which are related to time history, such
as stresses and fringe orders in dynamic case, must be
considered as variables of time. Also, the stress-fringe
value must be calibrated in a homologous loading con-
dition. That is, for the static stress-optic law, the stress-
fringe value is calibrated in the static case and for the
dynamic stress-optic law, the stress-fringe value is cal-
ibrated in the dynamic case.

Researches on dynamic stress-optic law for isotropic
materials may be used for reference in obtaining the dy-
namic stress-optic law for orthotropic birefringent com-
posites for the purpose of macroscopic analysis. Based
on analogous consideration, the dynamic stress-optic
law for orthotropic birefringent composites is postu-
lated to be same in form to the one in the static case. As
mentioned above, stresses and fringe orders are vari-
ables of time and the stress-fringe values must be cali-
brated in the dynamic case. Therefore, according to the
static stress-optic law of Hyer and Liu [8], the dynamic
stress-optic law for orthotropic birefringent composites
in anxy coordinate system is
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{(
σx
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In Equations 1 and 2,NT is the total observed bire-
fringence,NR is the residual birefringence,δR is the

residual isoclinic angle in the material coordinate sys-
tem, f1, f2 and f12 are dynamic stress-fringe values of
the material,θ denotes the fiber angle referenced to the
x axis andd is the thickness of the specimen.f1 and
f2 denote photoelastic constants for the longitudinal
and transverse directions, respectively,f12 is the shear
photoelastic constant.

3. Experiments
3.1. Materials
Suitable model materials are necessary in the dy-
namic analysis for orthotropic birefringent composites.
Firstly, this kind of material must have superior trans-
parency, which directly affects the quality of birefrin-
gent fringe patterns. Dallyet al. [1] previously found
Cranz-Schardin cameras provide inadequate light to
photograph transient events in the material they used
then. They consequently employed pulsed-laser illu-
mination and repeatability photography to record wave
motion in this medium. Secondly, this kind of material
should have higher homogeneity. Orthotropic photo-
elasticity is an experimental method which studies the
mechanical behavior in orthotropic birefringent com-
posites on a macroscopic scale. Homogeneity of mate-
rial is not usually given close attention in the static anal-
ysis. However, complicated wave interactions would
possibly arise in wave propagation because the com-
posites are two phase materials in reality. Furthermore,
in order to gain enough birefringent fringes, the ma-
terial suitable for the dynamic analysis should possess
higher photoelastic sensitivity than the material in the
static analysis. It is well known that the photoelastic
sensitivity of material under dynamic loading is usually
much lower than that of material under static loading,
and that the photoelastic sensitivity of the composite
is usually lower than that of its resin matrix. Consider-
ing these factors, the birefringent composites with high
fiber content are usually not utilized in the dynamic
analysis and the higher standard is required in material
fabrication.

Residual birefringence of composite must be taken
into account in dynamic orthotropic photoelasticity as
it influences stress distributions, birefringent fringe or-
ders and the developing trend of birefringent fringes
of the composite under dynamic loading. The resid-
ual birefringence is usually determined in a no-load
condition. The residual isoclinic angle in the material
coordinate system can be obtained in a plane polar-
iscope and in a circular polariscope using white light
successively. With Tardy method of compensation, the
residual birefringent fringe orders can be obtained in a
circular polariscope. The composites used in our inves-
tigation are made from unidirectional fiber-reinforced
epoxy lamina with approximate 5% fiber content. The
residual isoclinic angle,δR, was found to be 0 degree.
This value is consistent with residual tension along the
fiber in the matrix. The residual birefringent fringe or-
der, NR, was found to be less than one fringe order,
specifically a value between 0.4 and 0.8. Although the
residual birefringence is in the same level, it varies over
the lamina. Thus, for a specific point in which we are
interested, specific measurement must be conducted.
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3.2. Calibrations
In static analysis, mechanical constants of orthotropic
birefringent composites,E1, E2, G12, ν12 andν21, are
usually calibrated by three uniaxial tests. There are
large differences between dynamic mechanical con-
stants and static ones. To accurately determine the pulse
loading in laboratory is not easy, so, for a rod under the
loading of a one-dimension stress wave, finding a re-
lation among the wave velocity, the elastic modulus
and other parameters for orthotropic composites, simi-
lar to the relation among the wave velocity, the elastic
modulus and the mass density for isotropic materials, is
absolutely necessary. Fortunately, imitating the method
for isotropic materials, this relation can be obtained as
follow

cL =
√

Ex/ρ (3)

wherecL denotes the dilatational wave velocity,Ex is
the elastic modulus along the rod axis andρ is the mass
density of material.

It is apparent from an inspection of Equation 3 that
this relation is identical in form with the expression
for isotropic materials. However, the dilatational wave
velocity is related only to the elastic modulus along the
rod axis.

Three uniaxial specimens, 0◦, 90◦ and 45◦ speci-
mens, were fabricated to calibrate dynamic constants.
A Cranz-Schardin camera was used to record dynamic
fringe patterns. Meanwhile, longitudinal and transverse
strains of specific point were obtained with dynamic
strain measurements. We define thex axis to be along
the rod axis and denote thatθ is the angle between
the xy coordinate system and the material coordinate
systemx1y1.

The dynamic poison’s ratio is determined as follows

ν21 = |ε2(t)/ε1(t)| 0◦ specimen (4)

ν12 = |ε1(t)/ε2(t)| 90◦ specimen (5)

whereε1(t) andε2(t) denote the strains at specific point
for the longitudinal and transverse directions in the ma-
terial coordinate system, respectively.

The dilatational wave velocitycL can be determined
from the relation

cL = s/1t (6)

wheres is the distance between two specific points
along the rod axis and1t is the time interval of strain
response for the two points.

Whenx direction is chosen as principal direction of
material, Equation 3 becomes

E1 = ρc2
L1 0◦ specimen (7)

E2 = ρc2
L2 90◦ specimen (8)

whenθ =45◦, Equation 3 becomes

E45◦ = ρc2
L45◦ 45◦ specimen (9)

The shear modulusG12 can be obtained from the rela-
tion as follow

G12 = 1
4

E45◦
− 1

E1
− 1

E2
+ 2ν21

E1

(10)

According to above expressions, the constantsE1
andE2 are determined from dynamic compressive tests
on 0◦ and 90◦ specimens, respectively. The constants
G12 is determined from the dynamic compressive test
on 45◦ specimen in conjunction with other necessary
parameters. The mass densityρ is considered to be
constant in small strain condition.

When a rod is under compressive stress pulse,
σy= τxy =0, σx = Exεx, in conjunction withδR=0,
Equation 1 becomes

NT = |NR+ d E1εx/ f1| 0◦ specimen (11)

NT = |NR− d E2εx/ f2| 90◦ specimen (12)

NT =
[(

NR+ 1

2
d E45◦εx

(
1

f1
− 1

f2

))2

+
(

d E45◦εx

f12

)2
]1/2

45◦ specimen (13)

whereεx is negative and denotes the compressive strain
along the rod axis.

To solve stress-fringe values with Equations 11–13
is very complicated. Noticing that the history of fringe
orders is linear and the strain history is also linear ap-
proximately before the first peak, when they are linearly
curvefitted, Equations 11–13 much simplify to

f1 = d E1kε
kN

0◦ specimen (14)

f2 = d E2kε
kN

90◦ specimen (15)

f12 =
[(

kN

d E45◦kε

)2

− 1

4

(
1

f1
− 1

f2

)2
]−1/2

45◦ specimen (16)

wherekε =dεx(t)/dt, kN =dNT(t)/dt and they denote
the slopes of the linearly curvefitted history of fringe
orders and strain history, respectively.

It is obvious that the residual birefringence is not
considered in calibration of all stress-fringe values.
Knowing the histories of fringe orders, the strain his-
tories and necessary parameters,f1 and f2 can be de-
termined from dynamic compressive tests on 0◦ and
90◦ specimens, respectively. Subsequently,f12 can be
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TABLE I Dynamic constants of the composites (with approximate 5% fiber content)

E1 E2 G12 f1 f2 f12

(GPa) (GPa) (GPa) ν21 ν12 (103 N/m · fringe) (103 N/m · fringe) (103 N/m · fringe)

7.66 4.27 1.60 0.36 0.20 49.18 36.71 31.86

determined from dynamic compressive test on 45◦
specimen.

3.3. Uniaxial impact tests
A Cranz-Schardin camera is used broadly in dynamic
photoelasticity. This camera is comprised of three basic
subsystems which include: the spark-gap assembly, the
optical bench and the control circuits for synchroniza-
tion. The rifle was used to exert impact loading which
has the loading rate of about 50 MN/sec. The compos-
ites studied herein were made from unidirectional fiber-
reinforced epoxy lamina with approximate 5% fiber
content. Dynamic constants of the composites were
calibrated according to methods mentioned previously.
These results are recorded in Table I.

The purpose of uniaxial impact tests is to verify the
dynamic orthotropic stress-optic law proposed above in
uniaxial-stress fields. Three calibration specimens, 0◦,
90◦ and 45◦ specimens, 170×25 mm in size and 5 mm
in thickness, were used. Two specific points, marked
A and B, were chosen for each specimen. The distance
from the top of the specimen to the specific point, A and
B, is 85 mm and 120 mm, respectively. A foil strain gage
was mounted on each specific point along the rod axis
for each specimen. An ultra dynamic strain recorder, a
transient waveform storage and an X-Y recorder were
used in dynamic strain measurements. While dynamic
birefringent fringe patterns were being recorded, strain
histories for specific points were being obtained.

Several light-field birefringent fringe patterns are
presented in Fig. 1.

3.4. Biaxial impact tests
The purpose of biaxial impact tests is to further ver-
ify the dynamic orthotropic stress-optic law in biaxial-
stress fields. A plate of unidirectional fiber-reinforced
birefringent composite under impact loading, with the
loading direction parallel, perpendicular and at 45◦ to
the fiber direction, was analyzed by dynamic photoelas-
ticity, dynamic strain measurements and time domain
BEM for anisotropic media. The plate, cut from the
same material that was cut into three calibration spec-
imens, was so large that there was no influence from
reflection waves. For each of the loading directions,
two three-gage 45-deg foil rosettes were mounted on
the plate along the loading direction and two three-
gage 45-deg foil rosettes were mounted on the plate
along the line perpendicular to the loading direction, as
shown in Fig. 2. The dynamic loading is similar to that
in uniaxial impact tests. While dynamic birefringent
fringe patterns were being recorded, strain histories for
specific points, A, B, C and D, were being obtained for
each loading direction. Several light-field birefringent
fringe patterns for each loading direction are presented
in Fig. 3.

Figure 1 Several birefringent fringe patterns in the case of uniaxial
stresses (Time unit:µs).

Figure 2 The composite plate under impact loading.
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4. Results and discussion
4.1. Uniaxial-stress fields
The stress component along the axis of the speci-
men,σx, calculated from dynamic stress-optic law, was
compared with the result from dynamic strain mea-
surements in uniaxial compressive condition. When
a rod is under compressive stress pulse,σy= τxy=0,
σx = Exεx, in conjunction withδR=0, Equation 1 be-
comes

σx = (±NT − NR) f1
d

0◦ specimen (17)

σx = (NR± NT) f2
d

90◦ specimen (18)

In Equations 17 and 18,NT≥0, NR≥0 andσx denotes
the stress component along the axis due to the applied
load if−NT is chosen.

For the 45◦ specimen, the equation aboutσx is

aσ 2
x + bσx + c = 0 (19)

where

a = d2

[
1

f 2
12

+ 1

4

(
1

f1
− 1

f2

)2
]

b = d NR

(
1

f1
− 1

f2

)
(20)

c = N2
R− N2

T

Figure 4 The stress histories for specific points (0◦ specimen) .

Thus,σx is obtained as follow

σx = −b±√b2− 4ac

2a
(21)

In Equation 21,σx denotes the stress component
along the axis due to the applied load ifσx is negative.

The residual birefringence influences stress distri-
butions, birefringent fringe orders and the developing
trend of birefringent fringes of composites under dy-
namic loading. Using the dynamic stress-optic law, the
approximate residual stress along the fiber, in the case
of uniaxial stresses, can be obtained

σR = NR f1
d

(22)

The tensile residual stress must be considered in cal-
culations of the stress due to the applied load in dy-
namic strain measurements. For the 0◦ specimen, the
stress due to the applied load countervails the resid-
ual stress because the former deviates from the latter.
For the 90◦ specimen, the stress due to the applied load
folds the residual stress because the former is along the
latter. For the 45◦ specimen, tensile residual stress along
the axis,σR/2, is induced by the tensile residual stress
along the fiber and it countervails the stress due to the
applied load. The influences of residual birefringence
on total birefringence also must be considered in the
analysis of birefringent fringe patterns. If the residual

Figure 5 The stress histories for specific points (90◦ specimen).
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Figure 6 The stress histories for specific points (45◦ specimen).

Figure 7 The histories of birefringent fringe orders for specific points (0◦ direction).

birefringence, due to a residual tension in the fiber di-
rection, is assumed to be less than the first order, the
sequence of fringes observed for the 0◦ specimen is (0,
1, 2, 3) and the sequences of fringes observed for the
90◦ specimen and 45◦ specimen are all (1, 2, 3, 4). If
the residual birefringence is assumed to be between the
first and second orders, then the sequence for the 0◦
specimen is (1, 0, 1, 2) and the sequences for the 90◦
specimen and 45◦ specimen are all (2, 3, 4, 5).

The stresses at specific points, for each loading direc-
tion, were calculated from dynamic orthotropic photo-
elasticity and dynamic strain measurements, respec-
tively. Two methods, the first including the residual
stress and the second not including the residual stress,
were accepted in analysis of dynamic strain measure-
ments. The results are presented in Figs 4–6. Inspecting
from these figures, it is obvious that the results, includ-
ing the residual stress in dynamic strain measurements,
are very close to the results from dynamic orthotropic
photoelasticity.

4.2. Biaxial-stress fields
The composite plate under impact loading, with the
loading direction parallel, perpendicular and at 45◦
to the fiber direction, was analyzed by dynamic or-
thotropic photoelasticity, dynamic strain measurements
and time domain BEM for anisotropic media. The his-
tory of birefringent fringe orders for each specific point
in each loading direction, calculated from the dynamic
stress-optic law making use of stress values from strain
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measurements and BEM calculations respectively, was
presented and compared with the result of dynamic or-
thotropic photoelasticity.

In analysis of dynamic strain measurements, the
stress components at specific point were converted from

Figure 8 The histories of birefringent fringe orders for specific points (90◦ direction).

Figure 9 The histories of birefringent fringe orders for specific points (45◦ direction).

the strain components at the point according to stress-
strain relations under plane stress conditions. Substi-
tuting calculated stresses into Equation 1, the histories
of birefringent fringe orders for specific points can be
obtained, as shown in Figs 7–9.
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The time domain Boundary Element Method for
wave propagation problems in anisotropic media was
used solving stresses at specific points along the load-
ing direction. The Boundary Element Method (BEM)
has become increasingly popular for the solution of
linear elastodynamic problems. Its popularity can be
attributed primarily to the reduction of dimensional-
ity of problems, high accuracy of results and automatic
consideration of the radiation conditions at infinity. Be-
cause it obtains transient response of the system di-
rectly, time domain BEM for anisotropic media is the
better numerical method for solving dynamic response
of the system under detonation or impact loading.

In analysis with time domain BEM, the composite
plate was considered to be half-plane under applied
surface load, with the loading direction parallel, per-
pendicular and at 45◦ to the fiber direction. The inter-
face, which is 0.4 m in length, was discretized into 43
linear elements, as shown in Fig. 2. The largest element
size,l j , is 0.01 m and the time increment,1t , is 3µs.
The parameter,CI1t/ l j , is between 0.4 and 0.8, where
CI denotes the dilatational wave velocity. The load-
ing curve necessary for calculations was calibrated on
site. Substituting calculated stresses into Equation 1,
the histories of birefringent fringe orders for specific
points can be obtained, as shown in Figs 7–9.

5. Conclusions
Dynamic photoelastic analysis for orthotropic birefrin-
gent composites, namely dynamic orthotropic photo-
elasticity, is investigated in this paper. The birefrin-
gent composites suitable for the dynamic analysis, the
effects of residual birefringence, dynamic orthotropic
stress-optic law and calibrations of dynamic mechan-
ical constants and dynamic stress-fringe values, are
four fundamental problems in this study. For model
materials, superior transparency, higher homogeneity
and photoelastic sensitivity than in the static analy-
sis are necessary in the dynamic analysis. Residual
birefringence influences stress distributions, birefrin-
gent fringe orders and the developing trend of bire-
fringent fringes of composites under dynamic load-
ing. Therefore, it must be considered either in the
form of the dynamic stress-optic law or in determin-
ing the sequence of fringes observed for the speci-
men. The stress-optic law for dynamic photoelastic
analysis of orthotropic birefringent composites is pos-
tulated based on the static stress-optic law of Hyer
and Liu. Then, practical methods of calibrating dy-
namic mechanical constants and dynamic stress-fringe
values are proposed. Using three calibration speci-
mens, uniaxial impact tests were conducted to verify
the proposed law in uniaxial-stress fields. The stresses
at specific points including the residual stress, cal-
culated from dynamic strain measurements, are very
close to the results from dynamic orthotropic photo-
elasticity. It demonstrates not only the large effects of
the residual birefringence but also the validation of the
employed dynamic stress-optic law in uniaxial-stress
fields. Biaxial impact tests were conducted to further

verify the dynamic stress-optic law. A composite plate
under impact loading, with the loading direction paral-
lel, perpendicular and at 45◦ to the fiber direction, was
analyzed with dynamic orthotropic photoelasticity, dy-
namic strain measurements and time domain BEM for
anisotropic media. The history of birefringent fringe
orders for each specific point in each loading direc-
tion, calculated from the dynamic stress-optic law mak-
ing use of stress values from strain measurements and
BEM calculations respectively, was compared with the
result of dynamic orthotropic photoelasticity. Consid-
ering that some factors may influence the experimental
results and BEM calculations, such as the determina-
tion of the impact loading, calibrations of dynamic me-
chanical constants and dynamic stress-fringe values and
data reading from the fringe patterns and strain curves,
the agreement among these three results is good. This
serves as further validation of the proposed dynamic
orthotropic stress-optic law in biaxial-stress fields.
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