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The photoelastic determination of the
dynamic stress-intensity factor for
five different crack length to pulse
length ratios
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ABSTRACT - Using a photoelastic technique the dynamic stress-intensity
factor for the wave loading of a crack is investigated, and the dynamic
polariscope is described. TFive different crack lengths were considered
and the pulse length was approximately constant. The dilatational wave
impinged normal to the crack and the form of the incident wave was deter-
mined. The time response of the stress-intensity factor is shown for
each crack length and the effect of the craék length to pulse length

ratio on the maximum stress intensity is presented.




INTRODUCTION

Recently in the field of fracture mechanics considerable work
has been devoted to solving the problem of a crack subjected to a
stress wave loading. Most notable among these has been the work of
Sih and Loeberls2s3s4, For finite plane cracks and penny-shaped cracks
subjected to various harmonic wave loadings, they have found the
spatial distribution of stresses near the crack tip to be the same
as the static case and they have defined a dynamic stress-intensity
factor which reduceé to the static value for the case of a very high
wave length to crack length ratic. In the theory of brittle fracture
the stress-intensity factor governs the onset of unstable arack pro-
pagation. Their results show that for certain values of the crack
length to wave length ratio the stress-intensity factor is signifi-
cantly higher than the static value. Recently Ravera and Sih® solved
the problem of a finite crack opened suddenly by anti-plane strain
shear forces. Their results show that the dynamic stress-intensity
factor increases to a value approximately 50% larger than the static
value and then oscillates in time about the static value and eventually
approaches the static value for large time. Jahanshahi® and Mal’ have
also contributed steady state examples. Further references are given
by Sin8.

No solution to date, however, has presented the transient stress-
intensity for the important case of a diiatational wave impinging on a
finite arack; the solution of this problem appears fraught with mathe-
matical difficulty. Since this is physically a commonly occurring case,
it was decided to try to measure the stress-intensity factor, using

dynamic photoelasticity, for normal wave incidence on cracks of various




lengths. The information gained may be useful in explaining fractures
and spallations due to pulses caused by hypervelocity impact such as

reported by Kinslow?.

THEORETICAL CONSIDERATIONS

Figure 1 shows a dilatational stress pulse impinging at normal

incidence on a plane crack. For the interval 0 <t &, where t is time

3]
a is the half crack length, and o} is the velocity of a dilatational
wave, the following zones can be identified (See, for instance, Miles'?

and Flitmanll):

I - incidence pulse zone
IT - geometric reflection
ITT - shadow zone
IV - dilatational wave scattering zone
V - ghear wave scattering zone
For g& <t < %%.the scattered dilatational waves radiating from the two
crack tips come together and interact, as do the scattered shear waves
for %ﬁ <t o< %§u For %%-< t < g%»and %§-< t < %%-the scattered dilata-

tional waves and scattered shear waves respectively reach the opposite
crack tip and slide off, generating in turn new crack-tip waves of lesser
magnitude. For larger time this type of interaction continues, and the
stress field near the crack is obviously very complicated.

To allow a quantitative evaluation of the stress-intensity at the
crack tips for use in the theory of brittle fracture, the following
assumptions are employed: (1) The stresses associated with the scat-
tered shear wave are negligible in comparison with the stresses associated

with the dilatational wave. In the theory of fracture this is comparable




to ignoring the small amount of mode II deformation. (2) The stresses
due to the second generation of scattered waves are small. The validity
of these two assumptions--at least qualitatively--was borne out by the
experiment. (3) The plane stresses due to the scattered dilatational

wave are assumed to take the form,
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where the superscript denotes 'scattered" and the crack tip coordinates

6 and r are shown in Figure 1. K, is the familiar mode I stress intensity
factor, which here varies with time. The distribution in 6, which is the
same as in the static case, has been determined by Sih and Loeber?® for
the normal incidence of a harmonic dilatational wave. Also for the trans-
ient case of a crack loaded suddenly in anti-plane strain Ravera and Sih®
have shown that the distribution in 6 is the same as in the static case

up until the wavekfronts interact.

Considering the region - B <+ %-(due to the specular reflection
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a discontinuity exists at 6 = & gﬂ and v < ¢t and superp081ng the scat-
. . i i
tered st;esses onto the incident stresses, O and Oyy (o xy = (), the fol-
lowing is obtained for the total stresses near the crack tip.
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Neglecting terms of 0(1) (which should be valid for r/a < 0.1) and

using the formula

2
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for the maximum in-plane, shear stress, the expected shape of the

isochromatics near the crack tip is found to be,
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This can be written in terms of the photoelastic fringe order by the

use of
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where F_ is the material stress-fringe constant, h is the plate thick-
ness, and Ni and NT are the incident and the total fringe order respec-
tively. The quantity Nt can be measured near the crack, and Ni can be
measured at a point on the incident wave front corresponding to the loca-
tion of the crack tip but remote from the actuél crack tip. Such a pro-
cedure circumvents the need for determination of the fringe constant F_.

It is convenient to represent K, as

K = 8Qa/Lit) (o), al/? (7
where g(2a/L;t), a measure of the dynamic effect, varies in time and
depends on the crack-length to pulse length ratio 2a/L, where L is a

characteristic length of the pulse. The static value of the stress-

intensity factor is (gy;)o al/2? for a remote loading of (Gy;)o normal




to the crack. The quantity (cy;)o can be determined photoelastically
as, some number, say N, times Fo/h, i.e.
. F
o
(600 = N (8)
Finally putting (5) and (6) together with (7) and (8) into (4) and

rearranging, the following useful form is obtained for determining

g(2a/Lst)

g(2a/Lst) = N‘i%@' [\/(—NJC)Z~ (Ni cos §%)2 - N sin %} (9)

where r = r/a. Corresponding to various values of r and # the quanti-
ties Nt, N*, and N can be measured by photoelasticity and g(2a/L;t)
determined, thus yielding the dynamic stress-intensity factor. This

is similar to a technique used before by Smith and Smith. 12




THE EXPERIMENTS

The Incident Wave

Because of the difficulty of making a reproducible wave with a
plane front as shown in Figure 1, it was decided to use a cylindrical
wave emanating from the edge of a plate at a point sufficiently remote
from the crack that the curvature of the front upon reaching the crack
was small. Further, the pulse used was a compressive pulse instead of
the more important tensile pulse. A compressive pulse, however, can be
used to simulate a tensile pulse if interference of the crack surfaces
is prevented, as was done in this study. Figure 2 shows the location
of the crack in the plate and the origin of the cylindrical wave. The
crack is located a distance of 5 inches from the origin of the wave,
and a free point was selected at an equal distance from the origin,
| symmetric with the crack tip about the centerline of the plate. Until
the disturbance due to the crack reaches the free point, the stresses
determined at the free point represent the loading imposed on the crack.
This is similar to a technique used before by Durelli and Riley.'® The
incident wave is cylindrical over a wide portion of its front. Since a
dilatational wave propagates without rotation, deformations occur only
in the R direction, and the displacements and stresses are independent
of 0. For this case, using a method described by Dally and Riley'", it
is possible to determine the individual stresses from the fringe orders
alone. The stresses are determined by numerical integration according

to:
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where Ni is the fringe order of the incident wave, v is Poisson's
ratio, PG is the photoelastic fringe constant, and h is the plate
thickness. A computer program!® has been written to perform this

integration so that the loading history of the crack is known.

The Experimental Setup

Dynamic photoelasticity has been employed before to study the
related problem of dynamic crack propagation by such people as Wells
and Postl®, Stockl?, and recently by Bradley and Kobayashi.l® The
polariscope used in this study has been described before by Kinslow
and Delano.1?

To record the dynamic fringe patterns a Beckman and Whitley Model
201 synchronous framing camera was used. The camera, a rotating mirror
type, makes 12, 0.5 inch x 0.9 inch pictures on a 4 inch x 5 inch film
at rates up to one million frames a second. At this rate the apparent
exposure time is 0.6 second. A schematic diagram of the experimental
setup is shown in Figure 3, and Figure Y4 shows a photograph of the
apparatus. The camera mirror is driven by a small gas turbine. A
turbine speed of 2000 rps was used in this experiment, the rate of rota-
tion being determined from the digital counter. Two delay generators
were used to properly time the initiation of the event and the activa~
tion of the light source. The two pulse generators, which supply 100
Joules at 5 KV each, were used to supply energy to trigger the impact
explosion and to activate the light source. For an intense light source
a Buss type AGC-3/4 safety fuse was exploded. This provided sufficient
intensity and duration to illuminate all twelve frames. A red filter
- was used to provide monochromatic light resulting in a circular polar—
iscope. In some cases a neutral density filter was used at the camera

to prevent over exposure.




A "gun" as indicated in Figure 2 was devised to provide the edge
impact. At the bottom of a small hole, which acted as a short barrel,
was placed an exploding wire on top of which was placed 16.0 mg of urea
nitrate. On top of the urea nitrate was finally placed a gun primer,
which, in addition to providing a small bonus explosion, acted as a
projectile to initially contain the explosion and to strike the plate
edge. This made a wave of sufficient amplitude, which could be repro-
duced very well.

The material selected for the model was a 1/4 inch thick plate
of PSM-1, a clear polyester sheet manufactured by Photoelastic, Inc.
This material has excellent sensitivity and freedom from time edge
effects. The wave speed in this material is approximately 60,000 ips.
The properties of the material given by the manufacturer are E = 340,000 psi,
F_= 40 psi/fringe/in., v = 0.88, and p = 2.36 Ib-sec?/fth.

The crack was made in the model plate by drilling a hole of 0.070 inch
diameter and extending a slot with a small hand-held scroll saw blade
resulting in a crack approximately 0.02 inch wide. After a given test a

new crack length was obtained by further extending the slot.
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RESULTS AND DISCUSSION

Experimental Results

As summarized in the table below, tests were run on five different

crack lengths while the pulse length was approximately constant.

Test Number 1 2 3 ] 5
Crack length (2a) (in.) 0.31 0.50 O0.75 1.00 1.25
Pulse length (L) (in.) 1.48 1.52 1.37 1.50 1.41

Crack length to pulse length ratio (2%) 0.21 0.33 0.55 0.67 0.89

The small pictures made by the rotating camera were enlarged for
every other frame. As an example, the resulting sequence of pictures
obtained for the 1 inch crack is shown in Figure 5. A further enlarge-
ment of one frame, shown in Figure 6, shows better the crack tip fringes
and the incident fringes; the incident fringe orders are labeled.

Two shots were necessary to obtain the complete passage of the
pulse. A disadvantage of the rotating mirror camera is that for a
given speed of rotation the time between frames cannot be varied,
and a high rate or rotation was necessary in order to shorten the
apparent exposure time. Thus, with the speed used, all twelve frames
were exposed before the entire compressive pulse had passed. A second
shot was therefore necessary, where the timing was adjusted so that
exposures started in time approximately where the first short had left
off. In Figure 5 the pictures up through t = 90.5 u sec were obtained
‘with one shot while the pictures from t = 90.8 u sec to t = 103.3 p sec
were obtained with a second shot. The resulting plot of fringes along
a radial line through the free point, shown in Figure 7, shows the good

continuity of the second wave with the first. Due to slight discrepancies




11

in the timing it was necessary to use the measured fringe velocity
from the first shot to obtain the times for the second shot.

From a plot of the fringe orders as shown in Figure 7, the stresses
in the R and 6 directions were cbtained by numerical integration in
accordance with equation (6). Near the crack the stresses oR and 5
correspond to the incident stresses Oyé and Oxi’ respectively, and

i

will be referred to as such from here on. The stresses Gy; and dxx

are shown in Figure 8 for the various times. The stress OX; is assumed
to have no effect on the stress-intensity factor but is shown for
completeness. The plot of Oy; shows the stress pulse which propagates
onto the crack. The pulse length L is taken to be the length of the
compressive portion at the front of the wave. The stress history at
the free point--which may be regarded as the loading history of the
crack-~for all crack lengths tested is shown in Figure 9. The strain
rates at the front of the wave were of the order of 102 in/in/sec.

The nondimensional dynamic stress-intensity factor is plotted on
Figure 9 along with the crack loading history. The dynamic stress-
intensity factor was calculated by the use of equation (9). Measure-
ments were made of NT and r near the crack tip along the lines 6 = 700
and 2900. Crack tip measurements were only made on the tip near the
center of the plate since the other tip was outside the cylindrical
portion of the wave. The measurements for r were made under a magni-
fying glass to the nearest 0.01 inch from an actual size photograph.
The values for N* at a corresponding distance R were read from the
plot of the fringe orders as shown in Figure 7. The calculations
were made for successively smaller and smaller values of r down approxi-

mately to r = 0.08 inch. The results varied significantly with r, and
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therefore the apparent value of the stress-intensity factor was extra-
polated to r = 0 to get a true value. This extrapolation was approxi-
mate because of data scatter and because measurements could not be made
near enough to the crack tip. Based on the extrapolation error the 95%
confidence limits are shown in Figure 9.

From the appearance of the crack-tip fringes very little mode II
type deformation appeared present, especially near the time of maximum
stress-intensity factor, as evidenced in Figure 6. According to Refer-
ence 20 the presence of mode IT is indicated when the fringes on each
side very near the crack tip appear to be centered about a common line
at an oblique angle to the crack plane. The relative absence of this

phenomenon supports the assumption of negligible mode IT deformation.

Discussion of Results

Based on the dynamic stress-intensity factor shown in Figure 9,
the following comments are made. During the passage of the pulse the
stress intensity builds up to a peak value and then decreases much as
one would expect. In all cases, however, the stress-intensity factor
lags the crack loading stress. This lag is of the order 5 to 9 u sec
except for the shortest crack where the lag was only approximately 1 u
sec. After the pulse has passed and the crack loading stress has gone
to zero the stress-intensity factor remains quite large and appears to
reach zero a considerable time after the crack loading stress. Since
the crack loading histories were all slightly different, the loading
history is shown for each crack length. Also shown on each graph is
the time of arrival of the scattered dilatational wave front from the
opposite crack tip. This does not appear to correlate with any sudden

change in the stress-intensity factor, and therefore its effect would
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seem to be small as assumed. The nondimensionalizing stress (Gyi)o
used in Figure 9 is the peak stress the pulse has at the free point.

Figure 10 depicts how the maximum stress-intensity factor varies
with 2a/L. For small values of 2a/L the maximum stress-intensity factor
increases up to approximately 20% larger than the static value at
2a/L = 0.30 and then decreases down to approximately 65% of the static
value at 2a/L = 0.90. Tor larger values of 2a/L the experimental results
indicate that the maximum nondimensional stress-intensity factor con-
tinues to decrease. An interesting comparison is made with the results
of Sih and Loeber3 for the normal incidence of a steady harmonic dila-~
tational wave with wavelength A. Letting A = 2L in their results yields
the solid curve of Figure 10. Surprisingly, the trends compare favorably
for the range of values of 2a/L provided in Reference 3, even though the
two cases are considerably different. The results of Sih and Loeber?
appear to provide a conservative upper bound for 2a/L < 0.40. As 2a/L
increases beyond this the results of Mal’ indicate that the dynamic
stress-intensity factor due to a harmonic wave oscillates, and, therefore,
for larger 2a/L the harmonic wave results would bear little resemblance
to the case discussed here.

The stress pulse used in this experiment, it is believed, approxi-
mates the waves due to hypervelocity impact, and, therefore, the results
may be of considerable practical use in explaining fractures and spalla-
tion due to hypervelocity impact. Particularly, Kinslow® has reported
that fracture of plexiglas lags the peak stress; this could be explained

by the stress-intensity factor lag of peak stress.
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CONCLUSIONS

For a dilatational stress pulse the crack tip stress intensity
response has been determined. The results show that the stress-intensity
factor lags the applied stress and that the maximum stress-intensity
factor depends on the crack length to wavelength ratio. Notably, the
stress-intensity factor may be 20% larger than the static value for a
certain 2a/L and considerably smaller than the static value for other
values of 2a/L.

The author wishes to emphasize the qualitative rather than the
quantitative results. The method used here did not permit great
accuracy; a number of assumptions were employed, measurements were
made on fringes hard to see near the crack tip, and results were
extrapolated. Nevertheless, the qualitative information and the

trends described here are believed to be valid and new.
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Figure 1.

Diffraction of a dilatational pulse by a finite crack
for normal incidence
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Figure 6. The crack-tip fringes and the incident fringe orders
for the 1 inch crack
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Figure 9. Continued
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Figure 10. The effect of crack length to pulse length ratio on the
maximum stress-intensity factor




