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ABSTRACT

Dynamic stress field equations are developed in series form and combined with
the multiple—-point least—squares method to obtain the relevant stress field
parameters from crack tip isochromatic fringe patterns. These parameters are
shown to behave in a systematic manner as the crack propagates across dif-
ferent fracture specimens such as the SEN, MCT, and Ring. Particular emphasis
is placed on K and o0,y as these parameters are believed to have the most
influence on the fracture behavior.

INTRODUCTION

It has been demonstrated [1,2,3] that stress field representations dincor-
porating terms additional to the singularity are frequently necessary if the
‘stress state surrounding the tip of a running crack in a finite plate specimen
is to be modeled adequately. A failure to include these terms in the analysis
model can seriously affect the ability to obtain accurate and reliable values
of the stress intensity factor from experimental data taken in the form of
isochromatics, isopachics, caustics, or moire fringes.

The effect of higher-order (or non-singular) terms on K-determination was
first studied by Etheridge and Dally [4]. A more detailed study of two and
three parameter, static and dynamic stress fields is due to Rossmanith and
Irwin [5], in which the authors demonstrated the frequent need for a three-
parameter stress field model but did not provide any technique for reliable
evaluation of these parameters from experimental data. More recently Chona,
Irwin and Shukla [6] presented a method for evaluating the first three parame-
ters of interest from photoelastic data using data points from selected
regions of an isochromatic fringe pattern. Several other methods based upon
single points or selected data regions have been reviewed in Reference [7].

Sanford and Dally [8] recognized that the use of the full-field information
available from photoelastic fracture patterns could be usefully combined with
a non-linear, multiple-point, over—deterministic least—-squares method to pro-
vide a generalized parameter determination procedure. This approach has been
combined with generalized series representations for static crack—-tip stress
fields and applied to isochromatic, isopachic, caustic, and moire fringe data
[2,9].
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FARAMETER DETERMINATION USING THE LEAST-SQUARES METHOD

Equations (2)—(4), when combined with the stress—optic law can be used to
felate the fringe order, N, at any point in an isochromatic field with the
unknown real coefficients, Cj and Dp, through:

This paper presents the development of generalized stress field equations for
plane elastodynamic crack problems and demonstrates how the least-squares
methodology can be applied to the evaluation of dynamic fracture pa»ramet;_ers
Data is analyzed from dynamic photoelastic experiments performed using thre;
different fracture specimen geometries, namely the Single-Edge-Notched (SEN)
Modif:!.ed—Compact-Tension (MCT) and Ring or C-shaped specimens. The modei
material in all cases was a brittle, birefringent polyester, Homalite 100
which has been used extensively for dynamic studies of brittle fractur;'
[10,11]. Results are presented for the variation with crack length of the
leading terms in a series stress field representation and particular emphasis
is placed on the behavior of the stress intensity factor, K, and the uniform
stress parallel to the crack 1line, o454, which are belie’ved to have the
greatest influence on the fracture process.

(NEG /267 = Toax = Yalogy = 0x)” + Ty’ (5

_where f; is the fringe sensitivity of the model material and t is the model
thickness. The first step in the analysis of an isochromatic fringe pattern
{s to take a region around the crack tip from the experimental pattern being
analyzed, extract a large number of individual data points and determine the
coordinates and fringe order at each point. These data points are then used
as inputs to an over—determined system of non-linear equations of the form of
equation (5) and solved in a least—squares sense for the unknown coefficients.
As a final check, the best-fit set of coefficients is used to recomstruct the
fringe pattern over the region of data acquisition, to ensure that the com—
puted solution set does, in fact, predict the same stress distribution as that

observed experimentally.

When analyzing dynamic stress patterms, the data acquisition region is usually
pestricted to that portion of the stress pattern that can be seen to translate

DYNAMIC STRESS FIELD REPRESENTATION

I;’wizi [12] dhias sl;own, that for a crack tip stress pattern translating in i:he
pos ve x-direction at a fixed speed, the dilatatio A
ol e g n, A, and rotation, w, can

du v 2
A = S5 S =
ox oy A ALY ReiBqtEid with moderate changes in order to approximate the constant crack—-speed assump—
0w = dv _du _ B (1L -2 2 (1) tion. In cases where the crack tip is approaching a specimen boundary, the
9x 3y 2 ) In To(=3) data region should be restricted to no more than 1/4 to 1/3 the distance to
where A N the boundary. The number of coefficients necessary for an adequate represen-—
1> A2, 21, z2 are defined in Figure 1. Using Hooke's Law tation of the stress field over the data acquisition region can be estimated
L 2 2 by examining, as a function of the number of parameters, the average fringe
[ = A = iy >
XX wAQ@+2 X27) Rel] — 2B A Relp ] order error, the values of the leading coefficients, and the reconstructed
) 2 (computer—generated) fringe pattern corresponding to a given set of coef-
o = s
yy ML=kl + Xg7)Rely, o+ 28 A Belp | (2) ficients. Stability of the error term and leading coefficients, as well as a
i d patterns indicates
and T = —2A 2 good visual match between experimental and reconstructed p
34 w i Gelei N s i convergence to a satisfactory solution.

A typical example consisting of an experimental fringe pattern and the
reconstructed pattern is shown in Figure 2. A total of 60 data points have
been taken over a region of radius 0.15W, centered at the crack tip, which is
Jocated at an a/W of 0.52 in a Ring specimen. The reconstructed pattern is

where the constants A and B have to be evaluated, after selecting general
stress functions, I'; and Ty, so as to satisfy the boundary conditions for the
crack problem of interest. For the opening mode case, one logical choice is

:=J ==

r; = JX (o -2 s T i J=J =12 based upon a six—parameter stress field representation (Cg,Dg,C1,D1,C2.D2).

j=o 4.7 ki I ) Cy22 (3) and can be seen to match the salient features of the experimental pattern over
J=o the sampled region around the crack tip. Figure 3 shows the decrease in error

and increased stability of Co,, Do and Cj that occurs with an increasing order

The 1leading coefficient, C,, 1is related to the stress intensity factor, del £ h 1 h o Fi 9
mode or e example shown in gure 2.

K=Co/2n, and the leading term is the familiar inverse—squarez—root stress
singularity. The symmetry condition requires that B = 2A;A/(14+r97).

An alternative choice 1is

The accuracy of parameter determination that is made possible by this tech-
nique allows the extension of photoelastic methods to problems such as frac-—
ture specimen characterization [15,16], permits the calculation of quantities

m=M =
r; = X it aem Gk T o mEM m such as the singularity—dominated zone size in different specimen geometries
= m *1 2 Dp 22 (4) 16.17] and is essential if photoelastically obtained results are to be used
m=0 m=o »
for a better understanding of complicated phenomena such as crack branching

which is required to completely describe the stress field in specimens with and crack curving [18,19].

finite boundaries in a manner analogous to that demonstrated to be the case
in the static problem J1,2]. The boundary conditions on the crack faces
require that B = A(l+A")/2A5. The leading term, Dy, gives rise to a super-—
posed constant stress in the direction of crack propagation which is sim?lar
to the ogpx—term in Irwin's static near—-field equations [13]. This term can
also be regarded as the far-field biaxiality correction factor studied
extensively by Liebowitz and his co-workers [l4] for the static case.

CRACK PROPAGATION STUDIES IN SEN, MCT, AND RING SPECIMENS

The geometries and relative sizes of the specimens used in this study are
gshown in Figure 4. These geometries were selected because they collectively
characterize all phases of crack propagation. The SEN specimen, when tested
with center—pin-loading, has an increasing K-field and can be used to study
accelerating and high velocity cracks, upto and including the onset of crack
branching. The MCT on the other hand is usually tested with comstant displa-
cement, crack-line-wedge—loading and is a standard geometry for crack arrest
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Banaurements. The Intermediate range of crack speeds can be investigated with
the Ring aegment.

pecimons were fabricated from 12.7 mm thick sheets of a brittle, birefringent
polyester, Homalite 100, which has been used extensively for model studies of
brittle fracture. A notch was saw-cut into the specimen and the tip of this
starter notch was blunted so that the specimen could be loaded to a high ini-
tial value of K before failure. The specimen and loading fixture were then
placed on the optical bench of a high-speed, multi-flash camera of the
Cranz-Schardin type. After loading to the desired value of K, the crack was
initiated by pulling a sharp knife across the tip of the blunted starter
notch. The crack, as it started to propagate, cut a line of silver conducting
paint and this triggered the spark gap camera. The camera was typically
operated at framing rates of 33,000 frames/second for Ring and MCT tests and
at 80,000 frames/second for SEN tests. The optical arrangement of the camera
and a set of sixteen photographs from a crack propagation experiment are shown
in Figures 5 and 6, respectively. The subsequent sections of this paper
discuss the results from one test for each of the three specimen geometries.
These results are representative of the observations made during several tests
conducted with each geometry.

Results for the SEN Specimen: The results for the analysis of the experimen-
tal patterns shown in Figure 6 are presented in Figure 7. Data has been shown
only for Frames 1-12 since Frames 13-16 were recorded subsequent to the
occurrence of crack branching. The stress intensity factor was observed to
increase monotonically with crack length until the crack attempted to branch,
at which point K stabilized until successful branching occurred. The leading
non-singular coefficients, D, and C;, are also shown in Figure 7 (in dimen-
sionless form). These terms vary systematically with crack length and also
display a change in behavior when the crack attempts to branch. This result
is of particular interest because it suggests that a branching criterion
should be based on some combination of the values of K and the leading non-
singular term(s).

Results for the MCT Specimen: As stated previously, this specimen geometry is
being used to study crack arrest. The results shown in Figure 8 clearly show
the sharply decreasing nature of the K-field in this geometry and crack arrest
occurred almost at the end of the specimen in this particular experiment. The
non-singular terms changed systematically with crack length and the trends
show good agreement with results obtained from static analyses of this
geometry [17]. As would be expected, terms such as C1 increase sharply as the

crack approaches the specimen boundary and moves into a stronger bending
field.

Results for the Ring Specimen: In the example discussed here, the crack was
initiated at a high K value and propagated across the specimen without
arresting. Crack propagation started at a velocity of c/cp~1/3 and decreased
slowly to about c/cp~1/15 before the crack came to the end of the specimen.
From Figure 9, K dropped from about twice Kyp to a value approximately equal
to Kyp. The range of crack velocities obtained thus covered the entire range
of crack speeds from high, constant velocity propagation to very close to
arrest. Crack initiation at a lower initial K value was used in other experi-
ments to produce arrest in other tests with this geometry. In terms of its
crack speed and K behavior, this specimen starts in the range typical of the
SEN geometry and undergoes a transition to the MCT case as the crack length
increases. A similar trend is seen in the non-singular coefficients also,
with D, moving from small negative to large positive values and C; going from
small positive to large negative values.

Relationship Between Crack Speed and K (é—K): Figure 10 summarizes the
results for K versus crack speed in a dimensionless form for the test results
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raported here. The gamma-shaped curve is typical of thoif riportiit2§tg;§i;
fnvestigators and the analysis techniques used here result ;iiu g
decreased scatter and thus lead to a greater degﬁee of con.k enc PRl
tesults. These results indicate that K as a function of crac speeacc Zac
fact be a material property and this, combined with the greati; . iﬁ tz
obtained, is of importance in situations where such results i:e u:e fon bZEa_
to large finite—element computer codes used to predict crack extens

vior in complex structures [3].

SUMMARY AND DISCUSSION

An analytical model and a numerical technique have been preseéﬁfda Yzicz
together allow an accurate representation of the stress state s bEhaVigr
region around the tip of a propagating crack. The crack propagation i e
in three different specimen geometries has been discussed andk ifsu ;;n e
been presented for the entire range of crack behaviors from crac 1 rlancf iach
¢rack arrest. In addition to illustrating trends in K t?i iz r;)resen_
geometry, the leading non-singular terms in the series stress . ei gn o
tation have been shown to exhibit systematic but different behaviors o
specimen. The results and methodology presented here provide:ia meags 5
systematically studying the relationships between crack branching an
values of K, 0oy, and possibly, further non-singular terms.
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SINGLE-EDGE-NOTCH (SEN) SPECIMEN

-
=60 Ky =0.5MPa v g o
as |_“ﬁ"""“ I_."““* o8
=G50 —e wWo_g,
il & - 8¢
a& d =
3 / 8 o
3z a0l 40
- ® =
3t e dy
xZ =
gs g
= 30 g -
1 1 1 1
ol 0.3 0.5 0.7 ol 0.3 0.5 0.7
g 40} '5' 40
S o Se
Eg ES
5 S2.0- uwa20-
8% 8y
el 4
oy o ;_
Hi o e . ° e /./ g—ﬂ ° I L]
o e O pr ] haPO 3
3% = = 5 o—o—0—’ v
z z -
| .
g -20- 2 -20
1 1 1 1
ol 0.3 05 0.7 ol 0.3 0.5 0.7
NORMALIZED CRACK LENGTH,a/W NORMALIZED CRACK LENGTH ,a/W
Figure 7 The results from a multi-parameter analysis
of crack propagation isochromatics recorded
in an SEN specimen
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Figure 8 The results from a multi-parameter analysis
of crack propagation isochromatics recorded
in an MCT specimen

RING SPECIMEN
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Figure 9 The results from a multi-parameter analysis
of crack propagation isochromatics recorded
in a ring specimen
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Figure 10 The results for crack speed as a function
of stress intensity factor from the three
tests shown in Figures 7, 8, and 9





